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L. Labate a,c, L.A. Gizzi a,c

a ILIL, Istituto Nazionale di Ottica, CNR, Via G. Moruzzi, 1, 56124 Pisa, Italy
b Dipartimento di Fisica, ‘‘E. Fermi’’ University of Pisa, Pisa, Italy
c INFN, Sezione di Pisa, Largo B. Pontecorvo 3, Pisa, Italy

a r t i c l e i n f o

Article history:

Received 13 October 2011

Received in revised form

3 April 2012

Accepted 3 April 2012
Available online 10 April 2012

Keywords:

Laser plasma interaction

Wakefield

Thomson scattering

Spectrum modification

a b s t r a c t

Spectral modification of an intense ðZ1018 W cm�2Þ laser pulse propagating in a helium gas target was

studied using Thomson scattering diagnostic. The spectra recorded at 901 to the laser propagation and

polarization direction show a significant modulation and modification of the incident laser pulse during

its interaction and propagation through the helium gas target. Simulations suggest that such a

modulation in the spectrum of the laser pulse could arise due to its interaction with the self excited

plasma waves.

& 2012 Elsevier B.V. All rights reserved.

1. Introduction

Frequency conversion of a laser pulse propagating through a
medium having varying refractive index is a subject of consider-
able attention. In the case of laser gas interaction the variation in
the refractive index could arise due to the two main basic
mechanisms. First, through the rapid ionization of the medium
[1] and second, by the interaction of the electromagnetic wave
with the plasma wave [2].

When an intense ultrashort laser pulse propagates through a
gaseous medium, it changes the refractive index of the medium
through ionization, which in turn changes the phase and ampli-
tude of the incident wave [3]. The phase and amplitude change
induces modification in the spectral and spatial profile of the
pulse. In addition to the ionization, the laser pulse excites
collective electron density oscillations or electron plasma wave.
The electron plasma wave consists of regions of high and low
electron densities, which give rise to a modulating refractive
index. Laser pulse interacting with such an oscillating refractive
index experiences frequency shift.

Most of the earlier investigations on the frequency up-shift of
the laser pulse incident on a gas jet target were related with the
ionization induced refractive index change of the medium [4–8].

The first experimental observation of the frequency conversion
induced by the laser wakefield was reported by Murphy et al. [9].
An experimental observation of the frequency conversion, arises
from the modulation instability, was reported by Trines et al. [10].
In their study spectral modulation and mainly blue shift of the
incident laser pulse was observed. A maximum shift close to
50 nm was found.

This paper reports on an experimental observation of the
frequency shift of a single, intense, short laser pulse induced by
the self generated plasma waves. The shift in the spectrum was
recorded at 901 to the laser propagation and polarization direction
using Thomson scattering diagnostic. An up-shift, exceeding 100 nm
in the wavelength has been observed. This is for the first time, in the
best of our knowledge, such a large shift is recorded in a single laser
pulse experiment using Thomson scattering configuration.

The purpose behind the 901 Thomson scattering observation is
to get some information, which could help in understanding the
nature of the interaction of the laser pulse during its propagation
inside the medium. Thomson scattering diagnostic could serve as
an alternative way of detecting the change in the spectral profile
of the laser pulse. The scattered radiations carry information
about the scattering centers. The modulations observed in the
scattered radiations are an evidence of the interaction of the laser
pulse with the plasma waves.

The paper is organized as follows: in Section 2, brief description
of the experimental set up is given. In Section 3, experimental
results and discussion on its origin are given. In Section 4, numerical
simulation of wave propagation and its modulation are presented
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using PIC code. Finally, in Section 5, conclusion of the manuscript
is given.

2. Experimental set up

The experiment was carried out at ILIL of Istituto Nazionale
di Ottica (INO) with a Ti:Sapphire laser system, which delivers
800 nm, 65 fs laser pulse. A small part of the pulse was split,
double in frequency (using a KDP crystal) and used as a probe
pulse for interferometry. The main laser pulse was focused down
to 10 mm spot using an F/6 off axis parabolic mirror (OAP). The
energy content in the focused spot was around 100 mJ. The
experimental set up is illustrated in Fig. 1. The experiment was
mainly devoted to optimize the conditions for electron accelera-
tion. By scanning the position of the best focus onto the gas-jet
optimum conditions for electron acceleration were found. The
probe laser pulse was used for Nomarsky modified interferometry
[11] to obtain the electron density evolution. Thomson scattering
diagnostic, which consists of an imaging system for the scattering
region and a spectrometer (as shown in Fig. 1) was used to
retrieve information on the laser propagation. A phosphor screen
(LANEX) placed along the laser propagation axis was used to
detect the accelerated electron bunch. The electron acceleration
studies were successful and reported elsewhere [12].

3. Experimental result and discussion

For a laser pulse propagating in an underdense plasma the
spectral analysis is normally carried out by sending the transmitted
pulse directly into a spectrometer. This provides space and time
integrated information on the pulse spectrum modification. All the
information regarding laser–matter interaction remains encoded in
the pulse spectrum without revealing how it developed in the pulse
during its propagation in the medium. If this information could
be obtained, then it could be possible to study the evolution of the
nonlinear laser–matter interaction phenomena. One such method to

characterize the ultraintense and ultrashort laser fields and to
study the ultrafast dynamics of the electrons was proposed by Gao
[13,14]. For an excellent review on nonlinear Thomson scattering of
an intense laser pulses from beams and plasma the reader can refer
Ref. [15].

In the present work, we exploit the Thomson scattering
radiations to study the frequency modulation of the laser pulse
during its interaction and propagation through the helium gas
target. The Thomson scattering (TS) diagnostic is generally used
to monitor the propagation of the laser pulse in the medium. In
addition, we used a fiber optics based spectrometer to analyse the
TS radiations. The detection range of the spectrometer was from
200 nm to 850 nm.1

In the experiment modulation and broadening of the incident
laser pulse, mostly towards blue region, has been recorded.
Fig. 2(a)–(c) show the Thomson scattered spectrum obtained
from the helium gas target at a backing pressure of 35, 40 and
50 bar, respectively. Blue line in these figures show the spectrum
of the laser pulse in the vacuum. The noteworthy features in the
Thomson scattered radiations are the modulation of the spectrum
and progressive frequency shift. The modulations in the spectrum
increase with increasing backing pressure, indicating the depen-
dence of the modulation in the scattered spectrum on the plasma
electron density. At high pressure the frequency of the scattered
radiation shows both up and down shift. No filters have been
used during the recording of the spectrum. In our experimental
conditions the frequency up-shift is likely to originate from
the interaction of the laser pulse with the plasma waves, as
discussed below.

At the intensity level and time scale of the laser pulse the
ionization occurs at very early stage of the interaction. The major
portion of the pulse propagates as if it is propagating in a
preformed plasma. During propagation, front part of the pulse
excites plasma wave. As soon as the plasma wave develops it

Fig. 1. Experimental set up. Left side in the figure is the top view of the interaction region and right side shows the side view of the interaction region. OAP in the figure

indicates off axis parabolic mirror.

1 The laser spectrum in vacuum was measured with a separate fiber optics

based spectrometer having different detection range.
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