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We use optical interferometry to study the propagation of femtosecond laser pulses in gases. We show the
measurements of propagation in a nitrogen gas jet and we compare the results with propagation in He under the
same irradiation conditions. We find that in the case of nitrogen, the detailed temporal structure of the laser
pulse can be tracked and visualized by measuring the phase and the resulting electron-density map. A dramati-
cally different behavior occurs in He gas jets, where no details of the temporal structure of the laser pulse are
visible. These observations are explained in terms of the ionization dynamics of nitrogen compared to helium.
These circumstances make N2 gas sensitive to variations in the electric field and, therefore, allow the laser-
pulse temporal and spatial structures to be visualized in detail.
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I. INTRODUCTION

The interaction of short and ultrashort laser pulses in gas
jets is under continuing extensive investigation for its poten-
tial for a wide range of studies and applications. Well-
established optical interferometry techniques can, by measur-
ing the phase shift induced on a probe pulse, provide space-
resolved information at the submicrometer scale on a variety
of physical systems. Laser-induced plasmas are among the
most common systems investigated with the help of this
technique �1�. Provided a sufficiently short probe pulse is
used, the evolution of the plasma electron density can be
followed on an ultrafast time scale using a pump-and-probe-
like approach. Similar techniques have already been success-
fully applied to time-resolved analysis of several phenomena
including, for example, channel formation in gas jets �2�,
radiative blast waves �3�, and characterization of plasma pre-
cursor effects in the interaction of chirped pulse amplifica-
tion �CPA� �4� laser pulses with solids �5�. These systems are
extensively exploited for the investigation of a wide range of
phenomena in both fundamental and applied sciences includ-
ing the generation of ultrashort pulses of radiation from the
UV �6� to the x-ray range �7�, laser-driven acceleration of
charged particles �8�, and benchmarking of high-field-
ionization �9� models. In this class of experiments a variety
of additional optical techniques including blueshift analysis
�10,11� and frequency resolved optical gating �12� is also
used to acquire information on the dynamics of ionization.

In this work we use probing measurements under well-
known interaction conditions to extract information on the
laser pulse propagating in the gas jet. In particular, we com-
pare ionization in nitrogen and helium under similar irradia-

tion conditions, showing how the different He and N atomic
structure can play a role in interferometric measurements and
how they can allow the spatial-temporal structure of the laser
pulse to be reconstructed. This, in turn, effectively illustrates
the potential of this measurement to perform a semiquantita-
tive single-shot monitoring of CPA femtosecond laser pulses.
Our measurements reveal unexpected features of the ioniza-
tion map that appear to be sensitive to the detailed structure
of the laser pulse in the interaction region. Occurrence of
these features in similar experimental configurations may
partially account for the poor control and reproducibility of a
variety of applications, including, for example, laser-plasma
acceleration and high-order harmonic generation.

The paper is organized as follows. In Sec. II we describe
the experimental setup and discuss the main limitations, also
in view of previous modeling work �13� and precursor ex-
periments �14�. Section III is dedicated to the presentation of
the experimental observations and, in particular, to the com-
parison of the electron-density maps in N2 and in He, which
have been extracted from plasma interferograms using well-
established analysis techniques �15�. Then, in Sec. IV, we
describe the model of ionization used to analyze our experi-
mental density maps and the numerical simulations per-
formed, providing a basic characterization of ionization in
He and N2 gases. Finally, in Sec. V we present our conclu-
sions.

II. EXPERIMENTAL SETUP AND FRINGE PATTERNS

The experiment was performed at the SLIC laser facility
at the Saclay Centre of CEA �France� with the 10 TW UHI10
laser system. The Ti:Sa laser system operates in the CPA
mode and delivers up to 0.6 J in 60-fs laser pulses at 800 nm.
The nanosecond contrast, due to the amplified spontaneous
emission �ASE�, was found to be �106, while the picosec-
ond pedestal of the femtosecond pulse had a level of �10−4

for a duration of about 1 ps before the main pulse. The main
pulse was focused in the gas jet using a 200 mm focal length,
silver coated off-axis parabolic mirror. The numerical aper-
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ture of the focusing optics was f/2.5, and the maximum fo-
cused nominal intensity was 1019 W cm−2 in a slightly ellip-
tical focal spot whose horizontal and vertical diameters were
8 �m and 10 �m full width at half maximum �FWHM�,
respectively. The corresponding maximum normalized field
parameter in the focal spot was ao=2.6. The gas jet was
delivered by a 1 mm diameter cylindrical nozzle with the
laser pulse propagating at a distance of 200 �m from the tip
and along a diameter of the nozzle. The gas pressure in the
valve was 8 bar, resulting in a maximum neutral density
around 1020 atoms /cm3. A detailed study of ionization in He
is described elsewhere �14�. Here we present results obtained
in nitrogen and we discuss the main differences with respect
to those obtained in He. The waist of the laser pulse was set
to be at the boundary of the jet, where the gas density is
sufficiently low to prevent plasma formation by the precursor
ASE radiation. These circumstances were systematically
verified as described elsewhere �16�.

A fraction of the main femtosecond pulse was frequency-
doubled by a 2 mm thick type I KDP crystal and used as an
optical probe propagating perpendicular to the main pulse, in
a Mach-Zehnder interferometer configuration. The probe
pulse duration was estimated to be 130 fs FWHM, with a
pulse shape close to a second-order super-Gaussian profile. A
test of the performance of the interferograms was carried out,
measuring the refractive index of neutral He gas, showing
that phase shift up to one tenth of a wavelength could be
detected �17� from Fourier analysis �18,9� of the measured
fringe pattern.

The propagation of the laser pulse in the gas was mea-
sured in a “pump-and-probe”-like approach, i.e., by taking a
series of interferograms varying shot by shot the probe pulse-
to-main-pulse delay, with a time step as short as 60 fs. The
images of Fig. 1 show a sequence of three interferograms of
propagation in N2, taken at probe times starting at 1.00 ps,
where probe time zero is conventionally defined as the time
at which the CPA pulse is at the position of the waist.

At these times the pulse has just passed the waist position
and the fringe pattern show perturbation in a conelike shaped
area, with an aperture of roughly 25°, corresponding to the
full aperture of the focusing optics as indicated by the dashed
line that marks the 1 /e2 profile of the beam, assuming
Gaussian propagation with an M2=2.3. The longitudinal ex-
tent of the perturbed region in the fringe pattern of frame �c�
is roughly 700 �m, measured from the waist position. This
value is in a good agreement with the value expected for
propagation at the speed of light starting from the position of
the waist at probe time zero. In fact, the whole sequence of
interferometric maps �not shown here� shows a fringe pertur-
bation front proceeding at the speed of light up to a probe
delay time of 3 ps.

III. PHASE EXTRACTION AND DENSITY MAPS

A quantitative evaluation of the electron density requires a
phase map extraction from the fringe patterns of Fig. 1. Fou-
rier transform analysis was applied as discussed in �9�, where
the intensity of the fringe pattern on the detector plane �x ,y�
is written as

I�x,y� = a�x,y� + �c�x,y�exp�2�ifux� + c.c.� ,

where

c�x,y� = 1/2b�x,y�exp�i���x,y��

and its complex conjugate carry the information on phase
shift ���x ,y�, background intensity a�x ,y�, and fringe vis-
ibility b�x ,y�. This intensity pattern can be processed using
Fourier transform analysis to obtain a complex array whose

FIG. 1. �Color online� Interferogram of laser propagation in N2

�eight bars� taken at three different probing times as indicated in the
figure. The laser pulse propagates from right to left and the dashed
line in the frame �a� shows the 1 /e2 profile assuming Gaussian
propagation and M2=2.3. The dark trapezoid-shaped region visible
in the lower-left corner is the tip of the conical gas-jet nozzle.
Fringe shift �to the right� visible in the center of the image frames
correspond to phase shift induced by the plasma produced by the
laser pulse. Fringe shift in the opposite direction �to the left� just
visible above the nozzle are due to phase shift induced by the neu-
tral nitrogen atoms.
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imaginary part is the phase map ���x ,y� and the visibility of
the fringes, b�x ,y�.

The image of Fig. 2 shows three successive phase maps
taken from the interferogram images of Fig. 1, at +1 ps,
+1.17 ps, and +1.67 ps. Visible in the left-hand side of each
of the three frames is the phase shift due to the neutral ni-
trogen atoms of the gas jet. According to these images, as the
pulse propagates �from right to left�, the ionization front
moves ahead with the speed of light. As the gas density

increases along the laser-pulse propagation path, the phase
shift due to the leading edge of the pulse increases and the
trailing part of the pulse becomes visible. A second localized
peak of ionization, separated from the front by approxi-
mately 1 ps, appears in the frame �c�. This feature can be
more accurately observed in the electron-density map ob-
tained by Abel inversion of the 1.67 ps phase map and shown
in Fig. 3. A lineout of such electron-density map taken on the
pulse symmetry axis, shown in Fig. 4, clearly shows the
presence of the two localized density peaks.

In contrast, a significantly different result is found in the
case of propagation in a Helium gas jet under the same laser
configuration. Figure 5 shows the interferogram obtained in
helium case at the same probing time as frame �c� of Fig. 2,
showing a regular conelike structure that reproduces the ex-
panding laser beam path, as shown by the dashed line, with
no evidence of secondary ionization peaks.

The behavior of ionization in helium which is observed in
our experiment, including the occurrence of a significant loss
of fringe visibility due to transient ultrafast ionization, has
been extensively described elsewhere �14,16�. Here we will
be only concerned with the difference in the ionization dy-
namics of N2 with respect to that of He as originating from
the different atomic structure of the two species. The follow-
ing section is dedicated to a description of ionization prop-
erties of these two elements and to a modeling of the ob-
served experimental results.

IV. IONIZATION IN VERY INTENSE FIELDS:
HELIUM VS. NITROGEN

We now consider the properties of ionization of He and N
atoms starting from their basic atomic properties. In particu-
lar, we will essentially be concerned with the atomic struc-
ture of the two species and the associated ionization poten-
tials, which, for both elements, are summarized in Table I.

FIG. 2. �Color online� Phase maps of the interferograms of Fig.
1 showing propagation in nitrogen gas jet taken �from top to bot-
tom� at probe time +1 ps, +1.17 ps, and +1.67 ps. The CPA beam
propagates from the right to the left. The neutral atom �positive�
contribution to the phase shift is clearly visible on the left �lighter
colors�, while the free-electron contribution due to laser-pulse
propagation is visible as darker colors.

FIG. 3. �Color online� Electron-density map obtained from Abel
inversion of the phase map of Fig. 2 taken at +1.67 ps. The abso-
lute value of the electron density is indicated in the color bar.

FIG. 4. �Color online� Lineout of the electron density taken on
the axis of the density map of Fig. 3 showing the two peaks of
electron density separated by 250 �m.

FIG. 5. �Color online� Interferogram of the plasma generated by
CPA in a Helium gas jet. The interferogram was taken at the same
time of 1.67 ps as the interferogram �c� of Fig. 1.
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According to Table I, the first ionization energy of nitro-
gen atoms is significantly smaller than the corresponding en-
ergy of He. Also, in the case of N, there are five successive
ionization stages with a gradually increasing energy up to
about 40 times the first ionization threshold. This is markedly
different from the behavior of He, whose two ionization en-
ergies only differ by a factor of roughly two. Therefore, we
expect that, compared with He, ionization in N2 will occur at
a much lower laser intensity. Furthermore, due to the higher
number of electrons per atom, higher field values are needed
to reach full ionization in N2 compared to He.

This behavior will provide an effective greater dynamic
range in the response of ionization to the laser field strength.
A quantitative evaluation of this effect in our experimental
conditions has been carried out using a numerical simulation
code based upon a tunnel ionization model �19�. In the nu-
merical code, the pulse propagates into a gas of uniform
density according to the simple Gaussian optics propagation
and no account is taken of nonlinear propagation effects. As
for the self-focusing, we can reasonably rule this out as the
maximum laser power is below the critical power for relativ-
istic self-focusing. In fact, according to Fig. 4, the maximum
electron density at the position of the laser beam waist, lo-
cated approximately at 600 �m, is of the order of
1018 cm−3. According to the well-known relationship
�20,21� for critical power for relativistic self-focusing
Pcr�17�� /�p�2GW, the critical power is above 30 TW,
which is well above the maximum available laser power. At

the peak available density of 5�1018 cm−3, corresponding
to a critical power of 6 TW, the laser pulse is expanding well
beyond the beam waist and has already undergone significant
depletion due to absorption due to ionization and diffusion.
Under these circumstances we can, therefore, rule out pos-
sible contributions of relativistic self-focusing effects in our
experiment and we can focus our investigation on pure ion-
ization effects.

The ionization maps of Fig. 6 show the results obtained in
He �left� and N2 �right�, at peak laser intensities of
3�1018 W /cm2 and 3�1015 W /cm2, respectively. Accord-
ing to these results, the ionization profile obtained for propa-
gation in nitrogen is almost the same as that obtained in
helium with a laser-pulse intensity 103 times higher. In fact,
according to the color tables of the two frames, the maxi-
mum ionization degree in nitrogen is 1.2, compared with the
maximum ionization degree of 1 obtained in helium. In other
words, in this laser intensity regime, nitrogen is capable of
showing the same ionization effects of helium at a laser field
intensity three orders of magnitude lower. In addition, the
larger number of electrons of nitrogen compared to helium
makes it possible to explore higher laser fields.

We hereby show how these features can be exploited to
recover the temporal and spatial structure of the laser pulse
from ionization maps like the one of Fig. 3. In particular, we
could explain the secondary ionization peak of Fig. 3, spa-
tially separated from the main one of roughly 300 �m, as
due to the presence of a post pulse in the laser temporal
profile. In fact, according to the detailed temporal structure
of the pulse as obtained from the third-order autocorrelation
measurement shown in Fig. 7, a post pulse is visible one
picosecond after the main pulse, whose intensity relative to
the main pulse is of the order of roughly 1/5, whose duration
is of the order of half of that of the main pulse.

Nevertheless, the assumption of a low-intensity post pulse
cannot, by itself, explain the observed longitudinal double-
peak structure in the electron density of Fig. 3. In fact, in a
double-pulse configuration, as the first pulse propagates in
the laser Rayleigh length, a semicolumn of plasma like the
one displayed in Fig. 6 is formed at a given time. A post

TABLE I. Ionization potentials of He and N. The second row
gives the ionization energy of nitrogen from neutral to hydrogenlike
N. The third row reports the corresponding ionization energies for
neutral He and hydrogenlike He.

Atom
Neutral

�eV�
+1

�eV�
+2

�eV�
+3

�eV�
+4

�eV�
+5

�eV�
+6

�eV�

N 14.53 29.60 47.45 77.48 97.89 552.1 667.1

He 24.59 54.42
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FIG. 6. �Color online� Calculated ionization produced by a 70 fs laser pulse propagating �to the left� in a uniform gas density of
1.5�1018 atoms /cm3. The map on the left was obtained considering a pulse energy of 100 mJ laser pulse propagating in a helium gas. The
map on the right was obtained considering a pulse energy of 0.1 mJ propagating in a nitrogen gas. The calibration bar of the nitrogen map
�rhs� was adjusted to make both color maps identical.
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pulse, separated by a given delay, say 1 ps, would only gen-
erate a similar column, superimposed to the first one, with
the ionization fronts separated by 300 ps �assuming propaga-
tion at the speed of light�. In our case, therefore, the post
pulse would only lead to a small step-wise increase in the
ionization profile generated by the preceding main pulse.

A possible explanation of the result displayed in Fig. 3 is
that along with the double-pulse structure of Fig. 7, we also
assume that the post pulse is focusing at a different position
�i.e., has a slightly different beam divergence� than the main
focus, reaching there an intensity exceeding that of the main
pulse at the same position. A detailed discussion of the origin
of such a double-pulse structure is beyond the scope of the
present work. Here we only point out that, in general, post
pulses may arise, from spurious reflections of the main pulse
in the laser chain. A 1 ps delay between pulses corresponds
to an optical path of 300 �m that may arise, for example,
from a secondary reflection by a 100 �m glass plate. A post
pulse may also arise from birefringence of a Ti:Sa crystal in
the main amplifier due to the amplification of a small frac-
tion of the main pulse along the slow axis of the crystal. In
this case, difference in the thermal lensing or collimation of
the beam in the crystal may explain a difference in the di-
vergence of the post pulse. We point out here that such an
effect is by no means easy to characterize using conventional
laser measurements and the technique proposed in our manu-
script could indeed be used to perform dedicated measure-
ments on the focusing properties of temporally structured
laser pulses.

This specific scenario was modeled using the ionization
code presented above. We carried out a set of numerical
simulations in which a 100 mJ, 60 fs main pulse followed by
a 10 mJ 30 fs post pulse were delivered onto an initially
neutral N2 gas in order to investigate the resulting ionization
profile. In the simulation, the pulses had Gaussian profiles
both in space and time, and the distance between the focal
points of the two pulses was 450 �m. An M2=2.3 was in-
cluded in the calculations to account for real-beam propaga-
tion. With these parameters, at the post-pulse focal point the
intensity of the post pulse is higher than that of the main

pulse by approximately a factor of 4. The calculated
electron-density profile obtained from the simulations is plot-
ted in Fig. 8, in units of the initial density of the neutral
nitrogen atoms. The electron-density pattern obtained from
the simulation shows the presence of two spatially separated
regions of ionization consistent with the assumed separate
focal regions of the main pulse and the post pulse. Note that,
in the case discussed, the presence of a post-pulse allows, at
the post-pulse focal point, an increase in the local ionization
degree of nitrogen from 4 to 5. As pointed out above, the
high-ionization dynamics of nitrogen �with respect to he-
lium� allows the post pulse to further ionize the medium,
producing a secondary ionization peak. This behavior is
qualitatively consistent with the experimental electron-
density profile of Fig. 4, while the amplitudes of the two
peaks of electron density obtained experimentally are quan-
titatively different, as the simulation tends to overestimate
the ionization.

Additional explanation of the discrepancy between the
numerical and the experimental results is to be attributed to
the fact that in our numerical code the pulses propagates in a
uniform density gas density, compared to the experiment in
which the gas density is maximum on the axis of the nozzle
and decreases monotonically toward the edge. Therefore, the
main pulse focuses in a region in which the gas density is
higher than that in the focal point of the post pulse, thus,
producing a higher electron density. Clearly, a quantitative
comparison between modeling results and the experiment is
a complex task that requires a self-consistent calculation of
ionization that is beyond the aim of the present work. At this
stage we can however already confirm that our assumption of
the effect of a post pulse, with separate location of the focal
region is consistent with the experimental measurements.
This result can also be regarded as an advanced laser-pulse
diagnostics that provides simultaneously detailed informa-
tion on the temporal and angular properties of the laser pulse
that can be exploited in different configurations to provide
additional information on the laser system using a technique
complementary to standard laser diagnostic techniques.

V. CONCLUSIONS

We have carried out comparative interferometric measure-
ments of an ultrashort �60 fs� 600-mJ laser pulse propagating

FIG. 7. Third-order autocorrelation trace of the CPA pulse
showing the main pulse and the detailed structure of the pulse on
the picosecond time scale.

FIG. 8. Normalized electron-density profile on axis for nitrogen
as a function of the position obtained in a numerical simulation in
which a 100 mJ 60 fs main pulse was followed by a 10 mJ 30 fs
post-pulse. The main and the post-pulse focal points are placed at
x=50 �m and x=500 �m, respectively.
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into either a helium or a nitrogen gas jet. The interferometric
patterns obtained in the two gases show a significantly dif-
ferent behavior. In particular, in case of He the main pulse is
found to generate a clean ionization pattern in the gas, while
in case of N2 a richer and spatially structured ionization pat-
tern has been observed. The nitrogen electron-density map
extracted from the interferograms revealed the presence of
two spatially separated ionization peaks of different ampli-
tude. With the help of a numerical code capable of taking
into account field ionization in nitrogen, we were able to
show that the lower density region can be explained as origi-
nating from the presence of a low-energy post pulse, which
focuses in a spatial region different from the main-pulse fo-
cal point. In this position, initially during the interaction, the
intensity of the post pulse exceeds that of the main pulse and
gives rise to a measurable ionization region.

These features of the laser pulse were enhanced by the
response of the ionization of nitrogen to the laser field am-
plitude. Although the results obtained in our experiment are
dependent upon the specific laser configuration used here,

comparable effects are most likely to take place in similar
experimental configurations and laser systems. Our measure-
ments show that high-quality ultrashort pulse interferometry
can be profitably used to investigate such features, thus, in-
creasing the knowledge on the temporal and spatial structure
of laser pulses used in a wide range of applications to im-
prove control and reproducibility of experiments.
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