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Temporal and Angular Resolution of the Ionization-Induced Refraction
of a Short Laser Pulse in Helium Gas
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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]
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Understanding the physical mechanisms governing t
propagation of intenses$1016 Wycm2d ultrashorts#1 psd
laser pulses in a gas is a crucial issue for applications su
as x-ray lasers [1,2], high-harmonic generation [3], an
particle acceleration [4]. With such pulses, optical-field
induced ionization causes a rapid increase in the electr
plasma density on the laser axis and hence a decrease o
refractive index in time and space. The plasma-induc
self-phase-modulation leads to the complementary effe
of spectral blueshifting and beam refraction. This la
effect decreases the laser intensity at focus, which in so
cases, leads to a decrease of the ionization state. La
plasma interaction at both high intensity and high electro
density is then more difficult [5], if not impossible.

The ionization-induced blueshift has been predicted b
Wilks et al. [6] and first observed by Wood and co-worker
[7]. In another experiment [8], they have time resolve
the blueshift of a probe pulse propagating with the ga
plasma interface produced by a pump pulse. Ciarrocaet al.
[9] have spatially resolved the blueshifted spectrum acro
the focal plane and compared their results with a tw
dimensional numerical propagation model [10]. Mor
recently, Le Blanc and Sauerbrey [11] have temporally a
spatially measured the spectral blueshifting.

The ionization-induced refraction has been predicted
Rankinet al. [12] and confirmed by numerical simulations
[12–14]. The experimental demonstration has been p
formed by Augusteet al. [15,16]. They have measured
the longitudinal displacement of the focal plane induce
by beam refraction and the increase of the size of t
focal spot. Their results have been compared with an
lytical models [15,17]. Nevertheless, no information o
which temporal part of the pulse is refracted is available

In all these experiments, no quantitative agreeme
with simulations has been obtained, for the blueshifte
spectra as well as for refraction. As a matter of fac
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such a comparison is impossible without simulating t
full experiment, including the laser propagation from th
interaction region up to the detector.

In this Letter, we present an experiment where w
have temporally and angularly resolved the ionizatio
induced refraction. These results and also the ionizatio
induced blueshifted spectra, are, for the first time,
our knowledge, quantitatively and successfully compar
with simulations. We have thus the possibility of fully
understanding the evolution of the laser pulse during
propagation.

The experiment was performed at the Laborato
d’Optique Appliquée with a CPA (chirped pulse ampl
fication) 10 Hz Ti:sapphire laser [18]. It delivers pulse
of 30 mJ maximum energy, 120 fs FWHM (full width a
half maximum) minimum duration, with a 10 nm FWHM
spectrum centered at 800 nm. Two spherical mirrors
the Bowen configuration focus atfy4.4 the 25 mm diame-
ter beam in the middle of a chamber filled with helium
gas. The focal spot has a radius at1ye2 in intensity of
4.2 mm and contains 70% of the incident energy, giving
maximum laser intensity of6 3 1017 Wycm2. The laser
beam coming out of the interaction region is collected
a fy2.4 doublets f  12 cmd and sent into a spectrome
ter coupled to a 8 bit linear charge-coupled device (CC
camera. The spectral resolution is 2.5 nm.

In order to compare our experimental results wi
theory, we performed simulations with the codeWAKE and
the numerical diagnostic tool calledIMAGE [19,20]. WAKE

is a cylindrical two-dimensional particle code simulatin
the interaction of short laser pulses with atomic gas an
or plasmas. It is applicable for underdense plasmas (la
frequencyv0 higher than the electron plasma frequenc
vp), for laser intensities ranging from1014 Wycm2 up to
the relativistic regime, and in the quasistatic limit (typica
time of nonlinear reshaping of the pulse long compar
© 1999 The American Physical Society
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to the plasma period2pyvp). The wave equation solved
by WAKE allows wide spectrum laser pulses. Accordin
to this wave equation any spectral component of th
pulse propagates within a spectrally adapted parax
approximation. The ionization is included by means o
a tunneling rate obtained from a quasiclassical model f
a hydrogen atom in a static electric field [21] and extende
to any high-Z atom [22]. A phenomenological correction
to these rates [23] is taken into account in order to exte
them to small atoms.WAKE simulates the interaction
up to the point after the laser focus where no ionizatio
occurs any more. Light then propagates as in vacuum.

The spectrum of the transmitted light at the detect
plane is the result of interference between light at differe
frequencies, emerging from the plasma at different rad
positions with different angles and phases. It cann
be calculated correctly without taking into account th
details of the imaging system, including its finite apertur
This is why the postprocessorIMAGE [19] simulates the
propagation of light emerging from the plasma up t
the detector plane through the collecting optics. It the
calculates the spectrum at the detector plane. It use
spectrally adapted paraxial approximation consistent w
WAKE. With these two codes we are able to simulate th
laser gasyplasma interaction over the pulse waist regio
with submicron resolution and to analyze the transmitte
pulse far away from the plasma, at the detector position

In a first step, to demonstrate the accuracy of our the
retical model, we have compared our simulations with e
perimental ionization-induced blueshifted spectra. The
spectra were obtained by imaging the focal plane on t
spectrometer slit. Figure 1 presents the experimental a
numerical spectra obtained by focusing the compress
(120 fs, 6 3 1017 Wycm2) pulse in helium gas at dif-
ferent pressures. The spectral width, shift, and modu
tions increase with pressure. The undisturbed (vacuu
spectrum has a Gaussian profile centered at 800 nm.
the simulation, the incident spectrum corresponds to
pulse duration of 120 fs, which implies a spectral widt
of 6 nm. This does not match perfectly the experiment
value (10 nm). This means that a temporal phase pert
bation existing in the real pulse is neglected in the sim
lations. The effect of such an approximation would b
visible only for very low gas pressures where the broa
ening of the spectrum due to ionization is negligible. I
our conditions, the spectral broadening due to ionizatio
is much larger than the original difference between th
experiment and the simulation.

We observe from Fig. 1 that the agreement betwe
measured and simulated spectra is very good, with a diff
ence smaller than 13% on the widthDl 

p
kl2l 2 kll2,

and 33% on the wavelength shiftdl  kll 2 l0, where
kll is the mean wavelength.

In a second step we resolved the ionization-induced r
fraction in time and angle. The time resolution is obtaine
by initially chirping the pulse in frequency (by chang
ing the distance between the two gratings of the compre
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FIG. 1. Ionization-induced blueshifted spectra after intera
tion different of helium gas pressures. Plain line: experimen
dashed line: simulation; dash-dotted line: spectrum in vacuu
of the simulated pulse.

sor). With such a linearly chirped pulse, each tempor
slice corresponds to a frequency slice in the spectru
vstd  v0 1 at, wherevstd is the instantaneous laser
frequency and the temporal origin is taken at the laser pu
maximum. By recording the frequency-angle spectrum
the pulse leaving the interaction region, a temporal resol
tion of the refraction undergone by the laser beam at t
gas-plasma interface is thus obtained.

For the angular resolution, the collecting lens wa
adjusted to collimate the outgoing beam. In this cas
the transverse position on the collecting lensr gives
the angleu  tan21sryfd between the laser ray and the
propagation axis. Before entering the spectrometer,
telescope adjusts the beam diameter to the vertical wid
of the CCD.

Figure 2 presents results obtained at a pressure
375 mbar and a FWHM pulse duration of 1.8 ps (jaj ø
16 ps22; maximum intensity of4 3 1016 Wycm2). Fig-
ure 2(a) shows the angular distribution (transverse pr
file) of the transmitted beam. It was obtained with th
spectrometer slit fully opened (left and right edges of th
image) and by recording the zero order of the gratin
Figures 2(b) and 2(c) have been obtained by narrowin
the spectrometer slit and looking at the first order. The
show the frequency (time) resolution of this angular dis
tribution in the case of a positive chirp (large wavelength
553
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FIG. 2. (a) Angular (transverse) profile of the chirped las
pulse at the collecting lens plane without frequency reso
tion (beam profile), with frequency (time) resolution and
(b) positive or (c) negative chirp. The helium gas pressu
is 375 mbar.

at the front part of the pulse) or a negative chirp, respe
tively. Under vacuum (without ionization-induced effects
both the spatial and the spectral distributions are Gauss
When the gas pressure is increased, the ionization-indu
refraction becomes more and more effective and modifi
the beam profile. This is clearly illustrated by Fig. 2(a
where the initially Gaussian beam leaves the interacti
region with a ring shape.

Lineouts of Figs. 2(b) and 2(c) are presented in Fig.
Lineouts at positions 1 and 2 show that most of th
spectrum has disappeared from the laser axis. Only
front part of the pulse [long wavelengths in Fig. 3(a
short wavelengths in Fig. 3(b)] is still present afte
the interaction. The frequency cutoff arises about 1
before the laser pulse maximum. With a maximu
laser intensity of4 3 1016 Wycm2, this corresponds to
an intensity of about1.7 3 1016 Wycm2, close to the
ionization threshold of He21. Lineouts at position 3 show
that the spectrum in the ring is broader for the negati
chirp (blue before red) than for the positive chirp.

To compare these results with theory, we have sim
lated the chirped pulse interaction using the codeWAKE

and we have worked out the near-field space resolv
spectrum with the postprocessorIMAGE. For this particu-
lar case,IMAGE is configured to calculate the near-field

FIG. 3. (a) and (b): Lineouts of Figs. 2(b) and 2(c), respe
tively, for positions 1 (full line), 2 (dotted line), and 3 (dashe
line) of Fig. 2.
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FIG. 4. Numerical simulations of the frequency (time) re
solved angular (transverse) profile of a chirped laser pul
12 cm after the focal plane, and with a (a) positive o
(b) negative chirp. Same laser and gas parameters as in Fig

propagation of the pulse in vacuum at many centimete
from the plasma. A quadratic phase variation in time
i.e., a linear increase of frequency, has been added
the Gaussian longitudinal shape of the 1.8 ps pulse. T
phase variation is chosen to match the 10 nm spect
width of the experimental pulse. All the non-quadratic
phase perturbations have been neglected.

Figure 4 shows two spectra, obtained with opposi
chirps and the same laser and gas parameters as for
experimental results of Figs. 2 and 3. Lineouts of Fig.
are presented in Fig. 5. The same features are visib
in the simulation and in the experimental spectra: Afte
interaction with the gas, the front part of the pulse keep
its maximum intensity on the axis, while the rest of th
pulse leads to an annular profile. As in the experime
(Fig. 3, position 3), the spectral width of the ring is
smaller for the positive chirp than for the negative chirp.

From Figs. 2, 3, and 4 we conclude that the interactio
scenario is the following: The front part of the pulse tha
has an intensity below the ionization threshold propagat
in the gas as in vacuum and is not modified. This las

FIG. 5. (a) and (b): Lineouts of Figs. 4(a) and 4(b), respe
tively, on the axis (full line, position 2) and 42 mrad from the
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.
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until the intensity becomes high enough for the ionizatio
rate to take effect. Because the initial transverse intens
profile is Gaussian, the ionization starts on the las
axis first and creates a steep electron density gradien
the gas-plasma interface. The associated refractive ind
gradient acts as a negative lens that deflects the laser r
away from the laser axis. Moreover, the rapid increase
electron density tends to blueshift the laser rays. The r
of the pulse is then refracted away from the propagatio
axis by the gas-plasma interface. Because the ionizat
occurs early in the pulse, it is the leading part of th
pulse that is spectrally blueshifted, as observed by [8,1
So, the spectrum of a positively chirped pulse (red befo
blue) will be compressed by the interaction, whereas t
spectrum of a negatively chirped pulse (blue before re
will be broadened. This is observed on the spectra in t
rings in Fig. 4.

The interaction scenario is illustrated by the simulatio
presented in Fig. 6. The pulse evolution is shown at ste
of one or two Rayleigh lengthszR sø70 mmd. Despite the
defocusing effect due to ionization, the pulse still focuse
at about the focal plane in vacuumsz  0d. However,
at this point, the shape has changed to a weak, detac
front part followed by a radially modulated main par
having a first maximum on axis and a weaker one on
ring. Further in the propagation, the front part propagat
as in vacuum, while the main part is pushed away fro
the axis by refractionsz  zRd. At z  2zR, the central
part has been already completely refracted away from t
axis, leading to a well defined annular shape. From th
point, the laser intensity becomes too low to ionize the g
and the propagation is just governed by diffraction. The
numerical results agree with the theoretical investigatio
made by Lontanoet al. [24] on the interaction between
a strong ionizing laser pulse and an initially neutral ga
Our experimental results give the first demonstration
these simulations, both of the spatial and the frequen
evolution of the laser pulse.

In conclusion, we have studied the interaction of
short linearly chirped laser pulse with helium gas. Usin
the time-frequency correspondence in the pulse, we ha
performed the first temporal resolution of the ionization
induced refraction. The laser gasyplasma interaction
as well as the optical diagnostic has been simulat
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using the codesWAKE and IMAGE, respectively. By
working out the laser propagation and interaction from
the focusing lens to the detector plane, we have be
able to make not only a qualitative but also a quantitativ
comparison between experiment and theory. Without a
adjustable parameter, we obtain a very good agreeme
both for the beam refraction and the ionization-induce
blueshift. Such numerical tools allow fine comparison
with experimental data and are of great interest for th
design of experiments.

This work has been supported by the European Com
munity large facility program under Contract No. CHGE
CT930021.
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