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Prepulse effect on intense femtosecond laser pulse propagation in gas
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The propagation of an ultrashort laser pulse can be affected by the light reaching the medium before
the pulse. This can cause a serious drawback to possible applications. The propagation in He of an
intense 60-fs pulse delivered by a Ti:sapphire laser in the chirped pulse amplification (CPA) mode
has been investigated in conditions of interest for laser-plasma acceleration of electrons. The effects
of both nanosecond amplified spontaneous emission and picosecond pedestals have been clearly
identified. There is evidence that such effects are basically of refractive nature and that they are not
detrimental for the propagation of a CPA pulse focused to moderately relativistic intensity. The
observations are fully consistent with numerical simulations and can contribute to the search of a
stable regime for laser acceleration. © 2006 American Institute of Physics.

[DOLI: 10.1063/1.2351961]

I. INTRODUCTION

The achievement of conditions for stable and reproduc-
ible propagation of powerful ultrashort pulses in gases and
plasmas is a key issue for many applications, including fast
ignition of inertial confinement fusion (ICF) compressed fuel
and particle acceleration by plasma electron waves. Particu-
larly in this latter case, though extremely promising results
have been obtained in the last few years,l_4 there is still a
lack of reproducibility due to the poor knowledge and con-
trol of a number of instabilities occurring during the propa-
gation of the ultrashort laser pulse in the gas/plasma medium
where the electron waves are generated. This fact results in a
poor shot-to-shot reproducibility of the energy and energy
spread of the produced electron bunches, as well as in a
considerable variation of the angular distribution (collima-
tion) and direction of emission of such bunches. Most of the
propagation instabilities, including filamentation and
hosing,s’6 are expected and have proved to increase their det-
rimental effect by increasing the intensity of the focused la-
ser pulse. It seems then reasonable for the transition from
acceleration experiments to practical and reliable “table-top”
accelerators, to consider laser pulses of not extreme intensity
propagating towards long acceleration paths, possibly in a
guided mode.” The ultrashort (typically tens of femtosecond)
pulses are usually generated by the chirped pulse amplifica-
tion (CPA) technique. At the output of a CPA laser, the main
high power femtosecond pulse is accompanied by a nanosec-
ond “pedestal” due to the amplified spontaneous emission
(ASE), and a picosecond pedestal due to the unavoidable
limit in the compression of the chirped pulse. The contrast
ratios between the femtosecond peak power and the power of
the two precursors are typically of the order of 10° for the
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ASE and 10 for the picosecond pedestal. Some very effec-
tive methods of increasing the contrast of one or both the two
pedestals have been successfully implemented so far. Re-
cently, the contrast has been greatly improved with a “plasma
mirror”’ technique.8 However, the levels of contrast ratio
mentioned above are still the reference ones for most of the
laser systems operating at high repetition rates, as requested
for practical accelerators. Further, it has to be said that, at
least for the case of the ASE pedestal, some successful at-
tempts in using such an early emission to create a preformed
plasma suitable for optimizing the acceleration process have
been done, both in the case of thin foils targets9 and for the
creation of plasma channels in gases to be used either as
optical guides for the CPA pulsel’10 or to optimize the injec-
tion of fast electrons in the laser wake behind the pulse.11

In this paper we report and discuss the main results of an
experiment of propagation of a CPA pulse of moderately
relativistic intensity in gas: the experiment was particularly
devoted to evidence the effects of the precursor pedestals of
the main pulse. The experiment was performed by focusing
the laser pulse in a gas jet. Since our purpose was only to
study propagation, a subsonic gas jet was used and the pulse
was focused in its center, different from most acceleration
experiments in which supersonic gas jets are used and the
pulse is focused at the high density gradient of the gas
boundary.

In the next section the experimental method and setup
are briefly described. Section III is devoted to the presenta-
tion of the experimental data, including the electron density
distribution produced by the gas ionization during the propa-
gation of the ultrashort pulse together with its precursors.
The electron density maps reveal for the first time details of
great interest, thanks to the high quality interferograms and
the original algorithm for their deconvolution. The interfero-
metric data are then correlated with imaging and spectros-
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copy data of the laser pulse transmitted after propagation.
The most relevant physical features are then discussed in
Sec. I'V. with the help of data obtained from a numerical code
that simulates the laser pulse propagation self-consistently
with the ionization of the gas.

Il. THE EXPERIMENT

The experiment was performed at the SLIC laser facility
in the Saclay Centre of CEA (France) with the 10 Terawatt
UHI1O0 laser system, delivering 60-fs, linearly polarized, la-
ser pulses at 800 nm from a Ti:Sa system operating in the
CPA mode. The precursors of the main pulse were carefully
monitored by a third-order cross-correlator,' supplying both
the nanosecond and picosecond scale contrast of the pulse.
The ASE was found to last about 1 ns before the main pulse
with a contrast ratio of =10°, while the picosecond pedestal
of the femtosecond pulse had a contrast ratio between 10*
and 10%. The propagation was studied by focusing with an
f15 off-axis parabola, in a helium gas jet (500 um from
the nozzle), the laser pulse at a nominal intensity of 3
X 10" W cm™2, corresponding to a moderately relativistic
field of normalized parameter a,=1.2. The focus of the ASE
was found not to lie in the same position as the focus of the
CPA pulse, this latter being located about 400 um toward the
laser. The laser spot (13 wm full width at half-maximum
(FWHM), M?=3.3) was imaged from the transmitted light
with an f/5 lens on a CCD camera to get its intensity distri-
bution. The spectrum of the transmitted laser pulse was also
obtained from the light collected by the same f/5 optics and
analyzed by a grating spectrometer whose nominal resolution
was 0.5 nm. The gas jet was a subsonic flow of He from a
nozzle with a rectangular (slit) output 3X0.3 mm in size.
Gas jets of this kind were already carefully characterized."
The laser beam axis was set to be in the longitudinal sym-
metry plane of the gas jet. A fraction of the femtosecond
pulse was doubled in frequency and used as an optical probe
perpendicular to both the main pulse propagation axis and
the gas flow axis. The frequency duplication was obtained
with a KDP-Type-I, 2-mm-thick crystal: the duration of the
probe pulse after duplication was numerically estimated to
be <120 fs. The probe pulse was timed with respect to the
main CPA pulse by means of an optical delay. High quality
interferograms were obtained in a Mach-Zehnder con-
ﬁguration.14 Reproducible series of interferograms taken at
different delays showed the evolution of the gas ionization
within steps of few hundreds of femtoseconds during the
laser pulse propagation. Below, we will show two of such
interferograms [Figs. 1(a) and 1(b)], one before and one after
the CPA pulse passed through the focal region, respectively.
A third interferogram (Fig. 2) is also shown; it was obtained
in conditions similar to the first one, but in a configuration
allowing higher magnification. The arrival of the CPA pulse
in the nominal position of the focus was timed with an ac-
curacy comparable to the probe pulse duration. Due to the
low refractive index of He and the small transverse thickness
of the gas layer (300 wm), the density of the neutral gas in
the region of propagation could not be measured. It can be
nevertheless roughly inferred from the maximum electron
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FIG. 1. Data from optical probing. (a) Data taken 3 ps before the CPA pulse
reached the nominal focus. (b) Data taken 6 ps after the CPA pulse passed
through the nominal focus. Top pictures: interferograms. Bottom pictures:
retrieved electron density distributions. The laser pulse is coming from left;
the gas is flowing from bottom.

density measured in the plasma totally ionized by the pow-
erful CPA pulse. In this way we found that the He density
was of the order of 10" at./cm?® on the axis of propagation.
Such a density definitely is in the range of interest for elec-
tron acceleration by plasma waves generated with ultrashort
laser pulses. As the CPA pulse propagated perpendicularly to
the gas flow, there was a significant density gradient along
the flow in the ionized region. The maximum electron den-
sity in the ionized region was measured at about 70 um from
the axis (=430 wm from the nozzle). We could thus infer
that the maximum density involved in the ionization process
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FIG. 2. Data from optical probing. Top: interferogram obtained in condition
similar to Fig. 1(a) but with a magnifying optics. Bottom: the retrieved
electron density distribution. The laser pulse is coming from left; the gas is
flowing from bottom; fringes are moved in the opposite direction with re-
spect to Fig. 1.

was about 1.5X 10" at./cm?. The optical breakdown
threshold"” at this He density for nanosecond laser pulses
(the ASE pedestal in our case) can be estimated of about
2 X 10'2 W cm™2. With the contrast ratio of 10° we had, the
ASE intensity was just above threshold, and in fact we ob-
served a reproducible early plasma formation due to ASE at
this He density. It is interesting to note that at a slightly
reduced He density (30%-40% lower), the ASE intensity
drops below the breakdown threshold. As a matter of fact,
we did not observe experimentally any preformed plasma at
this reduced He density.

lll. THE EXPERIMENTAL DATA

Figure 1 shows two interferograms taken during the
propagation of the CPA pulse through the gas jet. The corre-
sponding electron density distribution is also shown. This
latter has been obtained by extracting the phase-difference
map with a specialized Continuous Wavelet Transform Ridge
Extraction code.'® This technique is able to evidence local
variations of phase better than other techniques based on
fast Fourier transforms. The phase-difference map was then
processed with a generalized ABEL inversion algorithm,17 in
which the usual axial symmetry requirement is partially re-
laxed by means of a truncated Legendre polynomial expan-
sion in the azimuthal angle. This novel inversion algorithm
can deal with moderately asymmetrical phase-shift maps
without introducing artifacts in the plasma density map. The
laser pulse was coming from the left-hand side. The horizon-
tal white bar defines the position of the 3-mm slit nozzle of
the He jet (z=0 is its center); the vertical bars mark the
position of the CPA pulse. Notice that the pulse path in the
gas is longer than 3 mm, due to the lateral expansion of the
He jet.lo’13 The interferogram of Fig. 1(a) was taken 3 ps
before the CPA pulse reached the nominal focus. Let us
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FIG. 3. Intensity distribution in the far field of the laser obtained from the
transmitted light with an f/5 imaging optics. Top: after propagation in
vacuum. Bottom: after propagation in He. The two plots are not to scale
with respect to one another.

consider the corresponding electron density distribution: at
the center of the gas jet (z=0) there is a preformed plasma
created by the ASE hundreds of picoseconds before the ar-
rival of the CPA pulse; this plasma has already expanded and
the analysis of more magnified patterns (see Fig. 2) shows
that its density has a minimum on the axis, due to the hydro-
dynamic expansion of the hot plasma in the surrounding cold
gas. Between the ASE preformed plasma and the front of the
CPA pulse coming from the left, a filament of plasma of
length of the order of 300 to 500 um and diameter of
~20 um is visible. This is due to the ionization of the gas
produced by the most intense part of the picosecond pedes-
tal, starting about 1 ps before the CPA pulse. At that time, the
pedestal intensity in that region close to the waist is able to
ionize the gas, as also proved by the numerical simulation
showed in the next section. Actually, the pedestal is just
above the intensity requested for the ionization. For this rea-
son, at a given probe delay, the electron density can show a
minimum just before the front of the ultraintense pulse,
where both picosecond and femtosecond pulses are slightly
defocused, and their intensity decreases, with consequent
lower level of ionization for the picosecond pedestal and a
sudden rise of full ionization due to the femtosecond pulse
with its intensity three orders of magnitude larger. This den-
sity minimum is clearly visible both in the magnified inter-
ferogram of Fig. 2 and in the simulation (Fig. 5).

On the left of the CPA pulse front, the ionized region has
a radius of about 100 um, since the intensity needed for
ionizing the gas is reached transversally at that distance from
the axis. All these features are well reproduced by the nu-
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FIG. 4. Spectra of the transmitted laser light after (solid line) propagation in
vacuum and (dotted line) propagation in He. The two spectra are not to scale
with respect to one another.

merical simulation, as we will see later. The interferogram of
Fig. 1(b) was taken 6 ps after the CPA pulse passed through
the nominal focus, when the pulse itself is leaving the gas.
The main feature to be noticed is the splitting of the CPA
pulse front in two parts as a consequence of its interaction
with the hollow plasma (visible in the electron density map)
preformed by the ASE in the focus. This splitting process
results in a central part and an external ring diverging at
angles larger than the focusing angle. The central part of the
pulse can be observed indirectly here from the central feature
of the electron density beyond (right-hand side of) the pre-
formed plasma, but it is directly observable in the image of
the laser spot in Fig. 3 (bottom). In fact, Fig. 3 shows the
intensity distribution in the laser far-field spot imaged from
the transmitted light by an optics of the same aperture as the
focusing optics (f/5). In the picture on top, taken in vacuum,
we just see the distribution of the original laser spot, with a
small but sensible amount of aberration. Rather surprisingly,
these aberrations are cancelled out in the spot imaged after
propagation in helium (bottom of Fig. 2) in the same condi-
tions of the interferograms of Fig. 1. In fact, the interaction
of the CPA pulse with the hollow plasma preformed by the
ASE, results in a spatial filtering of the pulse itself, as indi-
rectly observed from the electron density distribution of Fig.
1(b). Only the central part of the spot is collected by the
imaging optics, while the marginal part (the external ring),
more aberrated, is scattered to larger angles. A similar space
filtering of the pulse had been observed in quite different
conditions, namely the propagation of a femtosecond pulse
through an overcritical thin plasma produced by ultrafast
ionization.'® In addition, the spectra were obtained from the
light transmitted forward and collected with the same f/5
optics as for the images of the spot in Fig. 3 (bottom). Figure
4 shows two spectra: one after propagation in vacuum (solid
line), i.e., the original laser spectrum; the other (dotted line)
is the spectrum after propagation in the same conditions of
the interferograms of Fig. 1 and spot image of Fig. 3 (bot-
tom). We can see that propagation in the gas and consequent
ionization produce a net blue shift and a moderate broaden-
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FIG. 5. Data from numerical simulation showing the electron density dis-
tribution during the propagation (from left) of the CPA pulse preceded by
the picosecond pedestal (a) and after leaving the focal region (b). Contrast
ratio 10*. The snapshots show the central 2-mm portion (1 mm around the
focus) of the pulse path in the He jet.

ing of the pulse. The mean spectral values calculated for the
transmitted light over 27 shots, are as follows: shift
ON=15.0+£2.6 nm and bandwidth AN=50+7 nm.

IV. SIMULATIONS AND DISCUSSION

The numerical code used to simulate the laser propaga-
tion through the gas jet and the electron density distribution
resulting from the interaction is based on the solution of the
standard paraxial wave equation in cylindrical geometry. In
the frame moving with the pulse, the equation of propagation
for the slowly varying complex amplitude of the linearly

polarized laser field E(r,z,?) is as follows:
OE(r,z,t ] A
E2) g he L

0 2C ko

E(r,z,t) =0,
w2k (r2,)

where

5 1&( a)
Vi=——|r—
ror\ or

is the transverse Laplacian operator in cylindrical geometry,
c is the speed of light, and k is the vacuum wave number. A
takes into account the nonlinear response of the plasma,
which is treated in the quasi-static approximation. This con-
sists in neglecting the time-derivatives in the plasma re-
sponse. This approximation is valid for pulse lengths longer
than the plasma period (7> w;I), which is the case here. A
takes the form'®

1 \
A= max[O,w[z,()(& - 1) + CZVL<%>
+62Vl<7’>vﬂ1e0:|
neO(O) ’

where w, is the undisturbed plasma frequency, and n,(r,z)
is the space-varying electron density, produced by the pico-
second rising front of the pulse, prior to the interaction with
the high-intensity part of the laser pulse. n,((0) is the on-axis
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(in r=0) density. As in previous work,'*?* we treat electron
cavitation by setting A=max[0,A], in order to cure unphysi-
cal effects (n,<0) in the case of complete cavitation. (7y) is
the optical-cycle averaged relativistic factor where the brack-
ets stand for the cycle average. (y) is given by

E2
=q/1+—.
(» 2

E.=m,qwqc/e is the Compton field, with m,, and e the elec-
tron rest mass and charge, respectively, and w, the laser fre-
quency.

The equation of propagation is solved iteratively, and
self-consistently with the ionization rate equations, on a (r,z)
grid using a standard finite element method. The field ion-
ization is described either by Ammosov-Delone-Krainov tun-
neling model”  or by  Perelomov-Popov-Terent’ev
formula,**™’ the latter being valid in both multiphoton and
tunneling regimes of ionization. The results were found not
to be sensitive to the different ionization rates. We assume a
Gaussian spatial laser profile at the entrance of the gas jet
with peak power and time profile consistent with the experi-
mental conditions. In particular, the pulse shape used in the
simulations is a fit by two Gaussians of a third-order corre-
lation trace given in Ref. 12. The jet has a trapezoidal profile
along the direction of propagation with a 1.5-mm plateau
(750 wm on each side of the vacuum focus position) and
250-um gradients, and is Gaussian in the transverse direc-
tion, with a 500 um FWHM. The ASE was not included in
the simulation.

The simulation shows that the picosecond pedestal starts
to ionize 2.7 ps before the femtosecond pulse reaches the
nominal focus; i.e., the middle of the jet. The He preplasma
produced in this way is a singly ionized plasma, 20 wm in
diameter and 300 um in length. As expected, we observe
that the propagation of the picosecond pedestal is dominated
by refraction. In this regime of interaction (a<<1), only the
Kerr effect in the neutral gas could lead to nonlinear effects,
but the length of the medium is too small, and the density
as well, as the nonlinear index of refraction of He
(n,~1072 cm?/W) is too low. Moreover, self-focusing by
the Kerr effect stops once the ionization of the medium
starts. All these features are in excellent agreement with the
experimental data [see data in Fig. 1(a)]. From the simulation
data on the pulse intensity distribution during the propaga-
tion (not shown in this paper) we find that the subsequent
propagation of the CPA pulse is weakly disturbed by
ionization-induced refraction. Only the rising edge of the
pulse and the wings of the beam are concerned. We do not
observe in the simulation any significant increase of the in-
tensity due to relativistic self-focusing. This point agrees
with the experimental images of the spot after propagation,
whose size is basically the same as the spot size in vacuum.
The simulation shows that the He jet is doubly ionized on its
entire length, and the radius of the plasma is about 100 wm.
Again, all these features fully agree with the experimental
data.

Phys. Plasmas 13, 093103 (2006)

It is interesting to compare the experimental electron
density maps of Figs. 1 and 2 with the corresponding maps
obtained from the simulation. Preliminarily, we notice that
the numerical code includes ionization and accounts for the
first and second ionization stages of helium. To this respect,
we compare the simulation data with the experimental ones
on the basis of the estimation we did, starting from the maxi-
mum electron density we observed in the region ionized by
the main pulse. We reasonably assume that this density cor-
respond to the doubly ionized He.

Figure 5 shows two snapshots from the numerical simu-
lation of the electron density distribution after the propaga-
tion (from left) of the CPA pulse preceded by the picosecond
pedestal with a contrast ratio of 10*. Figures 5(a) and 5(b)
can be compared with Figs. 1(a) and 1(b), respectively. We
have to take into account that the ASE is not included in the
simulation: consequently there is no preformed plasma, nor
interaction of CPA pulse with it. Considering this point, the
basic features of the experimental density maps are repro-
duced by simulation, including the early ionization produced
by the picosecond precursor in a narrow filament behind the
CPA pulse. In addition, the location and size of the regions
where He is almost totally ionized are reproduced, as well as
for the regions singly ionized.

Three apparent discrepancies can be explained. First,
Fig. 5(a) gives an electron density map consistent with the
map of Fig. 1(a) but 1.6 ps later (—1.4 ps in place of
—3.0 ps). The reason is that, while z=0 is the center of the
gas jet for both simulated and experimental maps, in the
meantime, z=0 is (i) the focus of the CPA pulse in the simu-
lation, but (ii) the focus of the ASE in the experimental
maps. Now, we know (see Sec. II) that the CPA pulse focuses
at about —400 um with respect to the ASE, which roughly
corresponds to the difference above.

Second, the ionization front of the CPA pulse, as shown
by the simulation snapshot of Fig. 5(a) is very sharp, as
expected from a few-cycle ionization at intensities of the
order of 10'® W/cm?. On the contrary, the density maps ob-
tained from the interferograms [see Fig. 1(a) or, in more
detail in Fig. 2] show a smooth ionization front with a den-
sity gradient of the order of 100 wm. This seems definitely
not consistent with ultrafast ionization. This puzzling para-
dox has been recently solved.” It has been proved that the
smooth gradient is not real, but is a consequence of the finite
transit time of the probe through the ionized region whose
front moves at the speed of light.

Third, the simulation does not reproduce a weak asym-
metry in the radial density distribution, which is observable
in the interferograms of Figs. 1 and 2. The electron density
appears to be higher on bottom (positive r) than on top (posi-
tive r) of the interferograms. This asymmetry is real and due
to the density gradient of the gas, which is flowing from the
bottom. Since this aspect is not essential for the propagation
along the axis (r=0), the simulation considered a gas density
distribution uniform along r.

For what concerns the blueshift of the transmitted pulse,
it can be produced only when the CPA pulse, including its
wings, propagates at moderate intensities, not far from the
ionization threshold. In our experiment this low level of in-
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tensity occurs either (a) in the pulse marginal wings, which
are, however, scattered out by the interaction with the pre-
formed plasma, as proved by the previous data, and do not
contribute to the spectrum of Fig. 4 or (b) in the early or late
propagation of the pulse (e.g., at 1 mm from the focus the
intensity is more than two orders of magnitude lower than in
the focus itself). We can tentatively conclude that the blue-
shift we observe is produced during its early and late propa-
gation of the pulse, when it is only partially focused, at an
intensity making the ionization process as long as the pulse
duration. As a matter of fact, the simulation reproduces a
blueshift, whose value is comparable with the experimental
value, but the simulated shift depends on the density profile
of the gas. Since the actual density profile is not known, a
quantitative comparison between the experimental and simu-
lated shift was not possible.

In conclusion, we have obtained relevant data on the
propagation of a fairly relativistic ultrashort CPA laser pulse
in gas, in conditions of interest for acceleration of electrons
in plasmas. Time- and space-resolved measurements of the
free electron density revealed novel features on the early
ionization produced by the precursors of the CPA pulse;
namely, the ASE and the picosecond pedestal. These data,
combined with far-field imaging and spectroscopy of the
transmitted pulse, show that, at this level of intensity, the
propagation of the CPA pulse is stable and reproducible, only
marginally affected by moderate refraction effects. This gen-
eral conclusion is fully confirmed by the numerical simula-
tion, together with most of the features observed experimen-
tally. The spectrum of the pulse after propagation resulted
slightly blueshifted and broadened. These findings encourage
to further investigate this regime of propagation over longer
gas paths, as required for an efficient and stable class of new
“table-top” laser driven accelerators.
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