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The refraction of a short and intense laser pulse focused in helium gas has been studied both
experimentally and numerically. Using the time-frequency correspondence of a 120 fs laser pulse
linearly chirped to 1.8 ps, the ionization-induced refraction is resolved both temporally and angularly.
Two-dimensional numerical simulations are performed to calculate the laser propagation, from the
focusing lens to the detector. With such a simulation, we get a quantitative agreement with the
experiment, both for the refraction of the chirped pulse and for the ionization-induced blueshifted
spectrum of the compressed pulse. [S0031-9007(98)08310-0]

PACS numbers: 52.40.Nk, 52.25.Jm, 52.50.Jm, 52.65.-y

Understanding the physical mechanisms governing theuch a comparison is impossible without simulating the
propagation of intense=10' W/cn?) ultrashort(=1 ps9  full experiment, including the laser propagation from the
laser pulses in a gas is a crucial issue for applications sudhteraction region up to the detector.
as x-ray lasers [1,2], high-harmonic generation [3], and In this Letter, we present an experiment where we
particle acceleration [4]. With such pulses, optical-field-have temporally and angularly resolved the ionization-
induced ionization causes a rapid increase in the electronduced refraction. These results and also the ionization-
plasma density on the laser axis and hence a decrease of theluced blueshifted spectra, are, for the first time, to
refractive index in time and space. The plasma-inducedur knowledge, quantitatively and successfully compared
self-phase-modulation leads to the complementary effectwith simulations. We have thus the possibility of fully
of spectral blueshifting and beam refraction. This lastunderstanding the evolution of the laser pulse during its
effect decreases the laser intensity at focus, which in somgropagation.
cases, leads to a decrease of the ionization state. Laser-The experiment was performed at the Laboratoire
plasma interaction at both high intensity and high electrord’Optique Appliquée with a CPA (chirped pulse ampli-
density is then more difficult [5], if not impossible. fication) 10 Hz Ti:sapphire laser [18]. It delivers pulses

The ionization-induced blueshift has been predicted byf 30 mJ maximum energy, 120 fs FWHM (full width at
Wilks et al. [6] and first observed by Wood and co-workers half maximum) minimum duration, with a 10 nm FWHM
[7]. In another experiment [8], they have time resolvedspectrum centered at 800 nm. Two spherical mirrors in
the blueshift of a probe pulse propagating with the gasthe Bowen configuration focus @f4.4 the 25 mm diame-
plasma interface produced by a pump pulse. Ciarebed  ter beam in the middle of a chamber filled with helium
[9] have spatially resolved the blueshifted spectrum acrosgas. The focal spot has a radiuslgi? in intensity of
the focal plane and compared their results with a two4.2 um and contains 70% of the incident energy, giving a
dimensional numerical propagation model [10]. Moremaximum laser intensity o X 10'7 W/cn?. The laser
recently, Le Blanc and Sauerbrey [11] have temporally andbeam coming out of the interaction region is collected by
spatially measured the spectral blueshifting. a f/2.4 doublet( f = 12 cm) and sent into a spectrome-

The ionization-induced refraction has been predicted byer coupled to a 8 bit linear charge-coupled device (CCD)
Rankinet al. [12] and confirmed by numerical simulations camera. The spectral resolution is 2.5 nm.

[12—-14]. The experimental demonstration has been per- In order to compare our experimental results with
formed by Augusteet al. [15,16]. They have measured theory, we performed simulations with the cosleke and

the longitudinal displacement of the focal plane inducedhe numerical diagnostic tool calledAaGE [19,20]. WAKE

by beam refraction and the increase of the size of thés a cylindrical two-dimensional particle code simulating
focal spot. Their results have been compared with anathe interaction of short laser pulses with atomic gas and/
lytical models [15,17]. Nevertheless, no information onor plasmas. It is applicable for underdense plasmas (laser
which temporal part of the pulse is refracted is available. frequencyw, higher than the electron plasma frequency

In all these experiments, no quantitative agreement,), for laser intensities ranging fro0'* W/cnm? up to
with simulations has been obtained, for the blueshiftedhe relativistic regime, and in the quasistatic limit (typical
spectra as well as for refraction. As a matter of facttime of nonlinear reshaping of the pulse long compared
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to the plasma periodw/w,). The wave equation solved 20 , |
by wWAKE allows wide spectrum laser pulses. According 1.5 25 mbar _
to this wave equation any spectral component of the 10 n

pulse propagates within a spectrally adapted paraxial
approximation. The ionization is included by means of
a tunneling rate obtained from a quasiclassical model for 0.0
a hydrogen atom in a static electric field [21] and extended

0.5 -

to any highZ atom [22]. A phenomenological correction LO 55 mbar /% .". m
to these rates [23] is taken into account in order to extend o A
them to small atoms.WAKE simulates the interaction G 05— T
up to the point after the laser focus where no ionization g |
occurs any more. Light then propagates as in vacuum. =] 0.0

The spectrum of the transmitted light at the detector E‘* 10 I I T T
plane is the result of interference between light at different < " [~ 100 mbar - 7

frequencies, emerging from the plasma at different radial n !
positions with different angles and phases. It cannot \
be calculated correctly without taking into account the

details of the imaging system, including its finite aperture. 0.0 !
This is why the postprocesstvAGE [19] simulates the 0.6 | I | (I
propagation of light emerging from the plasma up to 04 400 mbar ! _
the detector plane through the collecting optics. It then SN, / !
calculates the spectrum at the detector plane. It uses a 02 |- 2N N\ U N\
spectrally adapted paraxial approximation consistent with N AN N

. ; 0.0 | d = [
WAKE. With these two codes we are able to simulate the 720 740 760 780 800 820

laser gagplasma interaction over the pulse waist region
with submicron resolution and to analyze the transmitted
pulse far away from the plasma, at the detector position. FIG. 1. lonization-induced blueshifted spectra after interac-
In a first step, to demonstrate the accuracy of our thegtion different of helium gas pressures. Plain line: experiment;
retical model, we have compared our simulations with eX_dashed_llne: simulation; dash-dotted line: spectrum in vacuum
. T . of the simulated pulse.
perimental ionization-induced blueshifted spectra. These
spectra were obtained by imaging the focal plane on the
spectrometer slit. Figure 1 presents the experimental argbr). With such a linearly chirped pulse, each temporal
numerical spectra obtained by focusing the compresseslice corresponds to a frequency slice in the spectrum:
(120 fs, 6 X 10'7 W/cn?) pulse in helium gas at dif- (1) = wg + at, wherew(z) is the instantaneous laser
ferent pressures. The spectral width, shift, and modulafrequency and the temporal origin is taken at the laser pulse
tions increase with pressure. The undisturbed (vacuumhaximum. By recording the frequency-angle spectrum of
spectrum has a Gaussian profile centered at 800 nm. ke pulse leaving the interaction region, a temporal resolu-
the simulation, the incident spectrum corresponds to &on of the refraction undergone by the laser beam at the
pulse duration of 120 fs, which implies a spectral widthgas-plasma interface is thus obtained.
of 6 nm. This does not match perfectly the experimental For the angular resolution, the collecting lens was
value (10 nm). This means that a temporal phase pertuadjusted to collimate the outgoing beam. In this case,
bation existing in the real pulse is neglected in the simuthe transverse position on the collecting lensgives
lations. The effect of such an approximation would bethe angled = tan '(r/f) between the laser ray and the
visible only for very low gas pressures where the broadpropagation axis. Before entering the spectrometer, a
ening of the spectrum due to ionization is negligible. Intelescope adjusts the beam diameter to the vertical width
our conditions, the spectral broadening due to ionizatiorof the CCD.
is much larger than the original difference between the Figure 2 presents results obtained at a pressure of
experiment and the simulation. 375 mbar and a FWHM pulse duration of 1.8 pa|(=
We observe from Fig. 1 that the agreement between6 ps 2; maximum intensity o# X 10'® W/cn?). Fig-
measured and simulated spectra is very good, with a differdre 2(a) shows the angular distribution (transverse pro-
ence smaller than 13% on the widdm = /(A?) — (A)?,  file) of the transmitted beam. It was obtained with the
and 33% on the wavelength shtA = (A) — Ao, where  spectrometer slit fully opened (left and right edges of the
(A) is the mean wavelength. image) and by recording the zero order of the grating.
In a second step we resolved the ionization-induced reFigures 2(b) and 2(c) have been obtained by narrowing
fraction in time and angle. The time resolution is obtainedthe spectrometer slit and looking at the first order. They
by initially chirping the pulse in frequency (by chang- show the frequency (time) resolution of this angular dis-
ing the distance between the two gratings of the compregribution in the case of a positive chirp (large wavelengths
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FIG. 2. (a) Angular (transverse) profile of the chirped laser . . .
pulse at the collecting lens plane without frequency resolu- | t 1 I t T
tion (beam profile), with frequency (time) resolution and a 780 800 820 780 800 820
(b) positive or (c) negative chirp. The helium gas pressure Wavelength (nm)

is 375 mbar.

FIG. 4. Numerical simulations of the frequency (time) re-
) ] solved angular (transverse) profile of a chirped laser pulse
at the front part of the pulse) or a negative chirp, respeci2 cm after the focal plane, and with a (a) positive or

tively. Under vacuum (without ionization-induced effects) (b) negative chirp. Same laser and gas parameters as in Fig. 3.
both the spatial and the spectral distributions are Gaussian.

When the gas pressure is increased, the ionization-induced . . .
refraction becomes more and more effective and modifieB"oPagation of the pulse in vacuum at many centimeters
the beam profile. This is clearly illustrated by Fig. 2(a) oM the plasma. A quadratic phase variation in time,

where the initially Gaussian beam leaves the interactiofy®~ @ linear increase of frequency, has been added to
region with a ring shape. the Gaussian longitudinal shape of the 1.8 ps pulse. The

Lineouts of Figs. 2(b) and 2(c) are presented in Fig. gphase variation is chosen to match the 10 nm spectral

Lineouts at positions 1 and 2 show that most of thewidth of the experimental pulse. All the non-quadratic-

spectrum has disappeared from the laser axis. Only thehase perturbations have been neglected. _
front part of the pulse [long wavelengths in Fig. 3(a); Figure 4 shows two spectra, obtained with opposite

short wavelengths in Fig. 3(b)] is still present after CNirPs and the same laser and gas parameters as for the
the interaction. The frequency cutoff arises about 1 p&XPerimental results of Figs. 2 and 3. Lineouts of Fig. 4
before the laser pulse maximum. With a maximum&'® pre_senteq in F|g._5. The same features are visible
laser intensity of4 X 10'6 W/cr, this corresponds to " the s_lmula_tlon and in the experimental spectra: After
an intensity of aboutl.7 X 10'® W/cm?, close to the interaction Wlt.h the gas, the fron; part pf the pulse keeps
ionization threshold of He . Lineouts at position 3 show [tS maximum intensity on the axis, while the rest of the
that the spectrum in the ring is broader for the negativéUlS€ leads to an annular profile. As in the experiment
chirp (blue before red) than for the positive chirp. (Fig. 3, position 3), the spectral width of the ring is
To compare these results with theory, we have simusmaller fo_r the positive chirp than for the negative chlrp.

lated the chirped pulse interaction using the codeE From Figs. 2, 3, and 4 we conclude that the interaction
and we have worked out the near-field space resolvegcenario is the following: The front part of the pulse that
spectrum with the postprocessemGE. For this particu- has an intensity below the ionization threshold propagates

lar case,MAGE is configured to calculate the near-field IN the gas as in vacuum and is not modified. This lasts
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FIG. 3. (a) and (b): Lineouts of Figs. 2(b) and 2(c), respec-FIG. 5. (a) and (b): Lineouts of Figs. 4(a) and 4(b), respec-
tively, for positions 1 (full line), 2 (dotted line), and 3 (dashed tively, on the axis (full line, position 2) and 42 mrad from the
line) of Fig. 2. axis (dashed line, position 3).
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FIG. 6. Spatiotemporal evolution of a 1.8 ps linearly chirped laser pulse propagating in helium gas.

until the intensity becomes high enough for the ionizationusing the codeswAke and IMAGE, respectively. By
rate to take effect. Because the initial transverse intensitworking out the laser propagation and interaction from
profile is Gaussian, the ionization starts on the lasethe focusing lens to the detector plane, we have been
axis first and creates a steep electron density gradient able to make not only a qualitative but also a quantitative
the gas-plasma interface. The associated refractive indecomparison between experiment and theory. Without any
gradient acts as a negative lens that deflects the laser ragdjustable parameter, we obtain a very good agreement,
away from the laser axis. Moreover, the rapid increase iboth for the beam refraction and the ionization-induced
electron density tends to blueshift the laser rays. The redtlueshift. Such numerical tools allow fine comparisons
of the pulse is then refracted away from the propagationwith experimental data and are of great interest for the
axis by the gas-plasma interface. Because the ionizatiotdesign of experiments.
occurs early in the pulse, it is the leading part of the This work has been supported by the European Com-
pulse that is spectrally blueshifted, as observed by [8,11munity large facility program under Contract No. CHGE
So, the spectrum of a positively chirped pulse (red before€€T930021.
blue) will be compressed by the interaction, whereas the
spectrum of a negatively chirped pulse (blue before red)
will be broadened. This is observed on the spectra in the sPermanent address: IFAM-CNR. Via del Giardino 7.
fings in Fig. 4. 56100, Pisa, Ital
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