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Stimulated Raman side scattering of an ultrashort high power laser pulse is studied in experiments on

laser wakefield acceleration. Experiments and simulations reveal that stimulated Raman side scattering

occurs at the beginning of the interaction, that it contributes to the evolution of the pulse prior to wakefield

formation, and also that it affects the quality of electron beams generated. The relativistic shift of the

plasma frequency is measured.
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Stable propagation of ultrashort laser pulses having
focused intensities exceeding the relativistic threshold
(�1018 W=cm2) in low density plasmas is an important
requirement for laser wakefield accelerators (LWFAs) [1–
3]. LWFAs have become a very promising potential appli-
cation because of the high quality quasimonoenergetic
electron beams that have been observed [4–6]. Subse-
quent experimental developments have extended the elec-
tron beam energy to the GeV range using plasma guiding
structures [7], and also have reduced the energy spread to
the order of a percent [8].

The self-guided LWFA regime [3,9] in which the laser
pulse is guided over a long distance via relativistic self-
focusing [2,3,10–14] is attractive because of its simplicity
when compared to the use of plasma guiding structures.
However, in such experiments the acceleration process is
significantly affected by laser pulse evolution and propa-
gation instabilities because of the high laser intensities
required. For example, if the laser pulse breaks into fila-
ments [12,14], a stable wakefield structure cannot occur,
and therefore characteristics of the electron beam such as
beam spatial profile, emittance, and energy spread are
degraded when compared with the stable propagation of
a single laser filament.

In this Letter, we report on the first systematic experi-
mental study of stimulated Raman side scattering (SRSS)
of an ultrashort pulse laser and its correlation to the high
energy electron beams produced by LWFA at very high
laser power. Stimulated Raman scattering is the coupling
of an intense laser pulse (of frequency !0) to an electron
plasma wave (!p) and a scattered light wave (such that

!sc ¼ !0 �!p). This instability can contribute to evolu-

tion of the laser pulse prior to electron beam production in
the ‘‘bubble’’ regime [2–6,15]. Numerical simulations re-
veal that the laser pulse is etched via the process of SRSS.
We also demonstrate experimentally that SRSS is en-
hanced by larger focal spots—which is likely due to the
longer transverse distance across the spot over which the
instability can grow. In addition, these observations enable
us to measure for the first time the wavelength shift of the
scattered SRSS (i.e., the relativistically corrected plasma

frequency)—which is useful as an in situ spatially resolved
measure of the laser intensity during propagation.
In the experiments, an interaction pulse (�0 ¼ 800 nm,

� ¼ 35 fs) irradiated a helium gas jet from a supersonic
nozzle. The length of the gas jet was 2–3 mm in the
experiments discussed here. Two focusing configurations
were used, f=10 and f=15, in order to study the influence
of laser focusing on SRSS in a LWFA. In the f=10 con-
figuration, after wave front correction with a deformable
mirror, the 10 cm diameter laser beam was focused using a
1 m focal-length off-axis parabolic mirror to a spot of
10 �m FWHM containing 60% of the pulse energy [16].
A focused peak intensity of 8� 1019 W=cm2 was achieved
using a laser power of 100 TW. In the f=15 configuration,
the laser beam was focused by a 1.5 m focal-length off-axis
parabolic mirror without wave front correction. In this
case, 32% of the laser energy was in an elliptical focal
spot of FWHM major and minor axes of 31 and 16 �m,
respectively, and hence a focused peak intensity of 1�
1019 W=cm2 was achieved using 100 TW laser power. For
all of the experiments described here the contrast ratio
between the amplified stimulated emission on the nano-
second time scale and the pulse peak was 10�8. A probe
pulse was generated by splitting 4% from the interaction
pulse using a 2 �m thick pellicle for interferometry.
A shearing interferometer was used in the probe arm to

measure the plasma density profile with spatial resolution
�10 �m. Accelerated electrons produced in the interac-
tion were deflected by a sector shaped magnet and were
measured by a LANEX (Kodak) scintillating screen. Light
emitted by the LANEX screen was imaged by a lens onto
another CCD camera through a BG-39 (Schott Glass) filter.
The energy scale on the LANEX screen is nonlinear and
the resolution was �5 MeV for 50 MeV electrons, and
�7 MeV for 100 MeV, which was limited by the electron
beam divergence of 10 mrad. The transmitted laser beam
was reflected by a glass wedge and was sent to an imaging
system in order to measure the laser mode image and
spectrum.
Typical interferograms of the plasma are shown in

Figs. 1(a) and 1(d) for different laser powers. Both inter-
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ferograms show a plasma column generated from ioniza-
tion of the gas by the laser pulse along the laser axis. These
images were obtained during experiments using the f=15
configuration. The transverse size of the plasma column is
300–400 �m and is larger than the focal spot diameter due
to the existence of lower intensity wings of the pulse. At
the top of Fig. 1(d) above the plasma column there are
relatively smaller fringe shifts and narrow filamented struc-
tures (bounded by dashed arrows ks1 and ks2, which in-
dicate the wave vector whose scattering angle � shows
maximum and minimum, respectively [Fig. 1(h)]. This
structure is likely due to the significant scattered energy
from the laser pulse via SRSS and the filamented ionization
patterns are due to a ‘‘bursting’’ behavior of this instability
in the nonlinear regime [17]. This SRSS is symptomatic of
an unmatched interaction with a laser pulse longer than the
relativistic plasma wavelength as shown later by simula-
tions. For unmatched pulses, stimulated Raman scattering
(SRS) is excited and the pulse also undergoes erosion or
compression until it becomes about half of the plasma
wavelength. When SRSS occurs at low levels as shown
in Fig. 1(a), a single laser spot (b) similar to the vacuum
focus (g) is typically observed at the exit of the plasma.
This stable laser beam propagation generally generates a
single, quasimonoenergetic electron bunch as shown in

Fig. 1(c). However, when the laser power is increased,
SRSS increases dramatically and the laser pulse is more
likely to break up into filaments. Laser filamentation can
contribute to the production of multiple beamlets of elec-
trons with a broad energy spectrum due to the strongly time
dependent nature of the interaction as shown in Fig. 1(f). In
these experiments this structure is only observed in the
upper half plane for all shots, which is likely due to the
asymmetrical focal spot of the laser.
The scattering angle for the maximum growth rate of

SRSS depends on plasma density and is shown in Fig. 2 for
ks2. A formula derived from the wave number matching
condition, where forward and backward SRS produce the
same wave number density perturbation [18], can be ex-
pressed as

sin� ¼ cos� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2!pr=!0

q

; (1)

where � is the angle between plasma wave vector (kp) and

the laser pulse, the relativistic corrected plasma frequency

is given by !pr ¼ !p=
ffiffiffiffi

�
p

with � ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ a20=2
q

, and a0 is

the normalized vector potential, a0 ¼ 0:85�
10�9 ��m

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

I½W=cm2�p

. The focal spot diameter and the

pulse duration in vacuum were used to estimate a0 in
Fig. 2. The angle of ks2 demonstrates good agreement
with the above expression but not ks1, which is 10–20 de-
grees greater than the angles for ks2. The characteristic
angle observed in the experiment changes to smaller values
as the beam propagates through the plasma.
In experiments using the f=10 configuration we also

imaged the side scattered spectrum perpendicular to both
the laser polarization and laser propagation directions. In
order to adjust the laser polarization, a half wave plate was
inserted after pulse compression in vacuum. The electron
generation and spot size were not affected by the wave
plate. The spatially resolved spectrum is shown in Fig. 3
for different laser intensities. The laser intensity was de-
creased by changing the laser energy and pulse duration.
The plasma density profile was measured from transverse
interferometry as discussed earlier. The on-axis density

FIG. 1 (color online). (a) and (d) Interferogram, (c) and
(f) electron spectrum, (b), (e), and (g) laser mode images.
(h) Vector diagram of scattering. Sets of images (a)–(c) and
(d)–(f) are obtained for a single shot of laser power at 26 TWand
95 TW, respectively. The plasma density is 2.5 and 2:9�
1019 cm�3. The spatial scale in (a) is 0.5 mm per division. In
(d), the laser propagation axis (k0: laser wave vector) is shown by
the black solid arrow, and the ionized region due to side scattered
light showing maximum and minimum scattering angles (�
measured from k0) is indicated by ks1 and ks2, respectively.
The intensity scale of laser mode images is normalized to
peak intensity for each image. (b) and (e) show mode images
at the exit of the gas jet, while (g) shows the focal spot in
vacuum. The intensity of image (c) is multiplied by 10.
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FIG. 2. Plasma density dependence of scattered light angle, �,
from (diamonds) 30 TW shots and (squares) 100 TW shots. The
lines are from Eq. (1) at (solid) a0 ¼ 0, (dash-dotted), a0 ¼ 1:2,
and (dashed) a0 ¼ 2:1. Nonzero a0 values are consistent with
vacuum focus diameter for laser power of 30 and 100 TW. The
error bar corresponds to variation of k0 including focusing cone
angle, i.e., 3.8�.
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profile was used to calculate !p, which was subsequently

used to estimate the satellite wavelength through !sc ¼
!0 �!p. However, the linear SRSS expression was found

to not correlate to the experimentally measured satellites,
as in addition to a density dependence, there was also an
observed intensity dependence.

The relativistically corrected plasma scattered frequency
!scr ¼ !0 �!pr consequently needs to be considered.

Here, the focal spot diameter and the pulse duration in
vacuum were used to estimate a0. Scattered light was
observed consistently from the first 500 �m of propaga-
tion, which is comparable to the Rayleigh range of the laser
pulse. The spectral peak is shifted according to the rela-
tivistically corrected !pr along the propagation axis rather

than the !p for high intensity interaction as shown by

Fig. 3(a). No anti-Stokes component was observed in these
experiments, which is consistent with linear SRS theory
[19]. For lower intensity interactions where a0 � 1:3
[Fig. 3(b)], the spectral shift is best represented by the
linear plasma frequency, !p. The spatial dependence of

the frequency shift in Fig. 3 is due to the density increase at
the front of the gas jet. It should also be noted that in the
forward direction, there is no clear observation of SRS
(either as scattered Stokes or anti-Stokes lines). Intensity

dependence is clearly observed as shown in Fig. 3(c),
which shows the frequency shift (!s �!0) as a function
of a0 over a wide parameter range (� ¼ 35–240 fs, E ¼
0:96–3:3 J, and ne ¼ 0:74–1:2� 1019 cm�3). Here, the
frequency shift is obtained from a point where the maxi-
mum SRSS signal is observed in individual images. Note
that data points from experiments and simulations agree
well with !pr, although the focal spot diameter and the

pulse duration in the vacuum are used to estimate a0. The
measured frequency shift is therefore useful as a spatially
resolved diagnostic of laser intensity in plasmas. The prod-
uct of the growth and time given by the SRS backscattering

growth rate can be written as GSRS ¼ a0�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

!0!pr=2
q

[19]

and can be used to estimate gain of the instability in the
linear regime. Parameters for Figs. 3(a) and 3(b) at the
front edge of the gas jet yield GSRS ¼ 40 and 30, respec-
tively. A larger GSRS for higher intensity interactions is
qualitatively consistent with experimental observations.
The large GSRSð� 1Þ shows that SRS is fully nonlinear
and is observed as modulation of the intensity along z
which might be due to bursting behavior of the SRS [17].
A number of two dimensional particle-in-cell simula-

tions were performed using the code OSIRIS [20] in order to
understand this interaction. The spatial resolution was 30
cells per laser wavelength in the propagation direction and
16 cells per wavelength in the direction transverse to
propagation, with 4 particles per cell for both electrons
and mobile ions. The simulation was performed in a sta-
tionary box of size 400 �m by 200 �m. A Gaussian laser
pulse propagates along the z axis with a peak a0 of 1.5 and
a pulse length of � ¼ 42 fs. The radius of the laser pulse
was 12:7 �m FWHM at the front edge of the plasma. The
plasma density profile was assumed to be flat top at a
density of ne ¼ 1:73� 1019 cm�3. A linear density up
ramp with a length of 50 �m was at the front of the
plasma. Sequential images from the simulation are shown
in Fig. 4 which displays 3 stages of the laser pulse evolu-
tion during propagation. In the first stage, Fig. 4(a), the
laser pulse is longer than the plasma period (c� > �p), and

plasma waves due to SRSS are clearly visible at the angle
corresponding to the scattered light emitted at an angle
given by Eq. (1). In the second stage, Fig. 4(b), the
pulse duration has become smaller than the relativisti-
cally corrected plasma wavelength, and hence SRSS has
ceased. The peak laser a0 is amplified due to self-focusing
and a bubble-shaped wakefield begins to form. In the third
stage, Fig. 4(c), a stable, bare ion cavity was formed. A
single bubble was observed for this simulation run since
the laser spot radius was close to the matched spot size, w0

(1=e2 intensity radius), given by kpw0 ¼ 2
ffiffiffiffiffi

a0
p

[3].

However, a transversely modulated wakefield could also
be observed in simulations for larger spot sizes, at the
same peak laser power. Such density modulations could
perturb the transverse laser beam profile resulting in
laser beam filamentation as well as electron beam
filamentation.

FIG. 3 (color online). Spatially resolved spectrum of side
scattering light. (a) a0 ¼ 4:8, � ¼ 35 fs, E ¼ 2:3 J.
(b) a0 ¼ 1:3, � ¼ 170 fs, E ¼ 0:96 J. Here E is laser energy.
The vertical axis is the spatial axis. The laser pulse propagates
from top to bottom. SRSS satellites’ lines are overlaid on images
as indicated. Emission around 800 nm in (b) is due to the probe
pulse and is too weak to measure in (a). (c) Frequency shift as a
function of laser intensity. Open (solid) squares are experimental
(simulation) data points. The solid curve is !pr. Error bars are

due to density gradients within the observation window. Each
data point is an average of 1–6 shots.
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We found that the angle � ¼ 63� was constant across
propagation, which can be seen in the two insets in Fig. 4,
which show identical kp direction. Careful analysis of � at

the density ramp where � is expected to increase was also
63�. A � differing from 63� is observed at the density ramp
for Figs. 4(b) and 4(c). However, this kp could not con-

tribute to the SRSS observed in the experiment since no
energy from the laser pulse is left (c�� 13:5 �m).

In the linear theory for Raman scattering [19], the
growth rate of backward SRS is much greater than that
for forward SRS. Therefore, at the beginning of the inter-
action, backward SRS dominates over the forward such
that Eq. (1) is likely not applicable. As the instability
evolves, forward SRS grows sufficiently such that Eq. (1)
describes the angle of the main emission of SRSS. Higher
order plasma waves [21], which are observed in our two-
dimensional particle-in-cell simulations, might also play a
role for determining a scattering angle where high intensity
of the laser pulse is required and which most likely occurs
at the beginning of the interaction.

In the simulation, we observed that the laser pulse is not
only etched from the front part of the pulse but also from
the rear. This is in contrast to other pulse evolution pro-
cesses in this regime for LWFAs, in which the laser pulse is
etched from the front of the pulse due to photon decelera-
tion or pulse front erosion [3]. Since there is a correlation
between pulse evolution and SRSS as described above, it is
likely that SRSS contributes to the etching of the rear of the
pulse. Note that for SRSS, the driven plasma wavelength is
much smaller than the wake wavelength �p � 2�!p=c,

such that the many periods fit in the laser pulse because of
the phase matching condition which leads to a relatively
slow plasma wave phase velocity.

In conclusion, we observed that excessive amounts of
SSRS adversely affected the electron beam quality and was
correlated with filamentation of the resulting electron

beam. The optical side scattered spectrum indicated a clear
Stokes shift due to SRSS that is proportional to the rela-
tivistically corrected plasma frequency. This can provide a
spatially resolved measure of the intensity of the laser
beam as it propagates through the plasma. The two-
dimensional particle-in-cell simulations in a stationary
box show that the laser pulse evolves significantly during
propagation through the plasma and SRSS erodes the rear
part of the pulse, contributing to the reshaping of the laser
pulse to the matched pulse duration. Experiments and
simulations both show that using an improved focal spot
quality whose size is close to the matched spot size can
reduce filamentation due to SRSS and improve electron
beam quality. In fact, in these situations SRSS can play a
beneficial role in the further evolution of the laser pulse
shape towards the matched condition. However it is also
clear that longer (unmatched) laser pulses with focal re-
gions having large transverse dimensions can result in
significant SRSS that can generate perturbations in the
beam, thus seeding filamentation instabilities.
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FIG. 4 (color online). Electron density profiles from OSIRIS

simulation of a 42 fs pulse with a0 ¼ 1:5. (a) t ¼ 330 fs,
(b) t ¼ 660 fs, (c) t ¼ 1000 fs. The dashed line and the arrow
show wave front and kp of the plasma wave. Insets are magnified

by twice. Two dashed lines in (a) and (b) have the same � ¼ 63�,
which is consistent with the value obtained from Eq. (1).
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