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A 65-fs, 800-nm, 2-TW laser pulse propagating through a nitrogen gas jet has been experimentally
studied by 90! Thomson scattering. Time-integrated spectra of scattered light show unprecedented
broadening towards the blue which exceeds 300 nm. Images of the scattering region provide for the
first time a space- and time-resolved description of the process leading quite regularly to such a
large upshift. The mean shifting rate was as high as dk/dt" 3 Å/fs, never observed before.
Interferometry shows that it occurs after partial laser defocusing. Numerical simulations prove that
such an upshift is consistent with a laser-gas late interaction, when laser intensity has decreased
well below relativistic values (a0# 1) and ionization process involves most of the laser pulse. This
kind of interaction makes spectral tuning of ultrashort intense laser pulses possible in a large
spectral range. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4818602]

I. INTRODUCTION

Spectral changes of intense light pulses propagating in a
medium have been studied since high power pulsed lasers
came into play.1–4 After the introduction of chirped pulse
amplification (CPA) laser technology,5 investigations
extended to ultrashort laser pulses propagating in plasmas.6,7

In particular, Le Blanc et al.6 reported one of the first clear
observations of spectral blue shifting of a femtosecond laser
pulse propagating in a dense gas. Interestingly, a well
defined spectral shift was also measured after anomalous
propagation in an overdense plasma slab.8 A number of
papers report on spectral effects in conditions of interest for
laser driven electron acceleration. Koga et al.9 observed blue
shift up to 40–50 nm, which was attributed to a combined
effect of ionization and filamentation. Giulietti et al.10

observed 25 nm peak blue shift with modulated spectral tails
extending up to 100 nm, mostly attributed to self-phase mod-
ulation. Murphy et al.11 observed both red and blue shifts,
attributed to "photon acceleration" with "wake signature" in
the red side of the spectrum. Trines et al.12 observed both
red and blue shifts but blue shift was dominant and showed
modulations, which were attributed to wake-driven photon
acceleration and modulational instability. Thomas et al.13

analyzed spatially resolved spectra of laser light scattered
sideward from a laser-driven electron accelerator. Operating

at relativistic intensity, they found that Raman scattering is
dominant over Thomson scattering (TS). This latter was
observed but not analyzed. Our observation and analysis are
somehow complementary to the one of Thomas et al.: in
fact, we studied the late propagation of the pulse at inten-
sities, which are definitely sub-relativistic (a0# 1), when
Thomson scattered light is the dominant component of side-
scattering, while Raman scattering can give only a minor
contribution.

We report and discuss here time- and space-resolved
observations demonstrating an outstanding, progressive blue
shift of the laser spectrum. The process is highly reproduci-
ble, regular in time and space. It is then in principle usable
for modifying the laser spectrum. It has to be noticed that in
the past, most of the spectral studies were performed on the
laser pulse getting out from the plasma.6–12 This is the most
direct way to account for the total spectral modification pro-
duced by the propagation but this technique does not provide
any information on the dynamic of the process. Conversely,
laser light scattered by the plasma via elastic Thomson scat-
tering can describe the evolution of the spectral changes in
real time. Imaging Thomson scattered light in laser-plasma
interaction studies is quite an usual diagnostics. In our work,
we perform a specific spectral study of the laser scattered
light. Our experimental conditions guarantee elastic and
incoherent Thomson scattering (see Discussion). Our spectra
and images give indirect but quantitative information on the
spectral evolution of the laser light itself during the pulse
propagation. An early work by Sullivan et al.14 is a precursor
of our technique. Part of the Sullivan experiment was
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performed also in nitrogen in conditions not far from ours
but the shift observed in the Thomson scattered light was
both blue and red and the amount of the blue shift was much
smaller than what we observe here. The reason for this dif-
ference is that in that early work, the experiment was
designed to preserve relativistic intensity as much as possible
during propagation; while in our case, de-focusing is allowed
to develop and reduce intensity to values for which the self-
phase modulation has the maximum effect all over the laser
pulse. Another unique feature of our experiment is that we
perform high resolution color imaging of the scattering
region from which laser spectral changes can be observed
with high space- and time-resolution.

A primary role in the nonlinear spectral changes of a
laser pulse propagating in a gas at moderate intensity is
played by ionization. Though ultrafast laser ionization of the
gas is basically a single particle process, collective phenom-
ena, like ultrafast change of the refractive index, may induce
non-linear effects on the laser pulse, including de-focusing
and spectral upshifting. The latter, in particular, can produce
relevant spectral changes. However, also de-focusing15 has
to be carefully considered. At very high laser intensity, in
fact, spectral changes due to ionization are negligible: an
ultra-intense laser pulse can fully ionize the gas in a time as
short as a fraction of a single optical cycle and most of the
pulse will propagate in a fully ionized gas with no further
ionization nor spectral effects due to ionization. In this re-
gime, other nonlinear mechanisms, nevertheless, can induce
spectral changes, like "photon acceleration" mentioned
above. At lower intensities, however, when the pulse peak
intensity is comparable with threshold intensity for field ioni-
zation of the gas, major spectral effects can be induced by
phase modulation of the e.m. wave. Our observations indeed
correspond to this regime. Basically, self-phase modulation
induced by sudden drop of the refractive index results in a
blue shift. A number of competitive effects, including further
intensity decrease due to either de-focusing or energy deple-
tion of the laser pulse, put a limit to the amount of blue shift
dk. In the present work, such a limit extended up to
dk=k" 0.4 in a nitrogen plasma. This is the first time to our
knowledge that a shifting process regular in time and

uniform in space along the propagation axis is observed
from an initial wavelength of 800 nm down to less than
500 nm at a mean shifting rate of "3 Å per femtosecond.
This work can be then a starting point for future research in
the field.

II. EXPERIMENT

Our experiment was originally devoted to optimize con-
ditions for electron acceleration in a gas jet at a laser power
of 2 TW.16 In the experiment, a 65-fs duration, 800 nm wave-
length, M2" 1.5, 2 TW Ti:Sa CPA laser pulse was focused
onto a gas jet with a f/N" 5 off-axis parabola perpendicu-
larly to the gas flow. Laser polarization was linear and per-
pendicular to the gas flow as well. Laser bandwidth was
Dk¼ 13 nm. In a 10-lm quasi-Gaussian focal spot, there was
a nominal peak intensity of 1018 Wcm%2 (a0¼ 0.68), with a
Rayleigh length LR¼ 94 lm. The high density jet was deliv-
ered by a supersonic nozzle17 with a 1.2 & 4.0 mm rectangu-
lar slit. The gas jet was irradiated perpendicularly to the
4.0 mm side at about 0.5 mm from the gas jet exit. A variety
of mono-atomic or bi-atomic gas species were used in our
acceleration experiments and different degrees of ionization
were achieved. Spectral changes of the laser pulse were
observed in all cases by Thomson diagnostics. In the case of
Helium, the observed spectral modification included both red
and blue shift with strong modulations. It was mostly attrib-
uted to the interplay between self-focused laser light and
plasma waves.18 However, the largest, most regular, and re-
producible blue shift was observed in nitrogen. This is likely
to be due to the sequence of the first five ionization energies
of nitrogen which fit at best the laser intensities for multipho-
ton (and/or tunnel) ionization during late propagation of our
laser pulse in the gas. In the following, we will refer to nitro-
gen case only.

A layout of the setup is shown in Fig. 1. High charge
non-thermal electron bunches (peak kinetic energy of a few
MeV) were produced regularly in these conditions16,19 and
characterized.

However, the most relevant data for this work were
given by interferometry and TS diagnostics. The

FIG. 1. Layout of the experimental
setup both from top- and side-views.
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interferometer, visible in the top view of Fig. 1, was set in
the Nomarski configuration using a separate, frequency
doubled “probe” pulse propagating perpendicular to both
laser beam and gas-jet flow. Laser light scattered at 90! by
Thomson Scattering was collected by an achromatic objec-
tive in the direction of gas flow (perpendicular to laser
polarization).20 This light was then split in two parts and
sent respectively to (a) a spectrally calibrated spectrometer
coupled with an optical fiber, allowing a spectral resolution
of about 0.8 nm and (b) a color camera CCD array put in
the image plane of the objective with magnification M¼ 9.
The color camera used to capture images of the scattering
sources was a commercial Pentax K100D Super digital
camera, which had been previously adapted for single-shot
plasma diagnostics, and spectrally calibrated.21

As we will discuss below, spectral and spatial informa-
tion from TS not only provided a useful support to the study
of propagation of the laser pulse but also showed unique fea-
tures of the laser frequency shifting during pulse propaga-
tion. Fig. 2 shows two typical data obtained from TS region
color imaging (top) and interferometry (bottom), respec-
tively, both displayed on the same spatial scale. In the case
of the TS image, also the corresponding time scale of propa-
gation is shown. We recall that the FWHM laser pulse length
is of about 65 fs, i.e., 20 lm in space. This length roughly
corresponds to the minimum longitudinal scale of spectral
changes, while the optical resolution given by the objective
on the image plane was better that 10 lm. The color camera
image of the scattering region shows three striking features:
(a) the regular progressive ultrafast spectral shifting of the
TS light along the propagation path from red to yellow, then
to green; (b) a sudden, drastic de-focusing occurring in corre-
spondence of the first net color change from red to yellow;

(c) the quasi periodical spatial (i.e., temporal) modulations
of the scattered light intensity. All these features were quite
reproducible shot-by-shot. As for the spectral changes, it has
to be noticed that radially the situation is complicated by the
radial distribution of the laser intensity.

The lower part of Fig. 2 shows an interferogram
obtained in the same interaction conditions as the image
above. It was taken 10 ps after entrance of the laser pulse
into the nitrogen gas jet. The laser pulse was focused at the
gas-jet front. At the entrance side, the plasma shows a regu-
lar cylindrical shape whose length (about 200 lm) over-
comes LR due to relativistic self focusing and self-guiding.16

In our regime, relativistic self-focusing has a power thresh-
old of Prsf¼ 17 (nc/ne) GW, where ne and nc are the local
electron density and the critical density, respectively.
Neutral nitrogen density and interferograms consistently lead
to estimate a peak electron density of ne" 5 & 1019 cm%3.
Consequently, we can evaluate Prsf" 0.5 TW, easily reached
with the 2.0 TW peak power of the laser pulse.16 Apart from
the regular cylindrical region, a complete deconvolution of
the interferogram into an electron density map was not possi-
ble because of the complicated system of fringes. The shape
of the fringe pattern gives however an intuitive idea of the
sudden de-focusing of the laser light at about 450 lm from
laser entrance in the gas. This position corresponds to the
laser propagation time of 1.5 ps at which the fast stage of
progressive blue shift starts.

Particle in cell numerical simulation performed with
both the ALADYN22 and the CALDER code23 confirm
occurrence of relativistic self-focusing and guiding of the
laser pulse along a quasi-cylindrical path longer than LR.
Self-focused pulse intensity exceeds 5 & 1018 W cm%2. This
high intensity stage is very effective for electron acceleration
in a non-linear regime (see also Ref. 24 and simulations
therein). In this regime, the laser spectrum can be modified
by several processes including "photon acceleration"11 but it
is rather insensitive to ionization because laser intensity is
too high: only the very leading edge of the pulse is affected
by self-phase modulation consequent to ionization. The rest
(most) of the pulse passes through the (already) ionized gas
without any blue shift. This early regime is represented
experimentally in the left part of the image shown in Fig. 2
(top). The electron density left by this initial propagation, as
observed 10 ps later, is visible in the left part of the interfero-
gram (Fig. 2—bottom). After this stage dominated by
self-focusing of the laser pulse,16 PIC simulations show sub-
stantial energy depletion of the laser pulse, leading to a new
regime, dominated by laser ionization, which in turn defo-
cuses the laser pulse. Both depletion and defocusing make
the laser intensity drop down to sub-relativistic values close
to the ionization thresholds. In this condition, ionization pro-
duces a strong ionization-induced frequency up-shift of the
laser pulse, as confirmed by TS data. This is also the stage in
which Thomson scattering is most effective, as can be seen
from the image on top of Fig. 2.

Fig. 3 shows a typical spectrum integrated in space and
time of the scattered laser light. The spectrum shows an
extraordinary width, mostly on the blue side of the original
laser line (centered at 800 nm). The original laser line is

FIG. 2. Top: Color image of the laser-plasma interaction region taken from
the Thomson scattered laser light. The laser pulse length is about 20 lm.
The pulse propagates from left to right. The time of transit of the laser pulse
is indicated (t¼ 0 is the time of entrance of the pulse in the gas jet). Bottom:
Interferogram taken 10 ps after the entrance of the laser pulse in the gas jet.
The length of propagation of the pulse is indicated (x¼ 0 at the entrance of
the pulse in the gas jet).
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indicated in Fig. 3 by a gray rectangle whose width is equal
to the 13 nm FWHM laser line width. Other process beside
Thomson scattering can marginally contribute to the spec-
trum of Fig. 3, mostly at the early stage of propagation in
which the intensity is still relativistic or near to (a0" 1) like
in the experiment of Thomas et al.13 where Raman scattering
was dominant. In our experimental conditions, Thomson
Scattering is the dominant process producing the spectrum
collected sideward.

Thomson scattering of a laser pulse by plasma electrons
differs from the single electron case. Nevertheless, it has
been shown that at laser intensity and plasma density typical
of laser driven electron acceleration, Thomson Scattering is
elastic and basically linear,25 i.e., the spectrum of local scat-
tering sources is the same as the incoming laser light in that
position. In principle, however, interference between elec-
trons can produce coherent scattering. This coherent emis-
sion can be excluded if the laser wavelength k0 is negligible
with respect to the Debye length kD of the plasma (k0# kD).
For our plasma, we estimate kD" 10 nm, which in contrast is
much smaller that the laser wavelength, so we may expect
coherent scattering. But it turns out26 that emission from sin-
gle electrons interferes destructively in all directions exclud-
ing forwards. Since we detect Thomson Scattering at 90!, we
collect the incoherent sum of single-electron emission. Due
to the finite transverse extent of the scattering region, the
color is however integrated along the line of view. Time-
integrated plasma self emission (both continuum and atomic
lines) was negligible respect to Thomson scattering. From
color image of Fig. 2 (reproducible shot to shot), we can see
that shift increases continuously and rather regularly along
300 lm path.

The integrated spectrum shown in Fig. 3 gives instead a
quantitative picture of the overall spectral process affecting
the laser pulse. The blue limit of the spectrum corresponds to
the maximum blue shift which exceeds Dk¼%300 nm at a
mean shifting rate of dk/dt" 3 Å/fs. Notice that the original
laser wavelength appears to be almost suppressed in the
spectrum: this surprising effect may be due to the poor

efficiency of TS at the initial stage of strong self-focusing
(small volume and lower density because of ponderomotive
electron evacuation). The tiny red-shifted component visible
in the spectrum can be attributed to the early, strongly non-
linear, stage as due to photon-acceleration-like process. Both
red-shifted component and laser peak are merged here in the
bright TS blue-shifted component of the spectrum.

III. DISCUSSION AND NUMERICAL SIMULATIONS

Non-linear optics at relativistic intensity has been exten-
sively studied in the past two decades, including spectral
effects induced on the laser pulse by its relativistic propaga-
tion in a plasma.27 Our observations do not involve relativis-
tic laser intensity and the process can be described with
ordinary equations of propagation of an e.m. wave in a me-
dium, which is changing its refractive index during the prop-
agation itself. In many experiments (including this one), the
fast change of the refractive index is produced by the same
e.m. wave, in a typical self-induced process. In particular,
here the fast change is a consequence of a fast ionization of
the gas produced by the ultra-short laser pulse. In this sense,
the “ionization-induced frequency up-shift” is equivalent to
a process of “self phase modulation” of the laser pulse.

The huge blue-shift observed in our experiment is con-
sistent with self-phase modulation of the laser pulse while it
ionizes the gas. In general, a variation of the index of refrac-
tion l(t) produces a shift in the instantaneous phase (self
phase modulation) and consequently in its frequency, given
by

xðtÞ ¼ duðtÞ
dt
¼ x0 %

2pL

k0

dlðtÞ
dt

! "
;

where L is the length of pulse propagation. Consequently,
the total change of wavelength can be roughly evaluated8,28

as

Dk ¼ % e2nik
3
0L

8p2e0mec3

dZ

dt
;

where ni¼ ne/Z is the ion density. In our case, Z¼ 5 (6th
and 7th degree of ionization of nitrogen cannot be reached
at our laser intensity) and L" 300 lm. Assuming
dZ"DZ¼ 5 and dt"Dt¼ 30 fs (rising edge duration of the
laser pulse), we estimate for the total shift: Dk"%360 nm,
which is in a reasonable agreement with the blue limit of
the spectrum of Fig. 2.

As for the spatial/temporal modulation of the TS inten-
sity, as shown by Fig. 2 (top), it can be explained in terms of
pulsation regime of self-guided propagation.29 In this regime,
the scattering efficiency decreases with periodical reduction
of the scattering volume and local electron density. It is a typ-
ical self-modulation instability. In the limit, a0# 1, as in our
case, and disregarding the transverse dynamics, the envelope
equation has been calculated analytically.30 This effect has
been recently simulated with a numerical code, which repro-
duces the scale length of the modulations, we observe here.31

Also the spectra are modulated quasi periodically. In the
FIG. 3. Spectrum of the scattered laser light, integrated in space and time.
The grey rectangle indicates the original laser line.
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region of the spectrum not far from the original laser line
(both in the red and blue side), spectral peaks have a roughly
constant separation which could be roughly associated to our
plasma density via Raman side-scattering, similar to what
reported in Ref. 13. Both spatial and spectral modulations of
the scattered light deserve further investigation.

The overall integrated spectrum of Fig. 3 and the color
image of Fig. 2 show with impressive evidence the total
amount of the blue shift and its growth. However, they
remain an indirect observation and do not provide direct mea-
surement for the final spectrum of the pulse. In order to get a
quantitative evaluation of the laser spectrum changes during
its propagation, we performed ad hoc simulations of the pro-
cess with the numerical CALDER 2D PIC code. A specific
version of CALDER has been used in this case, including a
“ionization module.”32 The ionization is calculated consider-
ing ADK33 ionization model, neglecting the collisional ioni-
zation. The laser pulse is Gaussian with pulse duration of
65 fs. The nominal focused intensity is 3.5 & 1018 W/cm2, at
the entrance of the gas jet, higher than the experimental one
to take into account the 2D simulation geometry. The density
profile is trapezoidal with a maximum neutral nitrogen den-
sity of 1019 cm%3 on 1 mm length, preceded and followed by
linear density ramps of 100 lm length.

Fig. 4 reproduces two frames from the simulation of the
laser spectrum vs space (time) of propagation. In frame (a),
the laser spectrum is obtained at about 0.5 mm after pulse en-
trance in the gas jet. At this time, the laser intensity is very
high due to self-focusing. During this phase, a plasma wave
is progressively built which mostly interacts with the front
part of the pulse, whereas the rear part sees a chaotic density

profile, inducing a slight blue shift. The most intense part of
the pulse is already slightly blue shifted, while a less intense
part, at the front of the pulse, is red shifted. The red and blue
shifts are associated to the modulation of the laser pulse by
the plasma. The blue shift of the intense part of the pulse
comes from the density gradient. Quantitatively, at this stage,
the pulse is slightly shortened (from 65 to 50 fs), blue shifted
(from 800 to 740 nm), and spectrally broadened (from 13 to
70 nm). At later times, laser intensity decreases well below
1017 Wcm%2 and the leading edge of pulse faces an increas-
ing blue shift. This effect dominates the final spectrum of the
pulse at its exit from the plasma (1.2 mm after entrance),
which is shown in Fig. 4(b). The first part of the pulse is blue
shifted, due to gas ionization produced by its front. The sec-
ond part of the pulse is more affected by the plasma wave,
with both red and blue shift. The final balance is that the most
intense part of the pulse is mainly blue shifted.
Quantitatively, at this stage, the pulse is much shorter (20 fs),
the spectrum is peaked at 600 nm and is as broad as 180 nm
so extending to about 500 nm, consistent with the integrated
spectrum of the scattered light shown in Fig. 3.

To give an idea on how the electron density gradient
modifies the laser pulse during its late propagation, we report
on Fig. 5 the simulation of electron density profile and the
transverse electric field Ey, on axis at an intermediate time.
At this time, the peak intensity of the pulse on axis decreased
down to a0 " 0.5. Electron density increases by steps corre-
sponding to the first 5 ionization degrees. The electron den-
sity gradient is responsible for the blue shift.

IV. CONCLUSION

In conclusion, we have observed an extreme blue shift
of the laser light, during ultrashort pulse propagation, due to
gas ionization by the pulse propagating in nitrogen. The
spectral analysis of the laser light scattered during the propa-
gation of an intense ultrashort laser pulse allowed us to fol-
low its spectral evolution in time and space. The huge
amount of upshift is consistent with self-phase modulation of
the pulse along several hundreds micrometers at an intensity
comparable with ionization thresholds. We also observed
modulations which can be tentatively attributed to pulsating
self-guided propagation but whose deep nature deserves fur-
ther investigation. Simulations confirm that the laser pulse

FIG. 4. Spectra of Ey field on axis. For each Xi, the spectrum of the field
times a super-Gaussian function, centered on Xi, is given. The wave vector
in vacuum k0 is marked by a white line. (a) 0.5 mm after the pulse entrance
in the gas jet and (b) 1.2 mm after entrance.

FIG. 5. Electron density (black curve) and Ey field (red curve) on the propa-
gation axis, at 1.0 mm after pulse entrance in the gas jet. Positions of the 5
ionization fronts are indicated.
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spectrum is substantially upshifted by the ionization gradient
and supply quantitative description of the pulse evolution in
a good agreement with the data provided by Thomson scat-
tering. This agreement is not obvious, also considering that
our measurements are performed onto the scattered light,
while simulation reproduces directly the spectrum of the
laser light itself during propagation. Moreover, simulation
was also able to show the evolution of the pulse length,
which progressively shorten from 65 to 20 fs due to nonlin-
ear effects occurring during propagation in the dense plasma.
Finally, the occurrence of 5-fold ionization of nitrogen is
confirmed with clear evidence of the role of the 5 ionization
fronts in the process. This work updates a long time research
on spectral modification of ultrashort pulses during their
propagation in a plasma and brings to a record shift measure-
ment the technique based on Thomson scattering, pioneered
by Sullivan et al.14 almost 20 years ago. In addition, the sim-
ple but very effective high resolution color imaging method
of the scattering region provides a suggestive and realistic
view of the ultrafast upshifting of the laser light.

The quite regular and reproducible increase of the blue
shift in time and space at a record rate of about 3 Å/fs
deserves systematic investigation in view of possible appli-
cations, including temporally and spatially resolved diagnos-
tics of ultrafast phenomena, localization of spectrally
resonant processes, controlled modification of ultrashort
laser pulse spectrum. For this reason, next experiments will
be devoted to obtain predictable and reproducible spectral
changes of the laser pulse.
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