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Abstract
The in�uence of second-order dispersion (SOD) on stimulated Raman scattering (SRS) in the interaction of an ultrashort
intense laser with plasma was investigated. More signi�cant backward SRS was observed with the increase of the
absolute value of SOD (j 2j). The integrated intensity of the scattered light is positively correlated to the driver laser
pulse duration. Accompanied by the side SRS, �laments with different angles along the laser propagation direction were
observed in the transverse shadowgraph. A model incorporating Landau damping and above-threshold ionization was
developed to explain the SOD-dependent angular distribution of the �laments.
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1. Introduction

Stimulated Raman scattering (SRS) is an important paramet-
ric instability in laser propagation in underdense plasma[1] .
It is a three-wave process with a pump electromagnetic (EM)
wave (! 0, k0) decaying into a scattered EM wave (! 1, k1) and
an electron plasma wave (! epw, kepw). The instability arises
in the region where the plasma density is equal to or less
than a quarter of critical densitync D me! 2

0=
�
4� e2

�
, with

me being the electron mass ande the electron charge. Due
to issues of reduced laser absorption and detrimental hot-
electron generation, SRS has been extensively investigated
in inertial con�nement fusion studies, where multiple-
beam high-energy nanosecond laser pulses are usually
adopted[2] .

In addition to long laser pulses, SRS also plays
key roles in ultrashort relativistic-intensity laser–plasma
interactions (> 1018 W=cm2)[3–8] . It continuously scatters
the laser energy and weakens its stable propagation,
impacting on various applications, including laser wake�eld
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acceleration (LWFA)[9] , novel-mechanism ion acceler-
ation[10–12] and high-brightness X-ray generation[13,14] .
Besides the drawbacks, SRS may also bene�t some
applications. It can enhance the electron injection in
LWFA[15] , and serve as a diagnostic of electron density[16,17] ,
laser intensity[8,17,18] and plasma temperature[19] .

In past studies, the chirp of ultrashort laser pulses has
been proposed to control the SRS process. It can be adjusted
by introducing second-order dispersion (SOD) ( 2), which
is also known as the group velocity dispersion, into the
laser pulse[20–25] . Theoretical research shows that a posi-
tive chirp can enhance SRS and create a large-amplitude
plasma wave. A negative chirp, on the other hand, may
suppress SRS[26–29] . However, only a limited number of
experiments have been conducted, and inconsistent conclu-
sions were drawn[21,22] . The dependence of Raman scattering
on the SOD of ultrashort laser pulses remains elusive,
and the role of subsequently varied pulse duration is still
unclear.

In this paper, the in�uence of SOD on SRS is experi-
mentally studied. Optical spectroscopy and shadowgraphy
were used to measure backward stimulated Raman scattering
(B-SRS), side stimulated Raman scattering (S-SRS) and
forward stimulated Raman scattering (F-SRS), respectively.
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For both positive and negative 2, it was observed that the
integrated B-SRS signal grows with the pulse duration. Side
scattering-induced �laments were observed to be more obvi-
ous with increasingj  2j. The angles of these �laments are
spatially dependent and sensitive to 2, which is explained
by an analytical model. Moreover, a suppression on F-SRS
was observed with a negative 2.

2. Experimental setup

The experiment was performed with the 200 TW Ti:sapphire
laser system at Shanghai Jiao Tong University[30] . The
schematic setup is shown inFigure 1(a). The main laser
beam was focused by an F/4 off-axis parabola (OAP) mirror
to a spot of 6mm in diameter, containing approximately
25% of the laser energy. The laser has a central wavelength
of � 0 D 800 nm with a bandwidth of 70 nm at full width at
half maximum (FWHM). The pulse duration,� L , is adjusted
by introducing 2 through an acousto-optic programmable
dispersive �lter, namely Dazzler[31] . In general, the temporal
pro�le of a Gaussian pulse is given by the following:

a.t/ D a0 exp
�

�
t2

� 2

�
exp[i! 0t .1C � t/ ] ; (1)

� D
��

4C 1! 4 2
2

�
=1! 2� 1=2

; (2)

� D 1! 4 2=
�
2! 0

�
4C 1! 4 2

2

��
; (3)

wherea0 is the normalized amplitude,1! is half of the fre-
quency bandwidth, and� and� represent the 2-dependent
laser duration and chirp, respectively. Here higher-order
dispersion is not considered. From Equation (2), one can
see that the pulse can be symmetrically stretched by adding
negative or positive 2. The instant frequency!. t/ changes
linearly in time with the chirp rate 2! 0� . In our experiment,
 2 was adjusted from –3000 toC3000 fs2. Here,  2 D 0
represents no SOD and it corresponds to a transform-limited
pulse with a duration of 29 fs. The positive (negative) 2

denotes a positively (negatively) chirped laser pulse. The
main pulse parameters at different 2 are summarized in
Table 1. The laser was focused on a helium gas jet target
at 275mm before the nozzle center and 1400mm above the
exit.

A probe pulse was split from the main pulse and fre-
quency doubled. The timing between the probe and the main
pulse was adjusted by a variable delay line as shown in
Figure 1(a). After passing through the interaction region, the
probe beam was further split by a biprism for interferometric
and shadowgraphic measurements.Figure 1(b) shows the
typical density distribution of a plasma channel from the
Abel-inverted interferogram, wherez D 0 mm represents
the laser axis andx D 0 mm denotes the nozzle center. It
shows that the plasma density along the laser axis comprises
a long density up-ramp and a plateau of approximately
1 � 1020 cm� 3. Figure 1(c) displays the typical plasma

Figure 1. (a) Schematic layout of the experimental setup. (b) Image of thetypical electron density distribution and the on-axis density lineout (red solid line)
with  2D 0. (c) The corresponding shadowgraph, where the color bar denotes the signal count in the charge-coupled device (CCD). The laser is incident
from the left-hand side. Here,t D 0 ps is denoted when the main laser is atx D � 1300mm. The interferogram and shadowgraphs were taken att D 7.0 ps.

Table 1. Laser parameters for different 2 with �xed energy (2.2 J).

j 2j
�
fs2�

0 500 1000 2000 3000
� L . fs/ 29.0 93.0 188.4 361.6 550.0
�

�
� 10� 5�

0 17.01 8.32 4.51 2.92
a0 5.60 3.12 2.20 1.58 1.28
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channel in the shadowgraph with 2 D 0. Two �ber-optic
spectrometers with �ber-coupled lenses were installed to
measure the optical spectra of back-scattered (Fiber 1 inFig-
ure 1(a)) and transmitted light (Fiber 2 inFigure 1(a)). The
detection ranges are 500–1200 and 200–1100 nm, respec-
tively.

3. Experimental results and analysis

3.1. In�uence of 2 on B-SRS

Figure 2 shows spectra of the back-scattered light under
different  2. It shows that the largerj  2 j is, the stronger
the back-scattering is. For both negative and positive 2,
the back-scattering spectra are almost identical for the same
j  2 j. When j  2 j> 1000 fs2, clear Stokes sidebands with
a regular interval were observed, indicating a substantial
stronger excitation of B-SRS[32] . From the match condition,
! 0 D ! 1 � ! pe (! pe is the plasma frequency), we deduce that
B-SRS occurs in the density regionne � 5� 1018 cm� 3.

To quantitatively compare the results, the red-shifted back-
scattering (840–1100 nm) was integrated and plotted as a
function of pulse duration� L (shown in Figure 3). The
integrated B-SRS signal has an exponential-like distribu-
tion for both negative and positive chirps. Although from
Equation (2), the laser pulses with the samej  2 j have the
same pulse duration, the integrated signal is dependent on
the sign of laser chirp. A larger signal was acquired with a
positive chirp.

In order to understand the in�uence of 2 on B-SRS, a
simple model is used. For an ultrashort laser propagating in
a homogeneous plasma, the growth rate of SRS is given by
the following[3] :


 0 �
kepw

8
vosc

"
! 2

pe

! epw
�
! 0 � ! epw

�

#1=2

; (4)

wherevosc is the electron oscillation velocity.
The analysis of the Stokes sidebands has shown that

B-SRS arises in the region of non-relativistic laser inten-

sity (I0 6 1.0� 1018 W=cm2 for  2 D 0) far before the
focus. Thus, the electron oscillation velocity is estimated
usingvosc D a0c, wherec is the speed of light. To evaluate

 0, plasma temperatureTe is required to infer the thermal
velocity vth D

p
Te=me, which is further used to estimate

the electron-plasma-wave frequency from the dispersion
relation, ! 2

epw D ! 2
pe C 3k2

epwv2
th. The quasi-static model of

above-threshold ionization (ATI) is applicable to get the
plasma temperature[33,34] . In the model, the phase mismatch,
1� , between the electron releasing position and the crest of
pump light, produces electrons with residual kinetic energy
" D 2Eqsin21� , where Eq is the electron ponderomotive
potential. Over a laser cycle, the averaged ATI energy is
given by the following[34] :

h" i D

R �
2

0 2EqW.t/cos� 2d�
R �

2
0 W.t/d�

; (5)

whereW.t/ is the tunneling ionization rate, which is depen-
dent on the strength of the electric �eldEl and the ionization
potentialEi of the target ion[35] . Then,Te could be calculated
by Te � 2

3Z

P
h" i i . For a helium target,Ei is 13.6 and 54.4 eV

to generate HeC and He2C , respectively. However, we ignore
the contribution of HeC to Te since HeC could be generated
by the ampli�ed spontaneous emission instead of the main
pulse.

As SRS develops in the rising edge of the laser pulse,
where different wavelength components are contained, the
chirp effect is straightforward. To simplify the estimation and
investigate the effect of the laser wavelength on SRS growth,
two cases with different single wavelengths, simulating the
positive and negative chirps, were used to calculate the
growth rates. We take� 0 D 835 and 765 nm, corresponding
to our laser bandwidth, for cases of positive and negative 2,
respectively.

The inset inFigure 3shows the growth rate as a function
of pulse duration. Here,
 0 decreases with� L and follows
the scale of� 1=

p
� L . It is 8.2% higher for long-wavelength

Figure 2. The back-scattered light spectra with various (a) positive and (b) negative second-order dispersions. The absence of light within 730–870 nm is
due to the total re�ection of the M1 mirror in front of the collection �ber (Fiber 1 in Figure 1(a)).
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Figure 3. Integrated B-SRS spectral signal (840–1100 nm) versus pulse
duration. The red solid squares are experimental results ofpositive 2 and
the blue solid squares correspond to negative 2. The error bars are due
to shot-to-shot �uctuations. The red dashed line presents thetheoretical
calculation ofe
 0tg with � 0 D 835 nm, whereas the blue dashed line is
that with� 0 D 765 nm. The inset shows the calculated
 0 with duration for
� 0 D 835 nm (red solid line) and� 0 D 765 nm (blue solid line), respectively.

laser excitation, asa0 is correlated with the laser wavelength.
Based on the calculation, the total gain of B-SRS could be
estimated byG � exp

�

 0� g

�
with growth time� g. The best

�t of the measurements is obtained with� g D 0.75� L and
plotted inFigure 3. This con�rmed the earlier studies that
B-SRS is excited at the pulse front[6,21] . Interestingly, the
crude estimation gives a similar growth time, which is
shorter than the pulse duration. The growth of B-SRS with
j 2j scales asG � exp

�

 0� g

�
/ exp

� p
� L

�
.

3.2. In�uence of 2 on S-SRS

Figure 4shows shadowgraphs of laser-produced plasma with
different 2. Filamentary structures were observed originat-
ing from the edge of the plasma channel due to the ionization
of neutral atoms by side-scattered light[8,36,37] . The side-
�lamentation is more noticeable, with a higherj  2j occur-
ring both in upward and downward directions. It is absent
with  2 D 0 fs2(shown inFigure 1(c)). The �laments occupy
a larger spatial region and have a longer length with a higher
j  2j, regardless of the sign of the chirp.Figure 5plots the
typical transverse pro�les for 2 D 0 and 2 D C500 fs2 at
the different spatial positions. The density pro�les are quasi-
Gaussian distribution in the transverse direction, which gives
rise to the observed beam divergence (marked by the white
solid lines inFigures 1(c) and 4). One should notice that the
transverse density pro�les are almost the same for 2 D 0
and  2 D C500 fs2, but the side-scattering was absent for
 2 D 0. This suggests the side-scattering could not be due to
the beam divergence but rather the S-SRS.

The effect of  2 on side-scattering can also be
distinguished by comparing the length and number of side
�laments. We found the difference in chirp is signi�cant

at a shorter pulse duration. For example, �lamentation in
the case of 2 D � 500 fs2 (Figure 4(d)) is extremely weak
compared to that with 2 D C500 fs2 (Figure 4(a)). However,
for  2 D � 2000 fs2 (Figures 4(c) and 4(f)), the difference
between the two cases becomes indistinguishable. The group
velocity dispersion induced by laser chirp could contribute
to the observation. The pulse compression (for positively
chirped pulse) or stretch (for negatively chirped pulse)
induced by the group velocity dispersion would reinforce
or suppress the Raman process. Moreover, this phenomenon
is strongly dependent on the chirp rate[26,27] . A higher chirp
rate has a stronger impact. Considering the chirp rate is 3.8
times larger forj  2jD 500 fs2 than that forj  2jD 2000 fs2

(shown inTable 1), it is reasonable to observe a signi�cant
difference for the former cases.

In addition, with the increase ofj  2 j, the lateral
dimension of the plasma channel reduces as a result of
reduced on-axis laser intensity due to pulse stretching. Itis
approximately 280� 15mm for j 2jD 500 fs2, approximately
200 � 15 mm for j  2 jD 1000 fs2 and approximately
140� 10mm for j 2jD 2000 fs2, respectively.

3.3. In�uence of 2 on F-SRS

Figures 6(a) and 6(b) show the transmitted spectra under
positive  2 and negative 2, respectively. The spectra of
transmitted light are mainly composed of the laser spectrum
and a blue-shifted component due to the ionization-induced
frequency shift[38,39] . The red-shifted spectrum is intrigu-
ingly absent. The in�uence ofj  2 j on F-SRS signi�cantly
differs from that on the backward and side-scattering. There
is no pronounced enhancement on SRS with increasing
j 2j. For positive 2, anti-Stokes sidebands emerge at 2 D
C500 fs2 and become more obvious at 2 D C1000 fs2. A
further increase in 2 will not affect the intensity of anti-
Stokes sidebands, while slightly modulating their intervals.
Sidebands in the cases of 2 D C1000 fs2,  2 D C2000 fs2

and 2 D C3000 fs2 have comparable signal intensity, which
may suggest saturation of F-SRS at longer pulse durations.

In addition, the laser chirp was found to have a signi�-
cant impact on F-SRS.Sections 3.1 and 3.2show similar
features of B-SRS and S-SRS for both negative and positive
chirps. For F-SRS, however, the transmitted optical spectrum
depends signi�cantly on the sign of the laser chirp. As shown
in Figure 6(b), in all cases with a negative laser chirp, the
spectra are similar to that with 2 D C500 fs2 in Figure 6(a).
There is no distinguishable sign of anti-Stokes sidebands in
F-SRS with a negative chirp, even though the pulse duration
is stretched to 550 fs ( 2 D � 3000 fs2). This indicates that F-
SRS is strongly suppressed with a negatively chirped pulse.
This observation is consistent with theoretical estimation[26] ,
where a laser with 12% bandwidth can eliminate Raman
forward scattering.
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Figure 4. Shadowgraphs showing side �laments at different second-order dispersions 2. (a)  2 D C500 fs2, (b)  2 D C1000 fs2, (c)  2 D C2000 fs2, (d)
 2 D –500 fs2, (e)  2 D –1000 fs2 and (f)  2 D –2000 fs2. The red arrows denote the �lament direction at different spatial position. The white lines show
the edges of the plasma channel.

Figure 5. The transverse plasma density pro�le in the cases of 2 D 0 and
 2 D C500 fs2. The solid lines and the dash-dot lines represent the pro�les
obtained atx D � 800mm andx D � 1000mm, respectively.

3.4. Side-scattering angle dependence on 2

As shown inFigure 4, there is a trend that the inclined
angle of �laments relative to the laser axis gets smaller with
the laser propagation (denoted by red arrows). In Figure7,
we plot the angles of both upward and downward �laments
as a function of spatial position for different 2. It shows
that a relatively larger side-scattering angle is observedwith
a higherj  2 j. At x D � 1150 mm, for instance, the angle
increases from 31.0� � 4� for j 2jD 500 fs2 to 41.0� � 4� for
j  2 jD 2000 fs2. In Figures 7(b) and 7(c), the upward and
downward side-scattering angles under positive and negative
chirps are compared. The chirp effect is negligible, since the
�lament angles follow the same trends for both negative and
positive  2. Meanwhile, we note that the side-scatterings
are asymmetric where the downward �laments have angles

several degrees larger than that in the upward direction at the
same spatial position. Similar observation has been reported
by Matsuokaet al.[8] ; however, the angular variation and
underlying physics remain elusive.

To explain the spatially-dependent scattering angles, a
model incorporating the growth of Raman scattering and the
energy damping processes was used[2] . The energy damping
rate of plasma waves is expressed as follows[2] :

0p D
� �

8

� 1=2 ! pe
�
kp� D

� 3 exp
�
�

1
2

�
kp� D

� � 2
�

3
2

�

C
�
! pe=! epw

� 2
vei;

(6)

where � D D vth=! pe is the Debye length andvei is the
electron–ion collision frequency. The �rst term on the right-
hand side in Equation (6) represents the Landau damping and
the second term is the inverse bremsstrahlung absorption.
The inverse bremsstrahlung absorption also causes an energy
dissipation of the EM wave, giving0s D

�
! pe=! 1

� 2
vei.

Combining the two damping processes, the spatial growth
rate of SRS is given as follows[2] :

� D

"

 2

0

v1xv2x
C

1
4

�
0s

v1x
�

0p

v2x

� 2
#1=2

�
1
2

�
0s

v1x
C

0p

v2x

�
; (7)

wherev1x andv2x represent the group velocity of the scat-
tered light and the plasma wave, respectively. They are
expressed as follows:

v1x D k1c2 cos�=! 1; (8)

v2x D 3.k0 � k1 cos� /
�
v2

th=! pe
�
; (9)
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Figure 6. The spectra of transmitted light with (a) positive second-order dispersion and (b) negative second-order dispersion.

Figure 7.The side-scattering angle at different spatial positions with (a) 2 D C500 fs2, (b)  2 D � 1000 fs2 and (c) 2 D � 2000 fs2. Orange circles and green
squares correspond to the measurements of the upward scattering angle with positive and negative 2, respectively. Blue triangles are the measurements
of the downward scattering angle with negative 2. The orange (blue) dashed line is the calculation based on themaximum spatial growth rate with
ne D 1.8� 1019 cm� 3 (ne D 2.4� 1019 cm� 3).

where� is the angle between the scattered light and the pump
light. According toEquations (7)–(9), the spatial growth rate
intrinsically depends on� .

Since side �laments were found to originate from the
plasma channel edge, the local plasma densityne was used
in calculating the growth rate� . Deduced from the interfer-
ogram,ne is .1.8� 0.3/ � 1019 cm� 3 at the upper edge and
.2.4� 0.3/ � 1019 cm� 3 at the lower edge. Considering the
laser focusing geometry, the laser intensity increases with the
propagation. Plasma temperatureTe is estimated by the ATI
ionization model described above.

Figure 8(a) shows the calculated plasma temperature dis-
tribution in the spatial position for differentj  2 j. Here,
Te increases with the laser propagation and decreases with
j  2 j. The calculated angular-dependent spatial growth rate
� is plotted in Figure 8(b). It shows that S-SRS has the
largest growth rate along a cone angle near the forward
direction[2,40] . The cone angle reduces with an increase inTe

or a decrease inne. We evaluated the in�uence of chirp on the
spatial growth rate by changing the laser wavelength� 0. The
angle with maximum growth rate� m is weakly dependent
on � 0. For example, atx D � 1300mm, � m varies from 29.6�

to 30.1� when� 0 changes from 760 to 840 nm. The insen-
sitivity of the scattering angle to the laser wavelength is
consistent with our observations. Thus, the effect of chirp
on the angle is trivial.

Since �laments should be most evident near� m,
we plot � m as a function of spatial position (shown in
Figures 5(a)–5(c)). The calculations successfully reproduce
the measurements in all cases, which suggest that the
reduced �lament angle is mainly due to the increasedTe.
During the laser propagation and focusing, the spot size
decreases andTe increases. Similarly, a larger� m is expected
for a higherj 2j, as the longer pulse duration will lower the
temperatureTe. The measured asymmetric side-scattering in
the upward and downward directions is evidently attributed
to thene difference of plasma channel edges in the transverse
direction.

4. Summary

In summary, we have reported a detailed study on the in�u-
ence of the SOD, 2, on SRS instability. The SRS is charac-
terized in the backward, sideways, and forward directions.
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Figure 8. (a) The plasma temperatureTe for different j  2 j. (b) The
typical angular distributions of the spatial growth rate that correspond
to the black crosses in (a). LD is forne D 1.8� 1019 cm� 3, and HD for
ne D 2.4� 1019 cm� 3.

Evident excitation of SRS in all directions was observed
when 2 is introduced. B-SRS and S-SRS grow withj  2j,
and a stronger signal was measured with a positive 2.
However, there is a suppression of F-SRS when a negatively
chirped pulse is used. Supported by a theoretical model,
the spatially-dependent angle distribution of side-scattering
is investigated. The side-scattering angle is de�ned by the
plasma temperature and density and is insensitive to the laser
chirp.
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