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Photon acceleration of ultrashort laser pulses by relativistic ionization fronts
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We present experimental results from the collision of weak ultrashort pulses with relativistic ionization
fronts in copropagation and counterpropagation. The observed frequency upshifts of the probe pulses provide
not only information about the electron density of the ionization front but also reveal the fine structure of the
front. The connection between the correlation lengths for copropagation and counterpropagation and the lon-
gitudinal and transverse dimensions of the ionization front is also demonstrated thus showing the feasibility of
using the frequency upshift experienced by short probe pulses to fully characterize relativistic ionization fronts
and other relativistic coherent structures in laser-produced plasmas.
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[. INTRODUCTION the perturbation is much longer than the perfacvelength,
\) of the wave packet #/w<7,, which means that
The designatiophoton accelerationvas coined by Wilks N[ um]<0.3r,[fs]. These conditions are usually satisfied
et al. [1], to describe the combined effect of frequency up-when probing is performed by a low intensity, short pulse,
shift with photon number conservation experienced by avith a central frequency much higher than the electron
probe laser pulse copropagating in a relativistic electrorPlasma frequency.
plasma wave. Strong tunable frequency upshifts can also be The key feature predicted by the theory is the significant
obtained whenever electromagnetic waves interact with reladifference between the frequency upsiitb for counter and
tivistic ionization fronts[2—6]: even though the classical Copropagationé], i.e.,
number of photons is not conserved here, the term photon 2
acceleration has also been widely used to describe this sce- Aw= “peo Bi 1)
nario. The possibility to control, to tune, and to accurately 2w¢ 1= B¢’
measure the frequency upshift of short laser pulses interact-

ing with ionization fronts and relativistic plasma waves has{o @ one-dimensiona(1D) configuration in a underdense

triggered considerable work in this subject, in connectionionization front, where the plésiinus sign pertains to coun-

with tunable radiation sourcdg] and laser wakefield diag- tef(co)propagation, andopeo=(4mMNeo /M) V2 is the maxi-
nostics from plasma based acceleraf@s10. mum electron plasma frequency of t.he fromt, is the initial
An intense short laser pulse propagating through a gas cdfeauency of the probe pulse, a} is the velocity of the
generate a relativistic front by optical-field induced ioniza-ront, normalized to the speed of light _
tion of the background gas. The ionization front propagates However, and in reality, 2D scenarios are more plausible
with approximately the group velocity of the ionizing laser and finite width ionization frqnt effgc.ts can be important
pulse in the interface gasplasma, and the rise time is roughkt4l- To address these conditions it is necessary to solve
half the laser pulse duration, while the maximum electron?umerically the ray-tracing equatiof, 14]:
density of the front is a function of the background gas pres- dk 90 1 dw?
sure and the laser intensity. The electron density behind the k= —=——=—__ P 2)
front evolves in a longer time scale, the recombination time dt IX 20 ox
scale (~us). A short weak laser pulse colliding with an dx 90 ke?
ionization front can be double Doppler upshifted by the jo X _ 2 _KC
front, for reflection. Even when the front is not dense enough dt ok Q7
for total reflection, and the probe pulse is transmitted across )
the front, the frequency shift can be signific4b16,11. Q= dQ 90 1 Jdwpe
Theoretical work on this problem has been based on plane T dt gt 20 ot
wave analysi$2,3,5], eigenmode expansion in a cavjty2],
the ray-tracing or Hamiltonian formulatidi$,11], and pho- in order to simulate those configurations, with=[k?c?
ton kinetics[13]. The first two approaches are a natural de-+ w5(x,t)]"2 the local frequency from the linear dispersion
scription for microwave beams, and ray tracing and photonelation, playing the role of the Hamiltonian, akaindx are
kinetics seem to be the suitable formalisms for short pulseshe canonical momentum, or wave vector, and canonical po-
The ray-tracing equations are only valid in the geometricakition, respectively, anduf,e(x,t)=47Te2ne(x,t)/me is the
optical approximation, i.e., the time scalg (length scalgof  local electron plasma frequency squared, whegx,t) is
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FIG. 1. Experimental setup.

the local electron density of the ionization fromb, is the  adopted thus allowing for the illustration of some of the pe-

electron mass, andis the electron charge. culiarities predicted by the theory of photon acceleration by
The frequency upshift of laser pulses in plasmas has beepnization fronts in 2D[14].
verified experimentally in different configuration$5—18. This paper is organized as follows. First, we describe the

However, these results could not distinguish between the freexperimental set-up, and we identify the different configura-
qguency upshift due to a relativistic ionization front or the tions employed in the experiment. The experimental results
frequency upshift due to an almost instantaneous and unare presented and discussed in Sec. lll, along with compari-
form local increase of the electron density, or flash ioniza-sons with two-dimensional ray-tracing simulations. Finally,
tion. In fact, significant upshift have been observed at a tighin the last section, the conclusions are stated.

focus of the ionizing beart9]. When this sudden growth of

plasma occurs and the plasma changes only in tigig), in Il. EXPERIMENTAL SETUP

a few cycles of the electromagnetic radiation, the ray tracing In the two-dimensional collision of a probe short laser

theory IS no longer valid anc_i the phase gffe_cts_became dom julse with a relativistic ionization front, we have employed
nant. Since frequency upshifts by flash ionization are assoc he experimental scheme shown in Fig. 1. This experiment

?‘te‘?' with homogenous _plasma growth in time, the flash. ipnfnakes use of a dye laser-amplifier system at LQAbora-
ization frequency upshift does not depend on the collisio

. Noire d’Optique Applique). The main laser specification con-
angle, and can be obtained from Edj) when S;— : sists of nearly transform-limited pulses with a pulse duration

2 of 80 fs at the oscillator output and an energy of 5 mJ at the
Aw~ “peo (5) end of the laser chain. The central wavelength Ns
2w’ =620 nm and the repetition rate is 10 Hz.

The ionization front is produced by focusing about 50%

In order to clearly separate the two frequency upshift re{~2.5 mJ) of the main laser beafionizing laser beam
gimes, photon acceleration and flash ionization, it is neceswith an f/8 achroma(25 cm of focal lengthin a gas jet. The
sary to compare the frequency upshift obtained for two dif-peak vacuum intensity of 7 x 10'® W/cn? is obtained for a
ferent collision angleg19]: only then we will be able to focal spot of 14um in radius. The focal point is located at
clearly identify the presence of a relativistic ionization front. the border of the vacuum surrounded gas jet in order to ob-

In this paper, we present detailed experimental results ofain maximum plasma density. If focused at the central zone
photon acceleration by relativistic ionization fronts, recentlyof the jet, where the neutral density is higher, the produced
reported elsewheld 9]. By comparing the frequency upshift plasma would defocus the ionizing beam before reaching the
experienced by a short laser pulse for two distinct incidencéocal point, contributing for a much lower plasma density
angles on the front, we are able to clearly show that a relaf20]. We have employed a supersonic argon jet, in a pulsed
tivistic ionization front is responsible for the upshift we also regime with high pressur@0 mbaj at the nozzle, capable of
determine the fundamental characteristics of the front i.e. itproducing high density flows of 210'° cm™2 at the flattop
velocity B¢, and maximum electron density,,. Further- center, and 18 cm™2 at the border, where the collision with
more, a two-dimensional(2D) configuration has been the probe pulse occuf&1].
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tivity of the measurements in the spectrometer to this refrac-

. tion effects, a Dove prism was used, and a diffuser was
placed at the spectrometer entry slit. For low efficiency mea-
surements in the copropagation configuration, we used a fil-
tering mirror (see Fig. 1 to cut radiation above 600 nm, in
order to minimize the unshifted radiatior=620 nm). Those
. spectra were then corrected by the filter calibration curve.
1 A third laser beam, for diagnostics, with a duration of 35
4 fs, central wavelength ok =560 nm at a repetition rate of
10 Hz is also produced by the laser system with an energy of
a few uJ. This beam is created also from the same dye laser
" T " T " T " chain, so the main laser pulse and the diagnostic laser pulse

0 200 400 600 800 were always synchronized since they have the same origin.
Position (um) With this third beam, we have measured the electron plasma
density associated with the ionization front by using a Moire
interferometer represented in Fig. 1 by the two gi@lsand

». By using the Moireinterferometry techniqué21], it is
possible to determine the electron plasma density and the

The photons to be frequency upshiftguobe laser beam  transverse width of the ionizqtion front. In Fig. 2 we present
correspond to a small fractic®.05% of the ionizing beam, @ typical plasma density profile along the laser axis and the
with an energy around LJ. The signal to noise ratio in the i0nization front radius. By removing the grids it is also pos-
blue shifted signal is also increased by focusing the prob&Pe, using the same system, to observe the formation and
beam in the region of ionization front formatidwhich is displacement of the lonization front prodyced by the ionizing
the focal region of the ionizing beanby using an f/6 ach- laser beam, employing a shgdowgraphlc.technlque.
romat (20 cm focal length producing a focal spot of . The probe pulse spect#ig. 3) consisting of t.W.O CC.D
~11 um, corresponding toa focused intensity of 4 images of the spectrogragbefore and after collision with

x 1012 W/cr. This low intensity was necessary in order to the frond are vertically integrated, in order to obtain the

guarantee that the probe beam does not ionize the bacROWEr spectrum of the probe beam before and after the in-

ground gas. After the collision of the probe pulse with theteraction with the ionization front.

ionization front, the probe photons are collected by an f/6F. Ty£|c1a_1l %nger s_pectt;a ?f the probe bﬁ.?tm are shtown tl'n
lens and sent to the spectrometer. ig. 4. To determine the frequency upshifts, an automatic

An angle of 20° between the ionization front and the Multi-Gaussian fit was performed on the specira, thus pro-
rﬁdmg the peak frequency/wavelength for each gaussian, and

w0
)

Plasma density ( 10" em®)
o
|

FIG. 2. (a) Plasma radius antb) electron plasma density, as a
function of the position along the laser propagation axis, measure
by Moire interferometry.

probe pulse, allowed us to decouple the observation of th o the f hift due 1o th lisi ith
blue shift of the probe photons to the expected self-blueshi usS giving us the frequency shilt due to the coliision wi
he ionization front, Fig. 4. A Gaussian fit was used because

of the ionizing beam, and also to examine the two- . ) . .
g the frequency upshift mechanisms are adiabatic and nonreso-

dimensional features of the relativistic collision. In perform- t which that all the sianal is t ferred f
ing our experiments, the probe laser beam was kept in a fixegdt which means that all tne signal IS transierred irom one

position. Copropagation and counterpropagation of this bearff9!o" O.f th? spectrum to another, .W'thOUt any selection rule
and maintaining the same approximate spectral shape. The

with respect to the ionization front was then obtained by ; - ; L
changing the direction of the ionization frofr the propa- peak intensities are also obtained from this fitting procedure.

gation d|rect|_on of th_e ionizing Ias_er be_au(lsee Fig. J_ The Il EXPERIMENTAL RESULTS

plasma density gradients lead to significant refraction effects,

mainly if the probe pulse collides mostly with the preformed During the experiment we were able to introduce two
plasma left behind the ionization front, which was clearlytypes of variations with the aim of changing some of the
observed during the experiment. In order to check the sensienization front parameters, and interaction features.
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FIG. 4. Typical power spectra of the probe pulse in the spec- e A
trometer. The dotted Gaussian curve represents the unshifted prok A a A
signal by fitting several points of the spectral dathus sign$ of the _
probe pulse without interacting with the plasma. The open circles 6161 - "‘».‘
are the upshifted spectrum data, after the collision with the ioniza-’é A A e A
tion front, used to performed a multi-Gaussian($ivlid curve. The a2 A
Gaussian dashed curves represent each upshifted frequency pe< 618 -
separately obtained from the multi-Gaussian fitting process. o .. o _...0 o
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In order to vary the plasma density of the front we moved -600 -300 0 300 600

longitudinally the achromat in the optical circuit of the ion-
izing beam(see Fig. 5. The plasma density variation was

Fosusing lens position (um)

associated with a change of the ionizing beam diameter and FIG. 6. Frequency upshift as function of the focusing lens posi-

intensity at the interaction region between the two beamdion of ionizing beam(a) in copropagation(solid uptrianglespho-

The interaction region was kept fixed, as shown in Fig. 5. ton acceleration(open downtrianglgsintermediate frequency up-
The critical issue when analyzing frequency upshift byshift; (solid circles flash ionization.(b) in counterpropagation:

ionization fronts is the comparison between copropagatiorﬁsond uptrianglesdue to the photon acceleratidiepen circlesdue

and counterpropagation. In Fig. 6, we plot the frequency up!© flash ionization. The dashed curves are Gaussian fits to give a

shifts as a function of the focusing lefachromak position

visual aid of the variation.

in copropagation and in counterpropagation scenarios: each

peak in the spectrum contributes with a point assigned by th
underlying upshift mechanism.

Gas Jet

Vacunim

FIG. 5. Sketch illustrating the plasma density variation by mov-

e The maximum upshift attained S\ ,,,,=15.6 nm in Fig.
6(a) for the copropagation which clearly correspond to a
photon acceleration effect in the ionization front with a
plasma density of 4810 cm 3 given by ray-tracing
simulations[19,14]. The curve with lower-frequency upshift
are in very good agreement with the expected value of the
flash ionization effect for those plasmas densities of the ion-
ization front on both cased\.=4.75 nm forn,=4.5

X 10* cm™2 [Fig. 6a)] calculated from Eq(5). On the
other hand, for the counter-propagatififig. 6b)], we to
identify the curve with higher upshiftavith a maximum of
around the 5.5 npnas flash ionization phenomena, because
the predicted plasma density of the ionization front to reach
this upshift by photon acceleration would be of the order of
10?° cm™ 3, which clearly is out of range for our experimen-
tal setup. From Eq(5) we can then determine the electron
densityn,=5.2x 10° cm™2 to obtain this frequency upshift.

ing longitudinally the focusing lens position of the ionizing beam. The blue shift due to the photon accelerati@urve with
The achormat focus the ionizing pulse in border region of the gadower-frequency upshifisonly reaches a little more than 1.5
jet where the probe is also focused with an angle of 20 degrees. TH&M which corresponds to a ionization front with a plasma
dashed lines indicate the new ionizing beam profile at the collisiordensity around 3.2 10'9 cm 3 given by ray-tracing simu-

region after displacing the focusing achormatic lensAby

lations [19,14]. Comparing the plasma density results ob-
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FIG. 7. Predicted shape ionization front by the ionizing pulse
from the multiphoton and tunneling ionization theory. The dashed
curve represents the laser pulse and the solid line the generated
plasma density of the ionization front at the beam axes.

Focusing lens position (um)

FIG. 8. Peak intensities of the observed spectra as function of
the focusing lens position of ionizing beam in copropagat{Solid
uptriangle$ sum of the maximum with the intermediate frequency
tained from the frequency upshift in both scenarios, we campshifts peak intensities related to the photon acceleration phenom-
confirm that the maximum plasma density of the ionizationena;(open circlep peak intensity associated to the flash ionization.
front (between 4.5 and 5x010° cm 3) was similar for
these two configurations. This density estimate also agre

with the measgrementg from the Monrﬁerfe.rometr.y. for copropagation collisions, Fig. 8, it is possible to observe

Also from Fig. Ga), itis clear that thert_e IS a t_h'r_d CUVE the competition, between the two mechanisms, near or away
betwee_n the two mentloned frequency.shlfts. This |nterm§d|the focal region of the ionizing beam. We see that photon
ate shift has a maximum of 10 nm in wavelength which,cceleration and flash ionization dominate in different zones
would correspond of a plasma density of around 3.0sf the collision of the probe pulse with ionization front. In
X 10" cm™3, from the ray-tracing simulatiorjd9,14 of the  the first case it is clear that the signal due to flash ionization
photon acceleration phenomena. This is not a flash ionizatioR dominant in the focal zone of the ionizing beam, where the
effect because this upshift would correspond to a density gflasma density is higher but the ionization front is smaller
approximately 18 cm™3, which is not compatible with our (~20 um from the Moireinterferometry and less well de-
laser and gas jet parameters. fined. In small spot size focal region, the probe experiences a

A plausible explanation for this intermediate upshift is uniform increase of the plasma density along its full extent:
given by the ionization steps of the Argon at the ionizationthis is the flash ionization scenario. We stress that a similar
front. In Fig. 7 we can see the predicted shape of a ionizatioRehavior is observed in counterpropagation.
front obtained by the ionization theory applicable to these
gas conditions and laser intensit92—24, using the data B. lonization front characterization
from the multiphoton and tunneling ionization experiments |, order to retrieve the features of the ionization front we
of noble gase$§25-27. In the ionization of the Argon there 5ye studied the influence of the delay between the ionizing
is a considerable time lag between the ionization ofAand pulse and the probe pulse in the frequency upshift data re-
the ionization of Af*. Thus, a significant fraction of pho- syits. This was achieved by varying the delay line at the
tons from the probe pulse interact only with the outer zone ofonizing beam optical circuitsee Fig. 1 By changing this
the ionization front, that only reaches the third level of thedelay the interaction zone was no longer kept fixed, since the
ionization. We have confirmed this with ray-tracing simula-interaction between the ionization front and the probe pulse
tions. Those photons will give rise to the intermediate fre-depends on the time and space overlap of the two p(ises
qguency upshift, which is sufficiently efficient to be discrimi- Fig. 9). In the copropagation configuration there is essen-
nated in probe beam spectrum. tially a time overlap(or cross-correlationbetween the ion-

In counterpropagatiofiFig. 6(b)] the frequency upshifts ization front and the probe pulse. For counterpropagation,
are smaller than the probe pulse spectral width and so it ithe collision between the laser pulsgsobe and ionizing
very difficult to distinguish all the different frequency up- occurred at different positions of their trajectories, so the
shifted peaks due to the spectral overlapping. Neverthelesmteraction is limited by the space overlap of the two beams
the maximum density associated to the photon acceleratioat the gas jet.
upshift is given by the third level of ionization of Argon This can give us the length along the beam trajectory
(Ar®*) and can be explained by the same arguments merwhere the probe pulse experience the frequency upshift. We
tioned for the copropagation results. can call this a correlation lengtidelay timeX light speed,

In order to corroborate the presence of flash ionization itand measure it for the two experimental configurati(et
is important to study the relative importance of between thepropagation and counterpropagajioin copropagation we
two upshift mechanisms, photon acceleration and flash iorhave a cross correlation in time between the ionization front

ization in different collision regions. From the evolution of
e normalized peak intensities in the probe beam spectrum
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FIG. 10. Frequency upshift as function of the delay line in the
: ionizing beam path for copropagatiofsolid uptriangles due to
______ p photon acceleration(open circle frequency upshift associated to
the flash ionization.

This pulse duration is a slightly larger than the laser speci-
fications, but it is consistent with the measured probe pulse
spectra.

The correlation length in counterpropagation is of the or-
Gl der of 2x135um (width at half maximun, see Fig. 11.
Considering thatV,= 0.8\, due to the focal length relation

gation andb) in counterpropagation when varying the delay line at of the lens used for the ionizing and probe. beams finq an
the ionizing beam optical circuit. The dashed lines indicate, in bothangle& between them of 20 degrees, we retrieve the ioniza-
cases, the correlation length in the trajectories where the collisioti®n front width~2xWy=26.5 um, which agrees well with
between the ionization front and the probe pulse can oegiand  the results obtained by Moireterferometry[see Fig. 2a)].

7, are the ionization front duration and the probe pulse duration, By confirming the time and space dimensions of the ion-
respectively. W, and 2x W, are the ionizing bearti.e., ioniza- ization front, these results clearly demonstrate the ability to

tion front) and the probe beam diameters, respectively. determine the dimensions of the ionization frqduration
and width from the correlation lengths observed in the two

and the probe pulse; therefore, the interaction leilythis a ~ €xPerimental configurations.

|
|
I
|
Vacuum |

FIG. 9. Schematic illustration of interaction zota in copropa-

function of the probe pulse duratiom,, and the ionization 812
front duration 7; (= half of the ionizing pulse duration
given by the approximate relation; 1 g °
e}
~ 614 o
Deo~clri+ Tp)' 6) o . o...c.’...?..o ........ o o
.................. o 000

On the other hand, in counterpropagation the interaction'g 6164 °. g R 06 oo° 8o

length corresponds to the region where the trajectory of the & gog 4 A 8
A A o B

ionization front overlaps the trajectory of the probe pulse. In< 1~ . & b N
this case the correlation lengtB,nier, IS determined by e1gd  Tat “ R :AAA‘ ....... 4 At .
a 4 aaa t“ s
2(Wo+W,) L e
Dcounter™ 0 ) (7 620 T T v T T T T T v
-100 -50 0 50 100 150
Delay line (um)

whereW, andW, are the ionization front and probe beam
radius, respectively and is the angle between the two tra- 1 11, Observed frequency upshift as function of the delay
Jectories. _ _ o line in the ionizing beam path for counterpropagati@olid uptri-

The correlation length in co-propagation is aroundi®  angleg measured frequency upshift related to the photon accelera-
(width at half maximum and 10@m in tota), see Fig. 10, tion phenomenatopen circles frequency upshift associated to the
which would correspond to an ionization front rise time of flash ionization. The dashed curves are Gaussian fits to give a visual
65 fs, which implies that the laser pulse duration should beiid of the variation and the correlation length 2 x 135 xm width
around 2<65 fs=130 fs. at half maximun.
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IV. CONCLUSIONS strate that it is possible to retrieve several characteristics of
the ionization front by measuring frequency upshifts induced

. . %y photon acceleration. When varying the focusing lens po-
Fhe frequency upshift s.u.ffe_re.d b_y a'probe laser pulsg n th‘gition of the ionizing beam the observation of intermediate
interaction with a relativistic ionization front. The retrieved frequency upshifts due to ionization steps of the Argon

plasma d§n5|t|es _assomated with obs_erved maximum fre(tflearly shows the ability to probe the fine structure of the
guency shifts are in good agreement with the measurements

o . . i0nization front by photon acceleration. On the other hand,
from Moire interferometry. This agreement is also presen%}

We have presented a 2D experimental setup for studyin

when comparing the results from the co-propadation an he correlation lengths obtained by varying the time delay
paring propag etween the probe and the ionizing pulses, determines the

T ecere o coosee for & cony24EaD f 1 W0 s n e and inspace, husenabing
bution to ﬁhe ower spectra of a sianal that has aporoxits to determine the time duration and transversal dimension
P P ) PPIOXIGt the front, from the copropagation and counterpropagation

mately the same frequency upshift in the copropagation Con'atas, respectively. Those results were confirmed by the

figuration as in the counter-propagation case. We mterpreMoiré interferometry measurements and the pulse duration

th'fzcetls Fa:ocrlrf?rrmesﬁ?sairi'? oflg?seixvilcl)—kpoov;n;%snh ;?\g'zczi;fnriestimate from the spectral width of the probe laser pulse
ter ro‘ acation. we confi)r/mpthat the phot%ngacceleration i before entering the plasma. Our results demonstrate the vi-

propag o P o gability of frequency upshift measurements by weak probe
nal is more efficient before the focus position, where the

ionization front is larger and well defined. On the contrary,pU|SeS as a powerful diagnostic tool for relativistic coherent

near the focus flash ionization becomes dominant. In thosgtrUCtures in laser-produced plasmas.
cases the incident probe photons no more experience the in-
fluence of a Well-o_leflr_led front, but t_hey sample the entire ACKNOWLEDGMENT
plasma region, which is suddenly being generated.
With our 2D experimental setup we were able to demon- This work was partially supported by FQPortugal.

[1] S.C. Wilkset al, Phys. Rev. Lett62, 2600(1989. [16] E. Yablonovitch, Phys. Rev. Let81, 877(1973.
[2] M. Lampe, E. Ott, and J.H. Walker, Phys. Fluilg; 42 (1978. [17] S.C. Rae and K. Burnett, Phys. Rev48, 1084(1992.
[3] V.I. Semenova, Sov. J. Radiophys. Quantum Electt®n 599 [18] S.C. Wilks, J.M. Dawson, and W.B. Mori, Phys. Rev. Lét,

(1967. 337(1988.

[4] J.T. Mendona, J. Plasma Phy&2, 15 (1979. [19] J.M. Diaset al, Phys. Rev. Lett78, 4773(1997).

[5] W.B. Mori, Phys. Rev. A44, 5118(1991). [20] C. Stenz, K. Ekbom, F. Blasco, and J. Stevefelt, Rapport LULI,

[6] J.T. Mendona and L.O. Silva, Phys. Rev. £9, 3520(1994). 7 (1996.

[7] J.R.L. Savage, C. Joshi, and W.B. Mori, Phys. Rev. L&f. [21] C. Stenz, R. Brokner, F. Blasco, and J.C. Pellicer, Rapport
946 (1992. LULI, 326 (1993.

[8] J.R. Marqus et al, Phys. Rev. Lett76, 3566(1996. [22] L.V. Keldysh, Zh. Eksp. Teor. Fizi7, 1945(1964) [Sov. Phys.

[9] C.W. Siderset al,, Phys. Rev. Lett76, 3570(1996. JETP20, 1307(1965)].

[10] J.M. Dias, L.O. Silva, and J.T. MendgmcPhys. Rev. ST Ac- [23] M.V. Ammosov, N.B. Delone, and V.P. Kfaov, Zh. Eksp.
cel. Beamsl, 031301(1998. Teor. Fiz.91, 2008(1986 [Sov. Phys. JETB4, 1191(1986)].

[11] L.O. Silva and J.T. Mendqggrg IEEE Trans. Plasma S@4, [24] B.M. Penetrante and J.N. Bardsley, Phys. Rew3 3100
316 (1996. (1991

[12] L.O. Silva and J.T. Mendomg IEEE Trans. Plasma S@4, [25] M.D. Perry, O.L. Landen, A. Sk@, and E.M. Campbell, Phys.
503(1996. Rev. A37, 747 (1988.

[13] L.O. Silva and J.T. Mendgmg Phys. Rev. 557, 3423(1998. [26] S. Augstet al, Phys. Rev. Lett63, 2212(1989.

[14] J.M. Diaset al, Phys. Rev. B65, 036404(2002. [27] S. Augst, D.D. Meyerhofer, D. Strickland, and S.L. Chin,

[15] N. Bloembergen, Opt. CommuB, 285(1973. Phys. Rev. Lett8, 858 (1991).

056406-7



