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Onset of relativistic self-focusing in high density gas jet targets
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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 migingba 2
pulse, images of the transmitted radiation and imageswofihid 2w 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 greatet 8fhom 3, 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 generg8d063-651X97)11709-3

PACS numbds): 52.40.Nk, 42.65.Jx, 52.35.Mw, 52.40.Db

[. INTRODUCTION demonstratefil2—14 at relatively low densities in the range
of (0.01-0.03)n., where nc=mwfl47re2 is the critical
The intensities now achievable with high power femtosecelectron density and, the laser frequency. The threshold
ond laser systems can approach’®d0'® Wcm~™2 for  power for such relativistic self-focusing is given by
which the interaction of the laser pulse with plasma become® = 16.n./n GW] wheren, is the electron density. Thus,
relativistic in nature. The propagation of such ultrashort highin order to achieve self-focusing at modest power levels it
intensity laser pulses in underdense plasma is of interest bothould be advantageous to operate at higher values of elec-
for the understanding of laser interactions in this new relatron density of the order of Ol or more. At very high
tivistically driven plasma regime and for applications such agntensities additional factors such as self-generated magnetic
laser wake field acceleratof—3|, x-ray laserd4-7], and fields and acceleration of fast electrdd$] may come into
the fast ignitor concept for inertial confinement fusion en-play to further stabilize or modify the self-focusing process.
ergy [8]. For many of these applications long interaction Gas targets provide one of the simplest forms of under-
lengths of several times the diffraction limited Rayleigh dense media. However, if a simple gas target is used, the
length are either desirable or necessary. In order to obtaigelf-focusing process must compete with the refraction of the
such long interaction lengths some mechanism must be irpulse from the self-generated electron density profile due to
voked in order to compete with the normal diffraction of the ionization of the gas. The predominant mechanism for
light. For terawatt laser pulses the relativistic nature of theonization is tunnel ionizatiofl6,17 whose rate climbs dra-
interaction can result in relativistic self-focusing of the radia-matically once the laser field approaches the electric field
tion [9—-11 which, in turn, may naturally lead to long inter- holding the outermost electron in place. In many cases the
action lengths. ionization can be considered to be instantaneous once this
At high intensities two factors contribute to this focusing Coulomb potential barrier has been exceeded, yielding inten-
on a femtosecond time scale. The first is the relativistic massity thresholds for the formation of each ionization stage of
increase of the oscillating electrons leading to a decrease ian atom[18]. Since laser beams typically have a high inten-
the plasma frequency and thus a local increase in the refrasity on axis and low intensity at the edge of the beam, the
tive index. The second is the ponderomotive expulsion ofesult is an ionization profile that has high ionization in the
electrons from the beam path such that the ponderomotiveenter of the propagation path and low ionization at the edge.
force is balanced by the electrostatic field set up between thehis in turn leads to refraction of the laser light away from
displaced electrons and the ions that remain on axis. Theshe axis. This limitation has been considered theoretically
factors lead to a positive focusing effect that becomes stror5,19-21 and demonstrated experimental§2—24. Thus
ger as the laser beam decreases in diameter and beconmigsorder to achieve long propagation lengths the self-
more intense. The end result is a self-focused channel with focusing mechanism must be strong enough to overcome not
radius of the order of the plasma skin depth with the com-only the normal diffraction but also the ionization induced
plete expulsion of the electrons from the plasma channekefraction. This competition becomes more severe at higher
Propagation over several Rayleigh lengths has already begitasma densities since the refraction effect scales with den-
sity. A reduction of the refractive defocusing can be obtained
by employing a gas jet target instead of a uniform back-
*On leave from the Department of Electrical Engineering, Uni-ground gas. In this case the refraction over the long path

versity of Alberta, Edmonton, Canada. length prior to the interaction region can be eliminated.
On leave from the Shanghai Institute of Optics and Fine MechanHowever, as will be seen from the results presented here the
ics, Chinese Academy of Sciences, Shanghai, China. refraction in the main interaction region of interest is still
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very strong and can significantly limit the achievable peaktion densities on the order of Ml in both uniform gas tar-
intensities. gets and gas jet targets. A theoretical analysis is carried out
In order to eliminate the ionization refraction and allow based on a Gaussian beam propagation model and used to
propagation over several Rayleigh lengths it has also beegiefine various regions for which self-focusing or refraction
proposed that a preshaped low density channel with higﬁhould dominate. Experimental measurements are carried out
density walls be employed. When ionized, this channel willin order to verify these predictions primarily for gas jet tar-
have a lower electron density in the center than at the wall§€ts. Different gases including hydrogen, helium, nitrogen,
and will result in the guiding of the radiation within the N€On, argon, and xenon were investigated in order to observe

channel[5,24]. The guiding effect of such a channel has the dependency on ionization-induced refractive effects. A

recently been demonstrated by Durfee and Milchieg. ~ Varety of diagnostics were used including shadowgraphy,
aging of the transmitted radiation, and self-emission at the

However, the creation of such a guiding channel requiresni{n q . o
second laser pulse and a suitable optical illumination systenjundamental and second harmonic wavelengths. In addition,
which may not be feasible in many experiments. measurements were made of backscattered and forward scat-

It is thus useful to explore in what regimes the relativistic €red stimulated Raman r_adiation_ and hard x-ray radi_ation in
self-focusing itself might lead to guiding of the radiation. ©'der to verify when the interactions were approaching the

Previous experiments using gas targets have only demof€lativistic regime.

strated relativistic self-focusing at relatively low densities in

the range (0.0£0.03)n. [12—-14. More recent experiments Il. EXPERIMENTAL SETUP

[26,27] have demonstrated the effects of relativistic self-

focusing in preformed plasmas at higher electron densities of The experiments were carried out using a terawatt Ti:sap-
over 0.1, but these experiments have used fully preionizedPhire laser system that delivered 80 mJ, 250 fs pulses at 790
exploding foil targets. However, no experiments have exM to a gas jet target. The radiation was focused using a 90°
plored the limits of relativistic self-focusing at high interac- 14 cm focal lengthF,= 2.5 off-axis parabola. The parabola
tion densities in simple gas targets where the refractive dewas made of copper which was electroplated with nickel,
focusing would be strong. diamond turned and hand polished to remove most of the

A further complication in the interaction of lasers at suchtool marks. The beam path from the output of the grating
high intensities is the onset of stimulated Raman scatteringompressor to the interaction target chamber was evacuated.
(SRS in the backward and forward directions. If strongly However, the air path in the compressor system combined
driven, these processes can lead to the generation of fasith the path length through the entrance windows led to a
electrons by wave breaking and the eventual self-modulatiogiignificantB integral, which in turn led to some degradation
of the propagating laser pulse. Observations of Raman sca@f the beam quality at the target. The final beam quality on
tering for short pulse high intensity interactions have beeriarget was diffraction limited several times primarily limited
reported in a number of experimen2,28,29 for both gas by the quality of the compressor optical components,Bhe
jet and static fill gas targets. The effects of self-modulationintegral, and scattered radiation from the parabola surface.
of the laser pulse and potential enhancement of wake fieldhe off-axis parabola was aligned using a charge-coupled
generation for electron accelerators have also been predictégvice (CCD) imaging system, which viewed a magnified
in a number of reportg3,31]. The characteristics of the Ra- image of the focal spot. The orientation of the parabola was
man spectra can serve as a useful diagnostic of electron deadjusted to give the maximum brightness focal spot leading
sity or, if the background density is known, the electron tem-t0 highest interaction intensity at focus. Images were taken
perature of the interaction region. Also, if significant of the radiation intensity at various positions in front of and
refractive defocusing occurs, the decrease in Raman signehind the point of best focus. The vacuum focal spot had a
with gas density is indicative of the threshold where suchpeak intensity of & 10'” W/cm? in a central spot of fum
refraction becomes dominant. diameter and a 50% energy containing diameter of.&@

In the high intensity regime a number of processes caecause the beam was several times the diffraction limit the
lead to the generation of fast electrons. The relativistic selfbeam had hot spot regions on front of and past the best focus
focusing itself can generate electrons with energies of th@osition and the length of region between the 50% intensity
order of MeV[15] while the acceleration by the plasma wake points was~ 130 um.
field behind the laser pulse can also generate electrons of a The pulse duration was measured using a second-order
similar energy[14,31]. The stimulated Raman scattering pro- single-shot autocorrelator with a dynamic range of ove. 10
cess itself will generate fast electrons by the damping andarly prepulses occurring on a nanosecond time scale prior
breaking of the plasma waves generating electrons with ato the main pulse were suppressed by 5 orders of magnitude
energy approximately given by a few times the phase velocso that they did not lead to premature breakdown of the gas
ity of the plasma waveE30,31]. In the case of forward Ra- target. Prepulses occurring in the range of picoseconds prior
man scattering for which the wave vector is small this typi-to the main pulses were also suppressed by more than 3-4
cally is in the range of MeV while for the backward processorders of magnitude.
where the wave vector is larger it is of the order of 10 keV. The detailed experimental layout is shown in Fig. 1. The
Thus, electrons are also a useful diagnostic of the high fiel®0 mm diameter laser beam was incident thfoeg3 mm
interaction process. thick quartz window into the interaction chamber, which was

In the present paper we explore the competition betweervacuated below IG mbar background pressure prior to
the three processes of diffraction, ionization-induced refraceach laser shot. Before the target chamber a beam splitter
tion, and relativistic self-focusing for relatively high interac- consisting of a 52Qum thick quartz wafer that was antire-
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13 nm was introduced into the imaging system. For shad-
________ (a) owgraphy and for @ imaging a filter centered at 400 nm
Loeoen ot adjustable . with a 33 nm bandwidth was employed.
Probe pulse T‘g“csg‘g;‘n;’fge A similar imaging system was employed to view the laser
Probe Pulse radiation transmitted through the interaction region. In order

20 crystal ==
20cmfl. ==

to reduce the intensity and minimize any distortion of the
beam through additional self-focusing in the imaging system
elements, a 25% transmission neutral density filter and a 1%
C%iig;‘ transmission dielectric mirror were used as the first two op-
tical elements in the imaging system. This was followed by
several decades of optical filters before the CCD camera. In
b N a number of cases the imaging system was adjusted to image
pol. the plane 25Q.m past the position of best focus in order to
measure the degree of spatial deflection of the beam passing
through the interaction region.
/ Probe Image Measurements were also carried out of the transmitted
10 cm CCD Camera and backscattered spectra in search of Raman forward and
backscattered radiation. For measurements of the transmitted
b spectrum a fiber optic coupler was positioned to intercept the
( ) central part of the transmitted radiation as imaged by the
transmitted light imaging system. The radiation picked up by
gas nozzle the fiber was directed into a low resolution diode array spec-

Photodiode

TW Objective
W 100 om £1. 10cm £.1.

TL:Sapphire oo

Laser Pulse

—

trometer. The spectrometg32] had a spectral resolution of
variagle deilay transmitted image 3.3 nm in the range of 300—-1130 nm. For the forward scat-
ey y ter, an equivalent collecting optical apertureFof=57 was

sampled in the exact forward direction. The backscattered
radiation was measured by the same spectrometer on a dif-
_ ferent set of shots. In this case the backscattered radiation
gas plume Probe image was interceptedypa 3 mmthick quartz beam splitter, which
imerac(‘lig; pulse was placed before the parabolic focusing mirror. In order to
calibrate the absolute reflectivity level for the backscattered
FIG. 1. (a) Schematic of the experimental setdip) Perspective ~ diagnostic, an uncoated glass plate was inserted after the
view of the gas jet and interaction region geometry. beam splitter in order to retroreflect 8% of the incident ra-
diation into the diagnostic channel. The transmitted radiation
flection coated on one surface was used to separate out 4% @fiannel was calibrated for 100% transmission by taking
the main beam. This pulse was reduced in diameter 5 timeshots with no gas target present.
to 1 cm in diameter, frequency doublata 2 mmthick KDP A simple circular orifice free expansion gas jet with a
crystal, and reflected through a variable optical delay line irdiameter of 500um was employed for these experiments.
order to give a second harmonic probe pulse adjustable ithe jet was identical to that characterized by Li and Fedose-
time relative to the main pulse. A 30 cm focal length lensjevs[33] except that the outlet diameter was 50 instead
was used to give a small 500m diameter probe spot of 1000 um. The gas density profile of the current gas jet
through the interaction region at 90° relative to the mainwas measured interferometrically for the different gases used
beam. The near field distribution of the laser pulse wasn the present experiment including, hydrogen, helium, neon,
strongly modulated leading to enhanced intensity nonuniforand nitrogen. The density profiles at a distance of 200-400
mity in the second harmonic probe beam. In addition, atwm from the nozzle outlet could be adequately characterized
times, the probe beam would be apertured by one or more dfy a simple Gaussian radial profile and an exponential den-
the optical components leading to diffraction fringes in thesity falloff with distance from the nozzle orifice. The accu-
spatial profile. racy of the density measurements was estimated to be
Three different optical diagnostic measurements were car£25%. For nitrogen gas at a reservoir backing pressure of
ried out including:(1) time resolved shadowgraph§®) self- 10 bar a peak density of 5410'° atoms per cm was ob-
scattered time integrated images @ tadiation at 90° to the tained at a distance of 3Q@m from the nozzle exit, which if
main beam direction, an(8) 2w time integrated images of ionized to 5" ionization statgas expected from tunnel ion-
the plasma. In all three cases the interaction region was imization for intensities of & 10'® W/cm?) would lead to an
aged onto a CCD camera with a magnification factor of 8electron density oh,/n.=0.15.
times using a high resolution multiple elemédqt=2.5, 10 Recent experimentt34,35 have studied the interaction
cm focal length objective. The effective resolution of the of high intensity laser pulses with gas clusters indicating
imaging system was of the order ofudn. Various calcite or enhanced absorption and x-ray emission. Using the standard
thin film polarizers could be introduced into the imaging model for the expansion, cooling and cluster formation in
system in order to analyze the polarization of the detectegas jetd36] we find that we are in the near field range of the
radiation. For self-emission at the fundamental wavelengttgas orifice, i.e., within one nozzle diameter of the exit, and
an interference filter centered at 790 nm with a bandwidth ofhus sufficient cooling of our gas does not occur for the for-
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mation of clusters in the gases that we have used in our The last term in Eq(3.2) is easily recognized as due to
experiments. Thus the following reported interactions are bethe relativistic effects since fa?~0.0 it disappears. As is
tween the incident laser pulse and a homogeneous atomic geen from the analysis that follows, the second term gives
molecular gas target. rise to refractive defocusing. It should be pointed out here
Filtered x-ray-scintillator photomultiplier detectors were that although the expression in E3.2) includes self-

used to detect hard x-ray emission from the laser-gas intefocusing associated with the relativistic intensities and the
actions. A 150-55Q:m thick aluminum foil was set before ponderomotive electron expulsion from the high intensity re-
the scintillator to attenuate soft x rays, UV and visible light, gions, it does not include effects such as electron cavitation
which means that the scintillator would detect x rays with[11]. Given thatw§~ ne, one concludes that the ionization
photon energy greater than 8 keV with the 150 Al filter  of the medium affects not only the refractive, but also the
and 12 keV with the 55@m Al filter. The plastic scintillator  relativistic self-focusing term.

was 16 mm thick which meant that higher energy x rays
significantly above 20 keV would be partially transmitted.
The signal from the scintillator was detected by a photomul-

tiplier that was read out by connecting it to a storage oscil- The problem of beam propagation in a medium undergo-
loscope. ing ionization at relativistic intensities can be treated using

the paraxial ray equation for a Gaussian bddm41,2]

A. The paraxial ray equation

lll. THE RAY TRACING MODEL dr 1 ap9 A%t
— =t . 3.3
Understanding the way in which shor(l p9 intense dz2 70 r  4x?r; 59

(=10 W/cm?) laser pulses interact with relatively dense

gases requires the detailed investigation of all processes that We use here the same formulation and notation as in Ref.
affect the spatial beam profile during propagation. At thes¢21]; i.e.,r(z) gives the variation of the radius of a particular
intensities the medium undergoes rapid ionization right at theay along the beam axis. The first term in the right side of
leading edge of the pulse so that the subsequent interaction k. (3.3) represents the contributions from the refraction in-
that of an intense pulse with an underdense plasma. Thdex gradient, which is assumed to vary quadratically with
number of electrons that are produced via ionization at alistancer from the axis, i.e.,

particular point of the beam path strongly depends on the

prevailing local intensity. As a consequence, any intensity 7(r,z)=mno— 3 71> (3.9
variation across the beam profile would give rise to a spa-

tially varying index of refraction, which in turn would alter  The last term in Eq(3.3 describes the diffraction of a
the propagation of the individual rays through the mediumGaussian beam with an intensity variation given by

thus further modifying the beam path. A Gaussian-like radial

intensity profile would produce via ionization an excess of r?
electrons around the beam axis, which would lead to defo- I(r,z)=|oexp( - rz)
cusing because of the lensing effect associated with such a 0

density profile. In addition the diffraction of the beam leads Keeping in accordance with Ref21], the radius of the

to a defocusing affect independent of density. A counteractyaam is defined here a§(2) =Wo(2)/\2 wherew,(2) is the

ing process is the relativistically induced self-focusing due tocustomary beam waist. This means that the intensity at the

the electron mass increase in high intensity regions and thg. . <onter is related to the total beam poRethrough

expulsion of electrons from these regions by the ponderomol- —P/(7r2)

tive force. 0 o7
In the limit where the laser pulse contains many lase

oscillations, the refractive index of the plasmas given by

[9,37-39

(3.5

" Equation(3.3) consistently describes the propagation of a
Gaussian beam as long as the index of refraction exhibits the
r dependence implied by E¢3.4). In Ref.[21] it was shown
that for the case of ionization induced refraction the plasma
index of refractionn=1—wj/(2w) can be put in the form
1 of Eq. (3.4). In what follows this formalism is extended to
w? (1+af/2)1’2' (3.0 include relativistic self-focusing using the complete expres-
sion for 7 as given by Eq(3.2).

where w,= (4me’n,/m)*? is the plasma frequencyy, is
the laser frequency, ara =eA /mc the amplitude of the
normalized vector potential, which in terms of the peak elec- In the case of high intensities and lavgases, the me-
tric field is given byA, =cE, /o, . dium ionizes completely so that the pulse propagates through

For intensities pertaining to the experimental conditions? homogeneous plasma of constant electron density. Under
(see Sec. )| i.e., for mildly relativistic intensitiesq?<1.0), ~ these circumstances, there are no contributions from the sec-
the expression in Eq3.1) can be simplified to read ond term |2n E(é].(3.§) and the refractive index gradient is
dnlor = (wy/8wi)dailir.

Using the relatiora?=(2r./7mc)\?l between normal-
aZ. (3.2)  ized vector potential and intensitperer .= e*/mc denotes

the classical electron radiuand the definition of the critical

1. The paraxial ray equation in a fully ionized plasma

N

1 1w§ low
~]———+—
n ZwE 8 w

= N
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power for self-focusinP.=(2mc®/ro)(w /w,)? (see, e.g., whereC=2mc*/r,=17.4 GW. The constart is the pro-
[10]) the last term in EQ.(3.2 can be written as portionality constant in the relation for the critical power
(N2127%r ) (PP )exp(—r?rd). Accordingly, the refractive P.=Cw?/w?3, which from more accurate analysis of the

index gradient is then given byz/dr=—(\?m?rg)(P/

PJrle. Here we have wused the approximation
2

[aefrz”omr],g,ﬁ —2r/(er3), which means that the refrac-

tive index gradient is evaluated near the radial positio

r=rgy. This is to best evaluate the overall beam evolution

H

relativistic self-focusing procedd.1] has been found to be
C=16.2 GW. This last value has been used throughout the
subsequent calculations. Introduction of E§.8 and Eq.

index

which is adequately described by following the ray path at a

distancer =r from the propagation axis. Introducing these
results into Eq(3.4) and for y~1 one obtains the paraxial
ray equation for fully ionized plasma in the form

1 P
KP—C r.

This is the well knowr(41,42 Gaussian beam ray equa-
tion for self-focusing in a medium with index of refraction

d2r_ A2
dz 4772r§

(3.6

3.9 in Eq. (3.2 yields the total variation of the refractive
r

as
1U(4a—2)
e
P

EVE I

2

p 2

=
|

doN

n(r,z)=1- 5

Mo

)\2

X R
wC

1_

possessing a term linearly dependent on intensity. Here Straightforwardly calculati_ng the r_efractive inde_x gradient
k=4/e=1.47 denotes a factor dependent on the position ofrom Eqg. (3.10 and evaluating again for~r, using the

the ray considered, which we call thmsition factor The
solution of Eq.(3.6) gives the variation of the beam radius
with z in the form r2(z)=r {1+ (1—kP/P) (@2 min)]
with zo,min=27rr§’mir/)\, which leads to a minimum beam ra-
dius ofr g ymin in the case® <P/« or to whole beam focusing
for P>P./«.

2. The paraxial ray equation in an ionizing plasma

approximations [ae*rz’(““*z)rg/ar]r%ro% —{2r/[(4a
2
—2)r2llexd— L/(4a—2)], [de " (e DI(a=2)o/gr] _ o~

When the ionization process is taken into account, the
explicit dependence of the electron density on the intensity
has to be introduced in the expression for the index of re-

fraction in Eq.(3.2). In this case, the terms containing a
factor proportional twa, give rise to additional intensity
dependent terms.

According to the Coulomb-barrier ionization model, the

charge distribution across the beam can be approximated as a

continuous function of intensity and is given [#1]

q(r,2)=qpl (r,z)"*=2. (3.7
The constantgl, and « are determined from the ioniza-
tion potentials for the different gasésee Sec. Il A 3. In-
troducing the Gaussian beam intensity profile from €05)
in Eq. (3.7) and using the relatiom/ w{ =qn,/n; wheren,
is the atomic gas density one obtains
) . (3.8

U(da—2)
( ) ex

For the subsequent discussion, it is convenient to intro
duce the parameteN=n,/n. denoting the ratio of the
atomic gas density to the laser critical density. As has al

P r2

2

S

2
@p _ QoNa
nC

o}  (4a—2)r2

ready been discussed in Sec. Ill A 1, the normalized vecto

potential can be put in the form

| )p(_

4\? 2

~7C

P
2

r

2
o

2

Eh (3.9

|

—{2r(4a—1)/[(4a—2)r3]}exd — (4a—1)/(4a—2)]  and
1no~1 the ray equatiori3.3) becomes
d2 1 P Z‘l_z'
T T2 KoT
dz2 PN 4 —2 (71’) =1
To
refr;:tion
da—1
A2 4o, — 1 P\ %2 gr
7CPV 4 2\ x Sast
To
relativistic ;rel f focusing
A2 7
A2}’
N——
dif fraction (3.11)
with ko=exd —1/(4a—2)] and k1=exd—(4a

—1)/(4a—2)] the corresponding position factors. Equation
(3.11) gives the path of a ray(z) in the incoming pulse
interacting with a gas. The three processes occurring during
the interaction, namelya) refraction, (b) relativistic self-
focusing, andc) diffraction are described by the correspond-
ing terms clearly indicated in E¢3.11). As can be seen, the
defocusing effect of the refraction and diffraction is counter-
acted by the relativistic self-focusing process. The relative
contribution of each process for a specific gas is discussed in

Sec. Il B. It should be pointed out here that this model is

alid strictly speaking for a Gaussian beam and for the case
hat transient ionization effects do not play any rfé,2Q.
Forr=rg, one obtains the ray tracing equation in a ionizing
gas for the 1& intensity radius of the beam. In this case, a
first integral of the resulting equation can be easily obtained
as
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(@) ()
dz! = do ; 7'3/(20—1)1

~

~
refraction

22 P (4a—1)/(4a—2) Ky
+ E%N (;) T(()4a—1)/(2a—1)
relativistic ;;l f focusing

221

== +tan?6.

A2 rd

——— (3.12
dif fraction

The integration constant tafy is related to the incoming us
beam divergence defined as the cone with half-afglésee lq=4X 109—:. (3.13
also Sec. Il B. Applications of Eq.(3.12 and comparison q

of its predictions with the experimental results are given in o - . .
Sec. IVD. The ionization potentialin eV) of the ion with charge

g—1 is denoted all,. To derive the expression in E(B.7)
for the calculation of the electron density profile, the as-
3. Estimate of the charge distribution due to gas ionization  symption is made that the quantitigg and U, can be ex-
In the near field of the beam, there will be a thresholdPressed in terms of continuous functionsoef.e., U(q) and
intensity above which the gas will start ionizing. This defines! (). Furthermore, it is assumed thel{q) can be given in
a region around the focal point inside which the gas is singlyh® form of a power law:
or multiply ionized. The prevailing intensity at each point R
would determine the ionization degree with the higher U(q)=Uq“. (3.14
charge states located in regions of high intensity. This gives ] o )
rise to ionization contours with the accompanying change in  Introducing the relation in Eq3.14 into Eq.(3.13 and
the index of refraction across these contours. To determinglVing ~ for g ~one obtains Eq. (3.7) with
the charge state in a given gas as a function of intensity wélo=(4Xx 10°0%) (=4,
follow the procedure described in R¢R1]. For the gases used in the experimental investigations, the
In the tunneling regime characterized by values of thevalues for the parametefs and « are obtained by least-
Keldysh parametey<1 [16] the intensityin W cm™2) re-  square fitting the expression in E.14 to the published
quired for an ion to be stripped gfelectrons is given 48]  data [43,44 for the ionization potentials of the different
ionic species. The representation of the ionization potential

250 , . ' as a smooth function of the ionic charges shown by the
TEHe T 8 dashed lines in Fig. 2. The corresponding values of the pa-
e fil rd ~
< !32(24.53,1.15) o rameters {J,«) for each gas are also given in the legend of
© 200 p |- frasssis 7] the same figure.
5 / B . B
© —ﬁﬁiﬁzzznéat’) e Use of Eq.(3.7) with the appropriate parameters yields
*GEJ 150 | __"fi{(,o_,s,,,zs) , ® 3 the ionic charge as a function of intensity. This is depicted in
5 ,__~_}’§;(8_78 1225 ./ o Fig. 3 where the ionic charge increases continuously with the
a . d Py intensity up to the point where the ionization saturates as in
§ 100 ¢ o & aT
— e P P
T S
N i /"////‘/ P S
g 50 I ,";‘/// ’//,/ﬂ//
= A,,e’af’f" S
il &
0 &= L L ]
0 2 4 6 8 2
I 8
ionic charge
FIG. 2. lonization potential for an ion with charge-1. The 1%14 PPN BN [ T 18

points represent the published data for the ionization potentials of
the indicated gases. The dashed lines are power-law fits of the form

in Eq. (3.14 with the parameter§l anda given for each gas in the FIG. 3. lonic chargey for the intensity range pertinent to the
inset. experiment.

intensity (W/cm?’)



56 ONSET OF RELATIVISTIC SELF-FOCUSING IN HI&E . .. 4621

the case of He or the energy gap to the next ionization stage B. Whole beam self-focusing in the presence of refraction

is so large that intensities higher than'iov/cm?® are The interplay between relativistic self-focusing on one
needed to reach it. This occurs when a new shi¢lbiell for  side and refraction and diffraction on the other side can be
N and Ne and- shell for Ar) is reached. now quantitatively analyzed with the help of the ray tracing

The case of hydrogen is treated differently. From Eg.model developed in Sec. lll A. For that purpose, B312) is
(3.13 it is easily seen that H becomes fully ionized at inten-the best starting point to gain insight into the different coun-
sities above 1.4 10 W/cm?. Furthermore, it exhibits an teracting processes. According to the formulation of Ref.
extremely steep rise of the ionization rate as a function of41], the variation of the beam radiug with distance can be
intensity[17]. It is, therefore, reasonable to assume that foperceived as the motion of a particle in a poteniét,) for
the experimentally attained intensities of £3)x 10  which a relation analogous to the energy conservation rela-
W/cm? the hydrogen gas is completely ionized and only attion in the form
the very far wings of the beam is there still atomic hydrogen.

To obtain the path of a ray in an ionizing plasma, one has

to distinguish between two regimes. For high intensities that (dro 2
d

lead to plateau ionization either because of saturation or be- +V(ro)=tarf 6 (3.1
cause of the ionization potential gap between shells, Eqg.
(3.6) is used. For lower intensities where gradual ionization
is occurring Eq(3.11) is the appropriate one to describe theis valid. Comparison of the above relation with £§.12

process. shows that the potential can be explicitly written as

o)
|4 = N|— 0
(ro) = +q (7r ) ré/(2a—1)

~

~
refraction

/\2 N(P) (4a—1)/(4a—2) Ky

T\ T ya=D/Ea-T)
relativistic :rel f focusing
A1
4m2 12
—_—— (3.1
dif fraction

It should be pointed out here that our definition of thethe potential hill, it would be able to overcome the barrier
potentialV(r) differs from that used in Ref41] by a factor  and fall into the hole around,~0. For the beam develop-
of 27r/\. Again, the contributions of each of the three pro-ment that means that if the initial beam convergence has a
cesses involved are shown explicitly in E@.16) and are  Vvalue greater than the maximum of the potentgl, in Fig.

plotted for two caselow and high densityalong with the 4, it will collapse to zero radius. In a more realistic model
potentialV/(r ) in Fig. 4 which includes saturation of the self-focusing mechanism
O . .

The interpretation of the plot in Fig. 4 is as follows: far [11], the potential curve would exhibit a minimum with the

: ) consequence that the beam radius depending on the initial
away from the focal point located at=0 the potentiaV(ro)  conditions would oscillate between a minimum and a maxi-
approaches zero, and from E®.19 it is easily seen that ,,ym value[41].

dro/dz~ *tand,, i.e., the initial beam convergence or diver-  Therefore, for a given wavelengiy beam poweP, den-
gence. Az moves towards the focal point, the beam radiussity N, and gas parametetg,,a one obtains the minimum
is reduced, which has as a consequence the increase of thehievable ¥ intensity radius of the beamy i, by setting
potential and the decrease of the local beam convergencer,/dz=0 in Eq.(3.15 and solving the algebraic equation
This will continue untildry/dz=0, i.e., until the beam has V(r,)=tarfd,. For an inital beam diameter
reached the minimum possible radius. Subsequently, th® = 2w, =22r i and focusing optics with focal length
beam will start to expand again. This is in analogy to af the corresponding number customarily defined in terms
particle moving in the potential shown by the solid line in of the beam waisf45] is given asF,= D/f:2\/§r0’init/f_
Fig. 4. For a given initial velocity it will move uphill in the Thus, the initial beam convergence is connected td-thef
direction of smaller radii reaching a maximum height andthe focusing optics through the relation & (2y2F,) ~*.
then it will roll down again in the direction of larger radii. It Furthermore, if the initial beam convergende,/dz is

is obvious that if the particle has an initial velocity slightly greater than the maximum value of the potential
greater than a critical one corresponding to the maximum o¥/,,,=V(ro.) the beam will self-focus to zero radius.
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v apfam?( me e
max QO 4a_1\)\2(4a_1) . .

The requirement for self-focusing that the initial beam
convergence is larger than this maximum value of the poten-
tial gives an upper limit for the gas density in the refraction

Nitrogen

P= 0.30Tw ] J .
A= 0.79um dominated case, i.e.,
N = 0.0005
15 2.0 N< No— tarf 6,
. ‘ ° Aol (4a—2)/(4a—1)][ #CINA(4a—1)]H4a=2)"
(3.18
(b)— It might appear surprising that the expression W@y, in

] Eq. (3.17 and consequently, the critical density for self-
| . focusing in Eq.(3.18 are independent of the beam povirer

= oof e ] In part this is due to the fact that both, the refraction and the
> :" Nitrogen | self-focusing term in the original expression for the index of
0.2 | P= 0.30Tw ] refraction in Eq.(3.2) are proportional toN. While rq.
| 0. %= 079um where the potential has its maximum value is a function of
04r S [/ N= 001 1 the powerP, once the value oV, is evaluated the peak
00 05 10 15 20 25 3.0 value is indppendent d?. The mgz_ining.of the condition in
r, (m) Eq. (3.18 is that for gas densities higher thadyg self-

o _ focusing cannot occur under any circumstances. For gas den-
FIG. 4. Plot of the potential in E¢3.16 as a function of the  sities lower than this critical value, self-focusing will occur if
beam radius o for nitrogen.(a) For low density,(b) for high den- in addition the conditionP>P, is satisfied, which in turn
sity. sets a lower density limiN, dependent on the laser power
N . o P_. It is easily deduced that this limit would be
From the specific example depicted in Fig. 4, one see{, = C/(k,Py).
that, for large radii, refraction is dominant. As the beam ra-  From this analysis, it follows that for a given laser power
dius shrinks the self-focusing mechanism becomes importarp and a specific gas target there exists a gas density range
and, for low densitiesFig. 4@)] it is the competition be- \, <N<Njg for which an ideal Gaussian beam will exhibit
tween diffraction and self-focusing that determines the mini-se|_focusing. Outside this densityindow no self-focusing
mum radius while, for high densiti$ig. 4(b)] refraction  can occur and more specifically, fr<N,, diffractive defo-
and self-focusing are the dominant processes. It should bg,sing while forN>Ng refractive defocusing would domi-
pointed out here that although the parameters used to calCHzte gver the self-focusing mechanism.
late the potential curves in Fig. 4 are pertinent to the experi- | the previous discussion, the effect of the ionization
mental data, nevertheless the situation represented does rﬁ?éteau exhibited by different gasesee Fig. 3 has not been
correspond to the experimental situation since it assumes thafxen into account. The saturation of the ionic charge to its
the ionizing gas is present along the whole path of the beam},aximum valueg,,,, due to either full ionization or ioniza-

while in the experiment a puff valve was used. tion potential jumps between atomic shells may result in a
- . saturation value for the potential function before the maxi-

1. Condition for self-focusing and the effect mum value given by Eq(3.17 can be reached. This means
of the ionization plateau that the condition for self-focusing becomes more favorable

It is interesting now to explore under what conditions onesince higher intensities do not produce index of refraction
can expect to observe self-focusing despite the presence gfadients. An estimate of the saturated value for the potential
the refraction. In the previous section such a condition wagan be easily found with the help of E&.7) from which the
already found albeit in an implicit form. It was concluded relation I=P/(wr§)=(qmaxlqo 42=2 s obtained. Introduc-
that when (iry/dz)?=tarf6o>Vma=V(ro.) then the beam tion of this value for the power into the refraction term in the
will self-focus. A more useful condition in terms of the den- Eq. (3.16 renders the saturated value of the potential, which
sity N can be obtained if the value of . is explicity  in turn gives a new condition for self-focusing in the form
calculated. This can be performed only approximately for the
high density case where refraction dominates if the last term N< NS (3.19
in Eqg. (3.16) representing the process of diffraction is omit- B Omaxko :
ted. As can be seen from Fig(bj, this is reasonable since
we are primarily interested in the region where refraction This last relation is in accordance with the electron den-
dominates. Taking the derivative of the potential functionsity estimate at which refraction-induced density clamping
and solving the equationlV(ry)/dro=0 one obtains the becomes important. It was found in earlier wo,22 that
critical radiusr o for which the potential exhibits its maxi- for a Gaussian beam this electron density is approximately
mum. Substitution ofro. back into the potential function given byn.= nctarfd, which apart from the position factor
yields the maximum value as Ko IS identical to the one in Eq3.19. 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. Depending on the
power P of the beam and the density of the ddisthe final minimum radius would be determined by the dominant process, i.e., diffraction
or refraction or self-focusing. The contours indicate the minimum achievable radjusim the refraction dominated regime. The vertical
dashed line indicates the upper limit for the gas density as predicted b{8H§). The diagonal dashed line represents the transition to
self-focusing according to the relatidh= C/( xQumadN)-

angles, a similar relation is obtained from Snell's law if onethe density window for achieving self-focusing when a cer-
calculates the maximum electron density to which a ray intain laser power is available. Evidently, hydrogen would be
cident into an electron density gradient profile at an amgle in any case the best choice of gas to observe self-focusing at
can penetrate due to refraction, i.e,~n.6°. In essence high gas densities and low laser power. However, the dia-
propagation cannot proceed to higher electron densities bgram in Fig. 3 in connection with E¢3.19 suggests imme-
cause refraction will turn the ray outwards at this maximumdiately that helium would be the next most favorable gas
density value. To verify these predictions and to map out irfollowed by nitrogen and so on.
the P-N diagram the different regions characterized by a
specific process, we have solved numerically the algebraic
equationV(ro) =tarf 6, to determine the minimum @&/in-
tensity radiusr g mip. This time the full expression fov(rg) As has been already pointed out, all the previous discus-
as given by Eq(3.16 was employed. To include the effect sion deals exclusively with the case of a static-filled interac-
of the ionization saturation, the corresponding potential function chamber. Although this is useful in order to separate and
tion for the case of fully ionized plasma obtained from Eq.study the different processes, these results cannot be directly
(3.6) was used whenever the ionic charge would rise to valcompared with the experimental measurements that were
uesq>Qmax- made mostly using a gas jet. The gas jet limits the spatial

A specific example of such B-N diagram for nitrogen extent of the beam interaction with the gas to a small volume
(the gas that was mostly used in the experimeistshown in  around its nozzle. Therefore, the beam propagates undis-
Fig. 5. It is seen that the exact solution predicts a transitioriurbed from the focusing optic to the interaction region
from the refraction regime to diffraction and self-focusing where it starts interacting with a spatially varying gas density
regime very close to the density value calculated by Eqvolume.
(3.19. For densitiesN>N§aL~ 2.0x10 3, the beam propa- In this section we present a more realistic modeling of the
gates in an environment where multiply ionized nitrogen upexperimental situation, which also delivers quantitative re-
to N°* exists, giving rise to a strong refraction index gradi- sults directly relevant to the measurements. However, this
ent. As a consequence, the minimum beam radius does ntgquires the solution of the paraxial ray equation in Eq.
reach the diffraction limited value and no self-focusing can(3.11) or, whenever the ionic charge exceeds the saturation
occurs. For lower density values thalf®, the well-known  Value of the corresponding gésee Fig. 3 in Eq. (3.6). For
self-focusing conditiorP>P_/x must be satisfied in order the particular jet used in these experimef@8] it has been
to observed self-focusing. For the specific example in Fig. 5found that the gas density at a distance-&00 wm from its
the nonsaturated value iy as calculated by the expression Orifice can be adequately modeled by a25|mple Gaussian pro-
in Eq. (3.18 is 5X107*. It is therefore, important to con- file of the formN(z) =Nge 2771~ 4ed/died”. Here z, is the
sider the effect of the ionization saturation as it can considposition of the vacuum focus location with respect to the jet
erably increase the self-focusing density window. axis, dig; is the extenffull width at half maximum(FWHM)]

The usefulness of the criterion in E@.18 or Eq.(3.19 of the gas plume in the beam propagation directionldpds
is obvious since for a given gas it allows the estimation ofthe peak gas density, which is proportional to the backing

C. Beam interaction and propagation in a gas jet
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pressurdsee also Sec. )l This spatial dependence of the gas cus,d,s, (FWHM) [Fig. 7(c)] shows a similar dependence on
density is introduced in Eg3.11) and Eq.(3.6), which is  the minimum beam radius but a more dramatic increase with
then solved using numerical procedures. The solution givedensity. The Rayleigh range that relates to the observable
the spatial variation for=r, i.e., for the 1¢ intensity ra- interaction region length between the 50% intensity points
dius of the beam. As initial conditions the beam radius andn axis and it has been used as experimental evidence for
convergence at a large distance from the jet locatiorself-focusing exhibits a similar increase with the density. A
(zi=5dje) are used assuming a Gaussian beam propagatingore quantitative comparison of the model predictions with

in vacuum and having a confocal parametgr=2\F ./ . the experimental data is given in Sec. IV D.
For experimentally relevant parametersF;E 3.8,
A=0.79 um, P=0.3 TW, dje;= 525 um, andzje;= 115 um) IV. EXPERIMENTAL RESULTS

the beam behavior for four different peak nitrogen densities
is depicted in Fig. 6. It is seen that for low peak gas densities
[Fig. 6(@)] the beam penetrates the gas jet to a point beyond The interplay between the focusing and defocusing
the vacuum focus. At slightly higher densiti¢sg. 6(b)], the  mechanisms strongly depends on the actual beam profile
self-focusing mechanism manifests itself clamping the beamear the focal region of the beam. Therefore, an interpreta-
radius down to a value that depends on the saturation mechtien of the experimental results requires the detailed knowl-
nism preseninot included in the modgl Higher densities edge of the radial beam intensity distribution at the entrance
[Figs. 6c) and &d)] force the interaction into the refraction of the interaction region around the gas jet.
regime. The exhibited shallow penetration of the beam and The radial beam profile is determined primarily by the
its strong deflection is a consequence of the ionizationgquality of the focusing optical element. The diamond turned
induced defocusing. 90° off axis parabola used in these experiments had a nearly
To relate the prediction of the model with the experimen-perfect parabolic shape, but the cutting process had left tool
tal results, we have plotted in Fig. 7 four quantities that showmarks with a peak-to-valley amplitude ratio of the order of
the overall behavior of the interaction with increasing gas~0.33 um. This structure acted as a grating dispersing a
density. From Fig. @) it is seen that the minimum achiev- considerable amount energy into the first order left and right
able beam radius decreases at the beginning with densitf the focal point and in the perpendicular direction to the
until the interaction reaches the self-focusing regime aftereefs. A considerable improvement was achieved by hand
which it increases monotonically. The position of the focuspolishing the parabolic surface. However, this led to some
[Fig. 7(b)] moves away from the focusing optics at the be-degradation in the parabolic shape. In the final form the para-
ginning but then moves towards it and finally saturates at dolic mirror was tested using a single mode HeNe laser and
particular value. The beam size at 2a@n past vacuum fo- the equivalent focal plane technique to measure the spot size.

A. Characterization of the focal beam profile
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FIG. 6. Variation of the beam radiug, with the distance from the vacuum focug={0) of a beam interacting with a finite extent
nitrogen jet. The solid line gives the variation of the liitensity radius of the beam in the presence of the gas jet, the dashed line is the
corresponding variation in vacuum with the beam entering from the right hand side, the dotted line represents the density\gayidion
and the thinner solid lines are the ionization contogas.Low density regime(b) self-focusing regiméfor numerical reasons the radius
after self-focusing has been clamped to 1/10 of the diffraction limited raditisrefraction dominated regime, arid) the beam is strongly
refracted.
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FIG. 7. Variation with density of théa) minimum radius(b) its location,(c) beam diameted,s,=1.66  ,59, and(d) Rayleigh zone for
nitrogen gas jet. The dotted lines(id) give the location of the beam where its radius/ﬁoymin. The shaded area indicates the self-focusing
region. The same input parameters as in Fig. 6 were used for the calculations.

A high resolution multiple element objective with,=2.5  azimuthally averaged power within a radiusThe result is
and f=10 cm was employed to image the focal spot planegiven in Fig. &b) by the points. One immediate observation
into a CCD camera with a magnification factoreR3 and a  is that the half beam energy is confined in a spot size having
spatial resolution of-1 um. The overall dynamic range of a radius of~10 um. What is of interest here is the actual
the CCD camera was extended using several neutral densitjtensity distribution. This is approximately obtained by fit-
(ND) filters and numerically combining records taken underting @ double Gaussian profile of the fori(r)=c(1
different exposure conditions. The result of these measure= e M+ (1-c)(1—e (")) to the experimental
ments is shown in Fig.(@). As can be seen, there is a peak data for the power. This corresponds to a double Gaussian
of high intensity surrounded by a broader, lower intensityintensity ~ profile ~ of  the  form: I¢(r)=1;,
region, which primarily extends in one direction. In order to + I ,=ce™ (/12" + (1—c)e ""»)°. Here, the relative
specify the focal spot profile more accurately, we have emamplitude of the two Gaussian profilesand their 1¢ inten-
ployed the record shown in Fig(&# to numerically perform  sity radii are the free parameters used for the fitting. The thus
the integration Pexp(r):f[)fg”lexp(p)pdpdqs and obtain the obtained poweP; and intensity distribution; are shown in

1.0¢ 1.2 ' ’

a b b ro. = 0.72um]
0.8} (@) 1.0 ( ) ................ bL fra = 3.50um ]
£ : r, = 16.5um ]
€ 2] o ’ ]
2 2 08HL LN =023 1
- S I N

-% L 06¢r} : T
= & [ 2 ]
© 04[] .

0.2 fat e

0-0 : LX) L 1

0 5 10 15
radius (um)

FIG. 8. Focal spot characterizatiot@ Measured focal spot profile using a single mode HeNe laser and the equivalent focal plane
technique(b) The points represent the power contained within a circle of radiasd it is obtained from the integration over the angle of
the record in(a). The dashed line through the point is a least-square fit of a double Gaussian (seéileliscussion in the tgxtThe
corresponding intensity profilg; is the solid line and it consists of two Gaussiddstted line$. The solid line marked, gives for
comparison the diffraction limited intensity profile for the case\ef0.63 um andF,=2.55.
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Nitrogen on the same laser shots while the self-emission images were
recorded on separate laser shots with the probe beam blocked
and suitable interference filters in place.

The shadowgrams were taken with the imaging system
focused on the axis of the laser beam in vacuum to within an
accuracy of=25 um. Features in the image that contain
large electron density gradients and thus large refractive in-
dex gradients such as the edge of the ionized plasma region
or filamentary density structures refract part of the probe
light outside theF,=2.5 collection cone angle of the imag-
ing system. These then cause shadow regions in the image.
Also refracting features that are located significantly in front
of or behind the focal plane produce dark and bright regions
in the image since the refraction they cause is not corrected
by the imaging system. In the shadowgraphic images modu-
lations in the background illumination are visible due to im-
perfections in the probe laser wave front. These are caused
by the nonuniform near field profile of the femtosecond laser
e pulse enhanced by the frequency doubling process and dif-

FIG. 9. Images of the interaction of the 0.3 TW laser pulse withfraction rings from aperturing of the probe beam by optical
a 500 um diameter nitrogen gas jet at various peak atomic densi€lements. These features are visible in the probe beam when
ties. The top row of pictures are shadowgrams taken withwa 2 Shots are taken in vacuum with no gas jet present and thus
probe pulse. The second row shows images of the transmitted ligitan easily be distinguished from the density structures from
spot at a position 25@:m past the focal position. The third and the plasma.
fourth rows show images taken of theland 2w emission viewed A sequence of images for nitrogen gas at three different
perpendicular to the axis of the main laser beam. In the side-ogas densities is shown in Fig. 9. For the side-on images the
images, the laser is incident from the right and the gas jet is at théaser enters from the right and the gas jet nozzle is located
top with its center at a position approximately indicated by theabove. The laser passes by the nozzle at a distane€360
white arrow. The length scale for all images is given in the insetin, m from the nozzle exit. In the shadowgram images the
the top images. edge of the nozzle is visible at the top of the image and the
vacuum axis of the laser is shown as a dashed line. The
profile corresponding to the nominal value Bf=2.55 for position of the peak density of .the gas jet is indicgted by an

grrow and the vacuum focus is located to the right of the

the parabolic mirror and the HeNe laser wavelength is show K densi ition b he shad
in the same figure. As can be seen, the actual beam profile BFka ensity p]?tS|t|0hn Iy é;l.ﬁm.dT € fs ha owlgrarr]ns Wereh d
focus deviates considerably from the diffraction limited [2KEN at 9 ps after the leading edge of the pulse has reache

value. The fitting procedure quantitatively confirms the ex—the vacuum focus position. Thus, the ima_ges giv_e a snap shot
perimental observation, i.e., that the focal spot profile con®f the ionized plasma produced by the interaction after the
sists of a broad background intensity with @ Thtensity interaction has finished but before any significant expansion
radius of 16.5um on the top of which there exists a peak of the plasma can occur. Fol,=0.008 only a faint outline

with 3.5 um radius. These values are expected to be someo-f th? breakdow_n p'asma is observed. Because of the IQW
what higher for the Ti:sapphire laser beam because of thdensity the density gradients are moderate and the refractive
slightly longer wavelength and the poorer beam quality effects of the density features are small. The observed outline

However, the measured Ti:sapphire beam characteristics of%{ 'the plasma is approximately symmetrical around the laser

5 um (FWHM) diameter central spot and a 50% energyax's' At a higher density oNy=0.016 the outline of the

containing diameter of 2Qum agree well with the above ionized plasma region i_s plearly \_/isi_ble and filamen_tary
profile. As discussed in Sec. IV D the influence of the focalStruCtures can be seen inside the ionized plasma. It is ex-

spot profile on the beam interaction processes with the ga%%teddt tr][ﬁt the iedge; O(fj th? shzdowg;at[r)]hiclimage corre-
jet is decisive for the occurrence of self-focusing in the casePOnd 1o he singly 1onized outer €dges of the plasma region.

that refractive defocusing plays a role. Asymmetry in the plasma structure is observed with more
deflection and curvature towards the gas nozzle than away

B. Shadowgraphy and time-integrated images from the gas nozzle. _This arjses from the _gradient.in t_he
' background gas density, which decrease in the direction

Four sets of images were measured experimentally foaway from the nozzle. Thus the upper part of the beam
each gas at various atomic densities ranging fromrQ.@@  propagates through significantly higher gas density than the

0.2, . These included the shadowgram taken with the seclower part of the beam. At a much higher density of
ond harmonic probe pulse, the fundamental radiation trandNy=0.041 the transverse size of the plasma has increased
mitted through the gas jet imaged at a point 260 past the again and the asymmetry is even more pronounced than in
vacuum focal position, and the self-emission images takethe previous images. Whereas at lower pressures it appears
from right angles to the direction of propagation at both thethat the ionized plasma continues to the edge of the field of
fundamental and second harmonic wavelengths. The shagtiew, in the highest density case the absorption and refrac-
owgrams and transmitted images were taken simultaneoustion is so strong that the main part of the plasma terminates

Shadowgram at 9ps

Transmitted spot
250pm past focus

20 image 1 image

Fig. 8b). For comparison, the diffraction limited intensity
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FIG. 10. Images of the interaction of the 0.3 TW laser pulse . FIG. 11. Images of the interaction (_’f the 0'3 TW laser puls'e
with a 500 um diameter helium gas jet at various peak atomicw'th a 500 um diameter hydrogen gas jet at various peak atomic

densities. The top row of pictures are shadowgrams taken with a 2 densities. The top row of pictures are §hadowgrams taken v_vith a_2
frobe pulse. The second row shows images of the transmitted light

probe pulse. The second row shows images of the transmitted lig . - .
spot at a position 25am past the focal position. The third and

spot at a position 25@.:m past the focal position. The third and ) . )

fourth rows show images taken of theland 2w emission viewed fourth rows show Images taken of th@hnd 2o emission V'eW?d

perpendicular to the axis of the main laser beam. In the side OI_Qerpendlcular to t_he_ axis of the maln_laser beam. In t_he_5|de-on

images, the laser is incident from the right and the gas jet is at th&nages, the laser is incident _fr_om the rlght and th_e gas jetis at the

top with its center at a position approximately indicated by thetOp, with its center at a position ap.promma.tely. |nd|pated .by th,e

white arrow. The length scale for all images is given in the inset inwhlte arrow. The length scale for all images is given in the inset in
the top images.

the top images.

at about 100um before the edge of the field of view. One shot to shot. These bright spots probably are indicative of
can still observe a few filaments of light propagating beyondweak stimulated Raman scattering enhancing the Thomson
the edges of the main plasma region. The shape of the tescattered light by one or more orders of magnitude. Also,
minating edge of the main plasma is also asymmetric occumene can observe faint filamentary structures coming out of
ring earlier nearer the gas jet nozzle than the side farthethe main emission region at a slight angle to normal. At the
from the gas jet nozzle. This would agree with enhancedighest densities the bright regions disappear and the emis-
refraction from the higher density region of the gas jetsion becomes more uniform and diffuse filling in the ex-
spreading the beam more and causing the average flux fgected angular cone of the refracted incoming laser beam.
drop below the single ionization threshold of nitrogen. Also  The 2w emission images also highlight the most intense
the dark region in the tail end of the plasma indicates signifipart of the laser-plasma interaction. However, the strength of
cant absorption of the probe beam in the large, cold highlihe 2w emission is much less than that of the fundamental
density plasma. scattered light and thus at higher densities the self-emission
The images taken of the transmitted laser spot 250  of the plasma becomes equal in brightness to the second
past focus show that at low densities the spot is of the samkarmonic signal. This time integrated background emission
size as the vacuum spot but that at higher densities the decomes from the expanding blast wave in the gas and is nor-
ameter expands as the transmitted spot is more and moreally emitted over a time of several nanoseconds. The
refracted. In addition, the overall distribution of the transmit-brightness of this background emission is a function prima-
ted light becomes quite smooth with a filamentary substrucrily of the deposited energy per unit length in the plasma
ture. The filamentary appearance is similar to the filamentaryeighted by the plasma density. One can see that for the
appearance seen in the shadowgrams. lowest density image the emission is peaked near the peak of
The self-emission & images give a different view of the the gas jet density to the left of the position of the vacuum
interaction highlighting the high intensity central region of focus. The background emission shifts towards the incoming
the laser pulse. Thed images show the expected shift in the laser beam at the higher gas densities. The position oféhe 2
peak field region towards the incoming laser beam at highesignal cannot be observed at the higher densities above ap-
gas densities. Quantitative comparisons of the position oproximatelyNy=0.01 because the increase in density results
peak emission versus gas density will be presented later iim higher plasma emission, which obscures the weak second
Sec. IV D together with comparisons to model calculations harmonic emission signal.
The transverse diameter of the emission region is approxi- A similar set of images is shown for helium gas in Fig.
mately 15—-2Qum at the lower density. The emission shows 10. In this case because the helium will be doubly ionized as
highly modulated intensity regions that vary randomly fromcompared to five times ionized for nitrogen gas the same
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FIG. 12. Images of the interaction of the 0.3 TW laser pulse §

with various 500um diameter gas jet targets at various peak atomic
densities. The top row of pictures are shadowgrams taken with a 2
probe pulse. The second row shows images of the transmitted ligt
spot at a position 25@m past the focal position. In the side-on
images, the laser is incident from the right and the gas jet is at th—
top with its center at a position approximately indicated by the L
white arrow. The length scale for all images is given in the inset in
the top images.

33ps

degree of peak ionization and comparable refraction is ex§.
pected for atomic densities approximately 2.5 times greate«i
than those for nitrogen. The three cases shown correspond %
approximately 1.6—2.7 times the atomic densities of the ni:
trogen gas cases shown in Fig. 9. In the same manner as f
nitrogen the transverse size of the plasma increases at higher ) _
densities due to the increased refractive spreading of the FIG._13. Shadowgrams taken at various _tlmes throughout the
beam. Similar filamentary structure is observed within thdnteraction of the laser and the gas jet for nitrogen and hydrogen
plasma region. Asymmetry in the refraction at higher inten-925-

sities is less pronounced than for nitrogen and is only slightly

apparent in the shadowgram fdi,=0.11. However, the tron densities than for nitrogen. However, at the highest den-
truncation of the plasma breakdown in the middle of the gasity shown the emission becomes strong enough and the
jet occurs earlier than for nitrogen at the highest densitysecond harmonic signal weak enough that it is no longer
shown. This is probably due to the much higher intensityvisible. For the highest density case the emission is seen to
required to singly ionize helium compared to nitrogen andshift forward to the first half of the gas jet where the plasma
thus as the beam refracts it drops below the necessary intef also observed in the shadowgram.

sity to ionize the helium gas sooner than for nitrogen. Again A set of images under similar conditions is shown in Fig.

a few individual filaments propagate beyond the end of the| 1 for hydrogen gas at atomic densitieshyj=0.041-0.16.

bulk plasma. The plasma for the high density case is also N, thjs case the images show different behavior as compared
as dark as that of nitrogen |nc!|cat|ng less absorption of th?o the other gases. The shadowgrams taken 9 ps after the
probe beam in the lower atomic number plasma. laser interaction show increasing plasma diameter with den-

The images Of. t_ransmltted ra@apon at 2an past the sity. However, the ionization region does not terminate prior
vacuum focal position look very similar to those for nitrogen : . . . S
to the end of the field of view showing propagation at ioniz-

showing a uniform diffuse image with increasing diameterin intensities throughout the gas jet. This is expected since
from refraction at higher densities with filamentary substruc- Y 9 gas Jet P

ture. the ionization threshold is very low (D&L0Y W ecm™?2)

The 1w images show bright structured emission on axis2nd the absorption appears to be significantly less than for
together with weaker filaments branching out sideways.”'troge”v which hag a similar ionization potential. The fila-
Again a shift is seen in the center of the emission region firsfnéntary structure in the shadowgrams appears even more
away from the laser at low pressures and then towards theronounced and chaotic than for the previous gases and, as
laser at higher pressures. Randomly scattered bright spots atéll be shown later, there is considerably more structure vis-
observed on each shot for the middle and low density shotdle at earlier times just at the end of the interaction period.
again indicative of some stimulated Raman scattering en- The most interesting observations for hydrogen gas come
hancing the normal Thomson scattering. from the transmitted images at 250m past focus where

The 2w images show peak emission near the vacuum foseveral hot spots are observed in the transmitted radiation.
cal position at the lowest density and then a shift back to-This structure is completely different from that observed
wards the laser at higher densities. The background plasmaith all the other gases studied in this experiment and are
emission is less from helium than nitrogen and thus the sedndicative of large scale channeling of parts of the laser
ond harmonic signal is visible up to higher equivalent elec-beam. The observed structures are similar from shot to shot,
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Nitrogen :  Np=0.041 Hydrogen: N,=0.16 mediate densities of the order df;=0.08 a fine line fila-
ment is observed in the emission image. The width of this
line is on the order of 2—4.m with a length of 65um,
which is finer than the focal spot of the laser beam over this
distance. Images of the second harmonic emission for other
gases are somewhat broader with widths ef I0 xm and

not as long as the image shown here. In summary, the second
harmonic emission is indicative of a narrow filament region
while the fundamental emission predominantly occurs out-
side of this narrow central region.

Other gases were also studied and their behavior in gen-
eral is similar to that of nitrogen. Typical shadowgrams and
transmitted radiation images at 2a®n past focus are shown
in Fig. 12 for neon, argon, and xenon. All three of these
gases will ionize to higher peak ionization states than nitro-
gen of 8 for neon for peak intensities of over
2Xx 10 W cm™2, 8" for argon at %10 W cm 2, and
over 12" for xenon at over 410 W cm~2 (see Fig. 3
However, the first ionization energy of neon is above that of
nitrogen while that of argon and xenon are below that of

FIG. 14. Direct comparison of the shadowgram and transmittechitrogen_ The shadowgrams are shown for the higher density
spot images underlining the radically different behavior of the in-c55es of the three gases which qualitatively demonstrate the
teraction for nitrogen and hydrogen. same features as nitrogen does at similar densities.

In particular all three gases show a termination of the
indicating that the channeling is seeded by modulation in thgplasma breakdown region within the field of view and still in
laser beam profile itself. the main part of the gas jet. The higher atomic number gases

The 1w images are also characteristically different from show darker images indicating more absorption of the probe
the other gases. They show less of a shift with density anieam in the cold ionized plasma. Neon terminates somewhat
also become more spread out in size laterally than for thgooner than nitrogen fdl,=0.042, which agrees with the
other gases. The images also show even more pronouncedlich higher first ionization energy than nitrogen. Argon ter-
lateral structure than for the other gases. Again, randomlyninates about at the same point as nitrogen even though its
distributed bright hot spots are observed indicative of stimufirst ionization potential is less than nitrogen and the atomic
lated Raman enhancement of the Thomson scattered light.density is only 60% of that of nitrogen. Xenon shows ion-

The 2w images are also characteristically different fromization farther through the gas jet as would be expected since
other gases. A slight shift in the peak emission region toit has the lowest first ionization potential of all the gases
wards the laser is observed with increasing density. Howstudied. All the gases show a filamentary structure both in
ever, the 2 emission is stronger than the backgroundthe shadowgrams and the images of transmitted radiation at a
plasma emission for all densities investigated. At the interposition of 250um past focus. These images of transmitted

time-resolved shadowgram

100 um

100 um
e

transmitted image

(a) (b)
250 250
Helium = Helium .
1 N it 200
T s AT € 150 FIG. 15. (@ The location of
2 . : = o - the beam waistminimum radiug
g 50 N E _cﬁ 100 - and (b) of the beam diameter at
N 150 \\\ i 50 k@ 250 um past the vacuum focus as
7 i % , a function of density. The points
- 0 represent the experimental
200 20 40 60 80 100 120 0 20 40 60 80 100 120 ebp ese dtft e e ptz © tﬁ data
10°N 10°N, obtained from records as those in
250 ° 250 - Fig. 9 fqr nitrogen and in Fig. .10
Nitrogen . Nitrogen . for helium. The dashed line
180 1 through the data points is a fit to
— 50 guide the eye. The the prediction
g s of the ray tracing model for the
= 50 ! effective (solid line) and nominal
N i (dashed lingF is also shown.
-150 |
u
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radiation all appear similar in form to those taken with nitro- g

gen gas showing a uniform distribution of speckles. "’—""-“'m-gff'...
for all these gases, as seen from the shadowgrams, a fe
filamentary striations are observed to carry on beyond thi
end of main plasma. region. Overall these gases are demo
strating the domination of refractive defocusing at these higt
densities. Although not shown, at lower pressures their be

havior was also qualitatively similar to nitrogen gas.

r, (mm)

C. Time resolved shadowgraphy

Further information on the interaction process can be ob z (mm)

tained from a time resolved shadowgram taken throughot |
the interaction period. Images taken at times of-0200 ps s
are shown in Fig. 13 for nitrogen and hydrogen gas at rela
tively high atomic densities dil;=0.041 and 0.16, respec- NSNS
tively, which led to comparable electron densities in the pealS8sss :
ionization region. The starting tirte= 0.0 ps is arbitrarily set
to be the time at which the leading edge of the pulse arriveg
at the vacuum focal position. The sequence of images fofg
nitrogen shows an orderly progression of refraction with the
beam smoothly spreading out as it propagates forward. How
ever, for hydrogen a significantly different pattern is ob-
served. After arriving at the vacuum focus portion twi
prongs of light jut forward and the lateral spreading of the
radiation appears constrained. This channeling of the props
gation of the radiation is very similar to the transmitted im-
ages shown previously at 250m past focus. The transmit-
ted image for the hydrogen gas image showtrat.33 ps is
shown in Fig. 14 together with the transmitted image for
similar nitrogen shot. The difference in both the shadow
grams and the transmitted spots is very apparent in this dires
comparison. Considerable fine detailed modulation giving ¢ -0.2-0.1 0.0 0.1 0.2
feathery appearance in the shadowgram image is observc .. z (mm)
fAOIrSQy?r:c;?\Zns,f\ll; T;gcv;;r?]tssgf E);grt(?geelgqfigir?tse ];ofli’lgmgrzgsacszgs. FIG. 16. Compari.son of the fax_perimentally obtaingd shadow-

' . . . rams(left column with the predictions of the ray tracing model
be seen brgnchlng out from _the_ main plasma region. Ove_r tk:%ight colump for nitrogen and the indicated peak densities. In the
next few picoseconds the ionization from these finer fila-

g . experimental records the shadow of the gas jet orifice is visible in
ments increases and leads to the full image as observed at th@ pper part. In the model calculations the thick solid line repre-

r, (mm)

z (mm)

r, (mm)

late oft=9 ps as shown Fig. 11. sents the ¥ beam radius variation in the presence of the gas jet
while the thick dashed line in vacuum. The ionization contours are
D. Comparison with the ray tracing model given as labeled thin lines and the gray scale depicts the continues

variation of the ionization degree up to its maximum valu& ef5.
he arrow gives the exact location of the peak density while the
otted line its variation along the axis.

In this section we compare the experimental results wit
the predictions of the ray tracing model. There are some,
guantities whose variation with density conceivably can be
compared and they have already been presented in Fig. 7 For the case of helium and nitrogen, this comparison is
while their experimental value can be extracted from the in-given in Fig. 15. In the discussion of Sec. IV A, it was
formation contained in Figs. 9-11. They a@® the mini-  pointed out that the vacuum spot profile deviates consider-
mum radius exhibited during the interactidh) the location  ably from the ideal Gaussian beam profile assumed by the
along the beam propagation of the waig, the transmitted ray tracing model. To compensate for this deviation we have
spot size at 25@.m past vacuum focus, and) the width of  treated theF, of the beam as a free parameter and we have
the Rayleigh zone. However, there is certain ambiguity asvaried it until the best fit to the experimental data was ob-
sociated with the experimental value of the minimum radiugtained. This procedure renders an effectivenumber of
and Rayleigh zone width since the intensity of the &and F§ﬁ= 3.81, which is about 50% higher than its nominal
2w side-on images shown in Figs. 9—11 cannot be intervalue. This value would correspond more closely to the size
preted as being simply proportional to the locally prevailingof the high intensity structures observed in the non-uniform
laser intensity42,13. On the other hand, the measured spotspatial profile of the laser beam. A more accurate analysis
size at 250um past vacuum focus and the location of the would involve higher modes of propagation in addition to the
beam waist can be reliably obtained from the experimentajlundamental Gaussian mode, which in turn would increase
data. The latter quantity is deduced from line outs of the 1 the contribution of the diffraction spreading and would pre-
records as the point where the maximum intensity occurs. vent self-focusind39].
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The resulting ray tracing predictions are then in good 1.0
agreement with the experimental data in the density range
where refraction is dominant. The predicted self-focusing for
Ng~0.025 for helium and foNy~ 0.01 for nitrogen was not
observed experimentally. This can be explained on the basis
of the form of the laser beam profi(see Fig. 8 The broader
background peak reduces the maximum intensity that is re- \
quired for the relativistic self-focusing and in addition \
smears out the image at 250m past vacuum focus. The N> ,/ (a)\
interaction of the double Gaussian profile shown in Figp) 8 0-0800 330 Beo 890
with the gas jet is quite complicated but it appears that the
broader background pulse is responsible for the ionization
defocusing observed even in the density range where self- 880 T
focusing would be expected to occur. _ KT =306V -~

A direct comparison of the shadowgrams with the ray S 860 o .
tracing model is depicted in Fig. 16 for the case of nitrogen
and for three densities in the refraction dominated region.
The experimental records have been computer processed
with a high-pass frequency filter to increase the contrast
while the model results have been obtained for the same
input parameters as in Fig 15. For the interpretation of the
experimental results it is important to keep in mind that the 800 s
experimental records are reversed, i.e., the dark regions are 0 1 2
where the intensity of the @ probe light is the highest. 103N0
Furthermore, the diffraction rings observed in the back-
ground are due to the probe beam and of no consequence 10 g, 17 (a) Typical Raman backscattered spectra from static-
this discussion. o filed N, gas(normalized to the peak Raman signb) The wave-

There are two features that are rather striking in the eXfength of the peak Raman backscattered signal vs atomic gas den-
perimental records of Fig. 16. First is the sharp well definedity (normalized tm,). The lines in(b) give the theoretical estimate
boundaries of the shadow cast by the interaction region angsing the SRS frequency matching condition for two temperatures
second the fine structure in the form of regular striation ofof 0 eV and 30 eV. Each data point represents the average of a
the shadow. The first feature is associated with the transitionumber of shots and shot-to-shot variations are withih%.
boundary between neutral gas and singly ionized nitrogen
atoms. It indicates that even small intensity changes such dgaction to a radiuss. This can be obtained from the inte-
those existing in the wings of the radial beam profile result ingration of Eq.(3.12) in which only the refractive term is
substantial refraction index gradients and that these gradieng®nsideredsee alsd41,48):
are produced at well defined regions where the intensity first

( 3
Ng=0.14x10"

No=1.12x10"3

05 |

!
I
{
!
|
- -3
No=1,67x10

intensity (normalized)

wavelength (nm)

backscatter peak

exceeds the value required for single ionization of the nitro- 1

gen atom(see Fig. 3 In this context, it is expected that the Az=2—7yin= J T a2

observed shadowgrams should correspond to the outer ion- GoN(P/) Ko

ization contour,Z=1, predicted by the model. As can be e 1 1 -12

seen the predicted refraction by the ray tracing model agrees ><J ( e l/(2a1)> dr. (4.
qualitatively well with the images and it reproduces the over- Ths,min\ I hs min r

all behavior as the density increases. i i )

The second feature has been previously observed in simj- For small relative radial expansia¥r ns=r ps=F min s, the
lar experiments and it has been attributed to the refractiv@"tegrzalf in_Eq. (4.1) can be approximated as\z
splitting of intensity nonuniformitieghot spots in the laser  ~The -~ VAT d[doN(P/m) "4~ Do /(22— 1)]2  The
beam profild46,47]. An original hot spot in the beam profile distance necessary for a hot spot to double its size, i.e.,
would refract faster than the rest of the beam due to thé\l'ns™T minhsCOIresponds to the beam path necessary for the
higher local electron density. This in turn would result in initial hot spot to split into two filaments. From E@t.1) it is
redistribution of intensity and in creation of regions with seen that this distance scales with the densitgzs 1/y/N.
strong radial density profiles. The tendency is for light raysFor the case of nitrogel®=0.1 TW and an initial hot spot
to be refracted out of high electron density regions and to b&avingr i, h,s=10 um this estimate gives as a splitting dis-
concentrated in regions of low ionization. These new regionsanceAz~ 187 xm for N=0.001, while the same distance is
of higher intensity would ionize more strongly again andAz~60 wm for N=0.01. In both cases the splitting distance
cause the light to refract out of these new regions as it propds considerably smaller than the actual spatial extent of the
gates forward. Therefore, an initial hot spot would multiply gas volume & 500 wm) through which the beam propagates.
several times after passing through the interaction regionTherefore, even for the lowest peak densities used in the
There are two arguments that support this conjecture. Thexperiment, a hot spot would split into two several times.
first is based on an estimate of the path length that is required The second evidence for the multirefractive splitting of
for a spot with a minimum radiusy,s i, to expand via re- the hot spots in the beam profile can be found in the experi-
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FIG. 20. The reflectivity of the Raman backscattered light

FIG. 18. The reflectivity of the Raman backscattered light(g2o-1130 nm for a nitrogen gas jet vs atomic density. Shot-to-
(810—1130 nm vs gas pressure for static filled nitrogen gas. Shot-gnot variations are- 50%.

to-shot variations are-50%.

_ occurs with the consequence of creating beamlets that on the
mental records of the transmitted spot at 260 past focus  shadowgrams of Fig. 16 look like filaments.
given in the second row of the Figs. 9—11. In the case of

helium and nitrogen the records show a number of hot spots
uniformly distributed in the radial direction while for hydro-
gen the high intensity spots remained localized at a position
that IS d_ete_r mined by the initial focal spot _|mpr|(m_ae Fig. Low pressure static-filled nitrogen was used to observe
8). This indicates that when the refraction is dominant as i,

the case of helium and nitrogen. soliting of the hot spote € relation between Raman backscattered spectra and the
gen, sp 9 P gas parameters. The tunnel ionization mofEf] predicts

that in the present laser condition, the He-like ionization
state can be reached for nitrogen for intensities-@x 10'°
W/cm?. Thus the electron density and plasma frequency can

E. Raman scattering

1. Raman back scattering in static-filled Ngas
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be deduced directly from the static gas pressure. Figure 17
gives the wavelength of the peak signal measured from the
backscattered spectra versus gas pressure. It is found that the
peak position of the downshifted Raman spectra is consistent
with the theoretical frequency matching conditiigt9]:
ws=w — ) 4.2
inwhichw_, w,, o are the frequencies, respectively, of the
laser, the electron plasma wave, and the backscattered light.
In the case of low plasma densities compared to critical den-
sity for which w,<w, the plasma frequency is given by
wp= wpo\ 1+ 1207k To/(w5oMeC?) Where wy, is the cold
plasma frequency and, is the plasma temperature. In Fig.
17(b) two curves are shown corresponding to plasma tem-
peratures of 0 and 30 eV. It can be seen that the averaged
data agree with a relatively cold plasma at 80 eV indicat-
ing that there is little heating of the plasma in the longitudi-
nal direction for this low density range. These results are
similar to those previously reported by Pestyal.[50] who
also confirmed the agreement between observed shift and
expected plasma density. Individual shots can show spectral
features with slightly larger shifts such as the shoulder at

FIG. 19. (a) Typical Raman backscattered spednarmalized ) . . .
to the peak Raman signdbr a nitrogen gas jetb) The wavelength ~875 nm for the highest density spectrum shown in Fig.
of the peak Raman backscattered signal vs peak nitrogen gas j&f(@- This shoulder would correspond to a temperature of
atomic density. The solid lines ifb) give theoretical estimates of ~46 €V, indicating that perhaps late in the pulse more heat-
the expected wavelength given the He-like ionization stage and th!d has occurred and late time backscatter would have a
observed position of peak intensity from Fig. 9 and similar data forlarger spectral shift.
focusing at the edge of the gas jet. Shot-to-shot variations are The time-integrated reflectivity of the Raman backscat-
+2%. The dotted line gives the expected shift if the peak focugered light, defined as the ratio of backscattered energy inte-
remained at the vacuum focal position for the center focus positiongrated from 810 to 1130 nm to incident laser energy, is
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£ 1100 ® 1 FIG. 22. The reflectivity of the Raman backscattered light
% (830—1130 nm vs peak atomic density for a hydrogen gas jet.
o 1050 | . - L ;
o Error bars indicate shot-to-shot variations. The measured point at
E 1000 | P ] atomic density ofNy=0.08 is underestimated due to the limited
S wavelength range of the spectrometer. Assuming that half the spec-
-g 950 | | tral energy is cut off one can estimate the reflectivity as double the
3 4 measured valuéopen point and dashed cujve
900 ' . . . .
0.00 0.05 0.10 the 1w self-emissior{see Fig. 9 and Fig. 18)]. It is found
N, that the measured peak position is consistent with theoretical

. . estimate that the nitrogen ionization stage is in He-like ions
FIG. 21.(a) Typical Raman backscattered spectrimarmalized  for the position in the gas jet where the peak intensity occurs.

to Raman peak signifor hydrogen vs gas density. The spectrumis  \we also focused the laser at the edge of the gas jet, i.e., at
corrected for the spectrometer response and filter transmission fun(é- distance

=315um from the jet axis instead @q=115
. . jet et
tions. (b) The wavelength of the peak Raman backscattered Slgn?/.ltm, which is designated as center focused. The Raman
vs peak gas jet atomic density. The line gives the theoretical estb

mate using the SRS frequency matching conditions. for which the ackscatter signal is still visible for much higher peak atomic
g the > guency m: g con . ) densities. The observed peak wavelengths of the Stokes
electron density is determined with the relation described in the . - .
N~ shifted backscattered signal are also plotted as a function of
text. Shot-to-shot variations are2%. : S . .
peak atomic density in Fig. 19. In this case the scattered light
signal is still strong at high pressures, while very weak if the
laser was focused at the center of the gas jet. The expected
eak wavelength based on the electron densities at the loca-
fon of peak intensity also are plotted in the figure. Within
the experimental error the observed shifts agree with the pre-

sities of N=0.001 indicates that ionization-induced refrac-rajlcuad shifts confirming that the peak intensity region is

tion plays a significant role in decreasing the peak intensitmovIng toward the incident laser as predlct(_ad. Near
as discussed i129]. The result agrees with the onset Of3f\|0=0.0_16, the spectra showed some modulations. The
refraction abové\|~b 001 as shown in Fig. 5 modulgtlons algo lead to some scatter in the data dependlr!g
» U Lo . on which peak is the strongest and thus leads to the scatter in
In addition to the nominal case of linearly polarized laser

for the experiment, we also investigated the case of eIIipti-FIg' 19(b). Figure 20 gives the reflectivity measurement of

cally polarized laser lightg, :E,=1:2) in theRaman back- laser line
scattering experiment. We did not observe any significant up-shifted down-shifted
change of the wavelength of the peak Raman signal betweel 1.0 : ‘ ‘ ' 1.0
the elliptical- and the linear-polarization cases, which means
I 05 | I
0.0

that for the present condition, even with elliptically polarized
light for which significantly more above threshold ionization
i I .0 L L L
2. Raman back scattering in hlgas jet target 390 490 590 690 790 790 890 990 1090 1190
wavelength (nm)

shown in Fig. 18. It is found that the reflectivity increases
with pressure, reaches a maximum at abdet0.001, and

then decreases at higher pressures. A similar result wi
found by Malkaet al.[29] when helium was used. The trend
of decreasing reflectivity versus gas pressure at atomic de

05}

heating is expectefb1] no strong heating is observed in the
longitudinal direction.

(normalized)

intensity

Measurements of Raman backscatter were also carried out

in the gas jet target. Figure 19 gives the peak wavelength of FiG. 23. Typical Raman forward scattered spectra for hydrogen
the downshifted spectra versus gas jet peak atomic densitgas at atomic densitjN,=0.08. In the downshiftedupshifted

In the plot we also give a theoretical estimate of the peakpectra, arrows indicate the expected peak position of the first
wavelength corresponding to the estimated electron densitiestokes (anti-Stokes light theoretically determined by frequency-
based on the location of the peak intensity as observed frommatching condition.
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FIG. 24. The fraction of the transmitted light (76820 nnj, FIG. 26. Hard x-ray emission through a 5p0m thick alumi-

forward scattered downshifted (830130 nm and upshifted num filter (>12 keV) vs peak plasma density for a hydrogen gas
(400- 750 nn) light relative to the incident laser energy within an jet. The dashed line gives the threshold for the critical power
F/57 cone angle for hydrogen gas. For down-shifted spectra, valugs.=16.2n./n, [GW], whereP.=0.3 TW is the laser power on the
with No>0.04 are underestimatgdpen triangles pointing down target. The detection limilong dashed lingis limited by the sen-
due to the limited spectral range of the spectrometer. Shot-to-shgitivity of the oscilloscope. Shot-to-shot variations aré0%.
variations aret 20%.

. . , modulations disappear at lower intensity 1/3 of the laser
the scgttereq light. It is seen that at hlgh pressures, the scaethergy used hejdn which case the backscattered Raman
tered_ light signal focused at the edge is more intense thag ectra show only a single peak as usually observed in low
that in tt?]e tc_ast(; of laser ff(:ﬁusled atfthe gaf tjﬁt centt_ar.t Tgﬁiensity or low density Raman specf&0]. The explanation
means that In the case ot Ine faser focus at he gas Jet eage broadening and modulation of the spectra is not clear
the refract|_on defocusing, althqugh reduced partially, stlllyet but may be concerned with the strongly coupled nature
plays a major role for the experimental parameters here. of t,he Raman backscatteririg2] in our conditions, wave
breaking[30,31 and the temporal bursting of the backscatter
[55].
~ Raman backscatter was also measured for a hydrogen gas The reflectivity of the Raman backscattered light, which
jet. Hydrogen has only one ionization stage and is expectegives the level of the backscattered light to the incident laser
to be fully ionized in the peak intensity interaction region. g plotted in Fig. 22. For the data point &k,=0.08, the
Figure 21b) gives typical Raman backscattered spectra angimjteq wavelength range of the spectrometer truncates al-
the wavelength of the peak signal measured from the Ramall ot half the spectrum, which leads to an underestimation of
backscatter spectra versus the peak gas target density. T energy of the Raman scattering. However, even assuming

results revgal tha_t the measured position is coln3|stent .W't at the reflectivity at this density region should be twice the
the theoretical estimates of the frequency matching Condlt'o?neasured value, the results show that the backscatter signal
in Eq. (4.2). As has also been found by othd&2,53, we ’ 9

find that the Raman backscattered spectra are broadened a%xrat?is at ?tr(;mlc drer;ﬁ't'ris g\;l\:eraterl tha; 0604]; r the Raman

there are modulationg54], as shown in Fig. 2B). These SEries ol measurements were also made for the kama
forward scattering and part of the spectrum is shown in Fig.

23, which has been corrected for the transmission of filters

3. Raman scattering in H gas jet target

2

10 . and the response of the spectrometer. We observed evidence
= ; of both frequency downshifted and upshifted spectra. In the
Z 10 Oo E forward scatter signal the upshifted spectrum is much stron-
s 6"\\ edge ger than the downshifted spectrum. This is in contrast to the
% 10°F ¢ \0\ J measurements of the backscattered spectra. The peak posi-
‘c_;’ N - tion of the downshifted spectra is consistent with theoretical
S10" F [/ a4 A conter estimates as was the case for the backscattered signal. The
‘B :'/‘“ Rkl G upshifted spectra show a broad, somewhat modulated con-
§ 102 L i 1 tinuum of radiation centered around the expected anti-Stokes
% i detection limit wavelength. This is in contrast to the results reportef®8j

10° o A—— where a clear peak was observed corresponding to the ex-

0 10 20 30 40 50 pected anti-Stokes wavelength. However, the latter report
103N0 was for a density of 0.0%, and higher power and/or intensity

FIG. 25. Hard x-ray emission through a 1p0n thick alumi-
num filter (>8 keV) vs atomic density for a nitrogen gas jet. The strong broadband background, which may stem from ioniza-
detection limit is limited by the oscilloscope. Shot-to-shot varia-tion induced spectral blueshifting6] or the plasma wake-
tions arex50%.

as compared to Fig. 23, which is for a peak density onQ.2
It is plausible that the anti-Stokes light is seeded by a very

field noise spectrum57,58.
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We estimated the fraction of both upshiftédom 400 to  lower density limit is given by the balance between diffrac-
750 nm and downshiftedfrom 830 to 1130 niscattered tion and the self-focusing term while the upper limit is given
light relative to the incident laser energy, as shown in Fig.by the balance between the refraction and self-focusing term.
24(b). (We should point out that for densities greater thanThis window of allowed self-focusing still has a critical
No=0.08, the values for the downshifted scattered light argyower threshold in order that self-focusing occurs at all.
underestimated due to the limited range of the spectrometer. The comparison of the model with the observed behavior
The measurements reveal that the scattered light increasgshelium and nitrogen shows that in the high pressure limit
and then aroundN,=0.08 decreases slowly as pressure in-hoth the predicted refraction spreading and the position of
creases. They also show that the fraction of the upshifteghe peak intensity region for the beam are in reasonable
light is two orders of magnitude higher than that of the agreement with the experimental observations, as shown in
downshifted light. Fig. 15. The position of the maximum intensity region is also

consistent with the measured Raman shifts in the backscat-
F. Hard x-ray measurements from H, and N, gas jet targets tered radiation from the nitrogen gas jet. The fact that the

During the Raman scattering measurement, we also me£8am size, measured 250 past focus, at the highest pres-
sured hard x-ray emission from the laser gas interactionSUres for nitrogen is slightly larger than predicted may be
Figure 25 gives results for Nfor the two positions of the explained in part by the increased refraction observed for the
focus relative to the gas jet center when a 150 thick part of the beam closest to the gas jet nozzle. This is due to

aluminum filter was used. One sees that when the laser i@e fact that the gas density is significantly higher as one
focused at the edge of the gas jet, the x-ray signal is strong proaches th(_a nozzle. However, for. all the. gases except
than when focused in the middle of the gas jet. A relative ydrogen we did not observe the predicted window of rela-
peak was observed fdt,~0.015 for the case of focusing at tivistic self-focusing. This is most likely due to the fact that
the edge. At high pressures, refraction plays a dominant rolur laser beam was far from an ideal Gaussian and was better

and laser intensity decreases, which also produces |0Wé?presented as the combination of two Gaussians, one a few

x-ray signals. For the case of laser focus at center, the X_rag%nes diffraction limited and the other several times diffrac-

signal is weak and in this case the Raman scatter is also we on limited as shown In .F'g' 8. This beam_ profile indicates
as seen in Fig. 20. This correlation implies that the x—rayt atwe have a combination of numerous higher or_der m_odes
emission may be caused by the electrons that are heated (Rt will lead to a much Igrger contribution to the dlffractlon_
the Raman process. When a 5pén Al filter was used the term than we have_ U.SF‘.'d In our mm_:iel. Thus the lower density
x-ray signals were much weaker by about one order of magt_)oundary fpr relatlwstlc self-focusing given by thg balar)ce
nitude. between d|ﬁract_|on _and the self-foc_usmg term will be in-
In contrast, very strong x-ray emission and different fea_creased by a significant amount. Since the power that we

tures were observed in hydrogen, as shown in Fig. 26. In thiga\’e in the laser is_ o_nIy 0.3 TW_ a significant chang_e in this
case a 55Q:m aluminum filter was used. A distinct feature oundary would eliminate the wmdow_ for self-focusing that
is that the x-ray signal increases rapidly with pressure angPpears to be the case from the experimental results. It would

then “saturates” at higher pressures. The mechanism for théequire further gxpgriments With much b_et'ger beam profiles
production of the strong hard x rays is not clear since unlikd” order to quantitatively confirm the prediction of the model
in this sensitive region.

nitrogen gas there should be no significant keV x-ray emis- - - .
sion from the hydrogen gas itself. But it is expected to be The shadowgrams also indicate significant absorption of

related to the impact of fast electrons on the metal edge Q_Fe propagating laser light at the higher pressures measured.

the gas jet. In the plot, we also give the position for the onse hhlts IS ewdgrt\ce_d t.’y t?ﬁ fact thatt trtf '?.te?sny. faltlls beltow
of the relativistic self-focusing as given by relation at required to jonize the gases 1o the irst lonization stage

_ : : : before propagating through the gas jet. The model calcula-
oprﬁ s e%%?gﬂ%g]el\ggélTor}ehrzrodsu?rtae;ezﬁ]r}gsri?)iuil;Iiéﬁﬁ;&igions show that without absorption there should be sufficient
with the threshold for the onset of relativistic self-focusing, intensity to ionize throughout the full interaction region. The

which may indicate an experimental correlation between thgbsorpt!on was also ev[der_lt in the reducgd transmission ob-
two phenomena, Served in the camera viewing the transmitted radiation. The

same truncation of ionization was observed for all the gases
except hydrogen as shown in Fig. 11. The expected absorp-
tion can be estimated in the region of low ionization where
The laser propagation model given earlier has alreadyhe intensity is also weak by calculating the inverse brems-
been compared to experimental results as given in the prevgtrahlung absorption lengfle.g., Eq.(1) from Ref.[24]. For
ous sections. This model employs a number of simplifyingne=0.0d.,Te=3 eV, Z=1, and IM\=3 one would esti-
assumptions in order to allow for simple analytical limits to mate are-folding absorption length of 62m at 790 nm and
be derived and simple numerical solutions to be worked out247 um at 395 nm. The second absorption length would
A key assumption is that the intensity profile corresponds t@gree with the observed absorption of the @robe beam in
an ideal laser Gaussian beam. One of the key results of tHée high density shadowgrams, e.yo=0.041 for nitrogen
model is the prediction of both a lower and an upper density@s shown in Fig. 9 where substantial absorption is observed
cutoff limit, i.e., a density window, for which relativistic for a plasma region o300 um in diameter. For the main
self-focusing can occur as given by .19 for the upper laser pulse at & the absorption coefficient is reduced be-
density and the normal density limit quoted for the critical cause the oscillatory velocity,s.—eE/ wm, is much higher
power for relativistic self-focusing for the lower density. The than the thermal velocityyy,= vk T./m, [59,6Q. For an in-

V. DISCUSSION



4636 R. FEDOSEJEVS, X. F. WANG, AND G. D. TSAKIRIS 56

tensity of 16° W cm™2 the ratio iSU osc/vin="4.4 for an es- and subsequent decrease of peak backscattered Raman signal
timated plasma temperature of 3 eV. This would lead to &orresponds to the expected effect of increasing signal with
tenfold increase in the absorption length ab Biving an  density combined with a reduction of intensity as the back-
absorption length of~620 wm. However, as the beam di- ground density is increased. Similar observations have been
verges and the intensity dropslte 2x 101 W cm ™2 that of ~ made by Malkaet al. [29] for helium gas.
the first ionization threshold for nitrogen the ratige./vy, Finally, the fact that all the spectral shifts for both the
drops to 2, leading to an absorption length of 33#. While  static gas and the gas jet cases agree well with the expected
these values are only estimates of the plasma conditions, or®ld electron plasma dispersion relation leads to the conclu-
can see that it is reasonable that the there can be significasion that the longitudinal plasma temperature is very low,
absorption of the main beam in the tail of the plasma andess than on the order of 30 eV for the case of the backscatter
thus result in the observed truncation of the plasma regiofrom static nitrogen for atomic densities &f;<<0.002 as
prior to the end of the gas jet target. shown in Fig. 17. Heating in this case would come both from
Another factor in the absorption is the observed largeresidual energy remaining in the electrons from the tunnel
component of blueshifted light. In part this appears to bdonization process and the inverse bremsstrahlung heating
forward Raman amplification of blueshifted radiation from reduced by the strong field correcti@f9,60. Typically the
the ionization blueshift and perhaps wake field enhancedesidual heating for tunnel ionization can be estimated to be
plasma wave noise. on the order of 0.1 times the ponderomotive energy of the
The observation of filamentary structure in the outer re4onizing field at the time of electron productidd]. The first
gions of the plasma profile is consistent with a refractivefew electrons are ionized at low intensities and thus have
propagation instability leading to a continuously evolvinglittle residual heating while the final electrons are generated
filamentation pattern. As discussed in Sec. IV D the estiat higher field strengths and thus with higher residual ener-
mated scale lengths for each filament range from 248Yto  gies. Using the estimate that the temperature is 1/10 of the
60 um for densities oN=0.001 toN=0.1 in approximate ponderomotive energy and averaging over the energies of all
agreement with structures observed on the images. Suchfize electrons for nitrogen yields a residual temperature of 30
mechanism and similar estimate of structure length wereV for the electrons after ionization. However, this tempera-
given in a previous publication by Denat al. [48]. Simi-  ture is in the transverse direction. Because of the low colli-
lar structures were also observed in shadowgrams reportegionality of the plasma the transfer of momentum and energy
for 1 um laser interactions by Mackinnaet al. [47]. In ad-  to the longitudinal direction where it could influence the
dition to the filamentary structures there are ringlike fringeselectron plasma waves associated with the forward and back-
in the high density regions of the shadowgrams as can bward Raman scattering will take longer than the laser pulse
seen in in the highest density shadowgram for helium shownluration and thus reduce the effect of this temperature on the
in Fig. 10. These rings could be an artifact due to the refracobserved Raman spectra. More important is the inverse
tion of the probe beam rays through the electron densitjpremsstrahlung heating. Assuming an estimated plasma tem-
profile. Since the imaging system maps all the rays back tperature of 30 eV the strong field correction factb®] re-
the image plane, those rays that are significantly bent in travduces the absorption of high intensities in the range of
eling through the plasma will be mapped onto an incorrectl X 10— 1x 10 Wem~™2 to an effective intensity of
position in the image plane and lead to interference withlx 10'> W cm™2. The heating due to this effective intensity
those rays that have been less bent and mapped onto tirefully ionized nitrogen can be calculated for the peak of the
same point in the image. The optical path lengths integratethser pulse, ar= 125 fs, from Eq.(3) of Ref.[9] (corrected
through the plasma will be different for these rays, which carfor a missing factor of 2/3) yielding a temperature of 39 eV
lead to constructive or destructive interference. Since the deer an atomic density oNy=0.001 and 98 eV foNy=0.01.
gree of bending varies from none to maximum to none agaifhe fact that the observed shifts for the static fill case corre-
as one traverses from the center of the plasma to beyond ttsponding to the lower density value given here, indicated
edge of the plasma, the resulting increase and subsequeimperatures of less than 30 eV would tend to indicate that
decrease in phase shifts will lead to dark and light interferthe strong field correction is probably greater than estimated
ence bands. These bands are distinctly different from théere (i.e., the starting temperature is significantly less than
long filamentary structures and thus we believe the latter ar80 eV). Some features in the spectra indicate temperatures of
truly indicative of beam filamentation. This is borne out by over 30 eV which would probably indicate Raman backscat-
the fact that images of transmitted radiation show a veryter later in the pulse. The higher density estimate is more
smooth distribution of filamentary spots when viewed 250appropriate for the gas jet target shots. A temperature of 98
um past the focal position. eV would correspond to an increase in spectral shift of ap-
A number of results from the stimulated Raman forwardproximately 10 nm. This is approximately the uncertainty
and backscatter measurements help to reinforce the predidue to the uncertainty of the gas density and the exact loca-
tions of the propagation model. The measured spectral shift$on in the gas jet where the backscatter occurs. Thus heating
in the nitrogen gas jet target agree with the calculated shiftto the order of 100 eV would be within the error bars of the
taking into account the motion of the peak intensity regionmeasured spectral shifts given the shot-to-shot fluctuations
and ionization state of 5. The ionization state indicates that and uncertainty in the exact density of the interaction region.
in all cases up tdNy=0.02, while the intensity is reduced Significantly larger heating rates would be discrepant with
due to refraction, as shown in Fig. 16 there is always a ahe data and thus this is a strong indication of the effective-
region with an intensity of greater thank20** Wcm~2 as  ness of the strong field correction in reducing the inverse
predicted by the model. For the static gas case the increasgemsstrahlung heating rate.
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The behavior of the propagation of the femtosecond pulseould be expected for given gases. Both an upper density
in high pressure hydrogen was significantly different fromlimited by diffraction and lower density limited by power
that in other gases with a number of the diagnostics indicatwere identified in the result. While a window of relativistic
ing behavior at the threshold for relativistic self-focusing. self-focusing was predicted for nitrogen gas for our experi-
These included the time resolved shadowgrams takementally available power of 0.3 TW, this was not observed
throughout the interaction period showing the forward propain the experiments. Instead, a steady onset of refraction was
gation of plasma channels, the corresponding transmitted rgneasured as a function of gas density in reasonable agree-
diation images showing the development of hot spots at thg,ent with the model prediction at high densities. This onset
position 250um past the vacuum focal position and the o refraction was observed also in helium and in all the
appearance of a strong x-ray signal with photon energi€gjgher atomic number gases. It is expected that the poor
above 12 keV for densities above that required to reach thgeam quality, a fraction of which was a few times diffraction
critical density for relativistic self-focusing. The apparent|imited and the majority of which was several times diffrac-
saturation of the x-ray signal with pressure may just be o jimited prevented the high intensities from being
artifact of the thin scintillator used in the detector that would 5 hieved which would lead to self-focusing before the refrac-
allow higher energy x-rays to transmit through the detector;q effect set in. It would be necessary to repeat the present
giving a decreasing signal response with x-ray photon eNerg¥yperiments with much higher beam quality in order to
above 20 keV. The data from thewlimages for hydrogen verify the predicted window of self-focusing.
show an increasing diffuse emission region at higher pres- |n'the case of hydrogen gas for which refraction would
sures. It may be that, as argued by Momotal. [13] and  paye the least effect for all the gases, clear evidence for the
Chironet al.[61], as self-focusing occurs and the laser beamynget of self-focusing was observed in three of the diagnostic
propagation is confined to a density channel with reducegeasyrements. In the time resolved shadowgraphy channel-
electron density the amount of Thomson scattering decreasgsy structures were observed in the leading part of the laser
and thus one would not see clear images of the higher intens|se in clear contrast to the smooth refraction behavior ob-
sity channel regions. The«2images show a different picture gerved in for all the other gases studied. The transmitted
of the interaction. In th|§ case, a narrow smgle_chgnnel i$adiation at a position 250 m past focus showed clear signs
observed even at very high pressures. This may indicate th@ high intensity channels again in clear contrast to the dif-
there is one dominant high intensity channel near the centr{se scattering observed for all the other gases. Finally, hard
axis of 'ghe laser but that this splits mto_a few weake.r Cha_”‘x-ray emission, presumably from the fast electrons, gener-
nels which are subsequently observed in the transmitted imgiaq by the relativistically driven plasma, impacting the gas
ages 25Qum past the vacuum focal position. _ jet nozzle, was observed for densities exceeding those re-

The hard x-ray signals observed for hydrogen gas jet targyired for the threshold for relativistic self-focusing.
gets at the higher densities presumably come from fast elec- raman backscattered spectra in nitrogen provided addi-
trons impacting on the metal gas jet nozzle. High amplitudgjona| supporting data on the predicted refraction and self-
plasma oscillations that in the present experiment can bfbcusing behavior of the gases. For the case of the gas jet
caused by the Raman forward scattering process and larggeractions the spectral shifts indicated densities in agree-
wake fields that may be generated by self-modulation of thgyent with those at the position of the highest intensity point
laser pulse can be excited during laser propagation. Electrong he gas jet profile. For the static fill cases the spectral
from the background plasma can be trapped and accelerateflifis agreed with those of a relatively cold plasma with a
by these plasma waves due to wave breaking. We find in thf‘emperature of less than 30 eV. For the gas jet cases the error
saturation region of Fig. 26 for lower laser energy shots, thg,arg angd uncertainty in experimental parameters would allow
x-ray signal decreases dramatically. This indicates a t'ghfemperatures of up to 100 eV. Such cold temperatures would
correlation bgtwet_an the Raman forvyard §cattering anq harge in agreement with the expected 30 eV heating due to
x-ray generation, i.e., strong x-ray signal is accompanied by,;nnel jonization for nitrogen and a small amount of inverse
enhanced Raman forward scattering. The determination Qf;emsstrahlung heating, which is significantly reduced by the
the mechanlsms for' the generat_lon of high energy electror§tr0ng field correction due to the large ratiowf /v, The
would require a dedicated experiment to characterize the fagl . that significantly higher temperatures were not observed
electrons in detail. confirms the expected reduction in inverse bremsstrahlung

expected for such strong laser fields.
The reduction of Raman backscatter observed for atomic
densities abovéNy=0.001 of static filled nitrogen and for

A study has been carried out on the propagation of highdensities abové&,=0.015 for nitrogen gas jets both are in
power Ti:sapphire laser pulses in high density gas targets. lagreement with the reduction in intensity expected due to the
contrast to previous investigations, we have focused our inrefraction in the ionized gas. At high densities the Raman
terest in the density range around . Jor n,~10?° cm~2  backscatter saturates. For hydrogen gas jets the Stokes com-
for which the threshold for relativistic self-focusing could be ponent of forward stimulated Raman scattering was ob-
achieved for modest intensities of a fraction of a terawatt. Irserved. However, an even stronger upshifted component of
this regime the refraction due to the nonuniform ionizationthe scattered spectra was observed, which cannot be simply
profile of the gas competes with the relativistic self-focusingattributed to anti-Stokes Raman light. This upshifted compo-
process. This competition was studied with a simple Gaussaent may stem from the ionization induced blueshifting of
ian beam analytic model which identified the density regimethe main pulse combined with Raman amplification of
and intensity regime for which relativistic self-focusing plasma wake field noise induced signal.

VI. CONCLUSIONS
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Overall, it is clear that for electron densities of the orderfirst reported experimental evidence for the onset of relativ-
of 0.1n, refraction plays a major role in controlling the in- istic self-focusing in a gas jet target with a high electron
teraction of the laser pulse with gas jet targets, particularly irdensity ofn,=0.1n.
the case of poor beam quality as in the present experiment. It
is predicted and yet to be verified experimentally that there is
window of density for which self-focusing should be ob- ACKNOWLEDGMENTS
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