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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 SO (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 acceleration (LWFAJ!, novel-mechanism ion acceler-

atiod'®d and high-brightness X-ray generatitri?.

Stimulated Raman scattering (SRS) is an important parameBesides the drawbacks, SRS may also benet some
ric instability in laser propagation in underdense pld$ma applications. It can enhance the electron injection in
Itis a three-wave process with a pump electromagnetic (EM) WFAI' | and serve as a diagnostic of electron deHsit§,
wave { o, ko) decaying into a scattered EM wave; (ki) and  laser intensit§'"'8 and plasma temperat{id.
an electron plasma wavé fw, Kepw). The instability arises  In past studies, the chirp of ultrashort laser pulses has
in the region where the plasma density is equal to or lespeen proposed to control the SRS process. It can be adjusted
than a quarter of critical density. D m! 3= 4 € , with by introducing second-order dispersion (SOD}), which
me being the electron mass aedhe electron charge. Due s also known as the group velocity dispersion, into the
to issues of reduced laser absorption and detrimental hotaser puls€®?3. Theoretical research shows that a posi-
electron generation, SRS has been extensively invedtigat&ive chirp can enhance SRS and create a large-amplitude
in inertial con nement fusion studies, where multiple- plasma wave. A negative chirp, on the other hand, may
beam high-energy nanosecond laser pulses are usualyippress SRE2I. However, only a limited number of
adoptetf!. experiments have been conducted, and inconsistent conclu-

In addition to long laser pulses, SRS also playssijons were drawd-?3. The dependence of Raman scattering
key roles in ultrashort relativistic-intensity lasergi@ on the SOD of ultrashort laser pulses remains elusive,
interactions % 10'® W=cn?)l**l. It continuously scatters and the role of subsequently varied pulse duration is still
the laser energy and weakens its stable propagatiomnclear.
impacting on various applications, including laser wakd e In this paper, the inuence of SOD on SRS is experi-
mentally studied. Optical spectroscopy and shadowgraphy
Lase?%n;essrgggdfﬁﬁ]e}sttg Ol\f/l-EdC:Ce;ioanf;d géhgglag% gﬁglfsilggbsggg for were used to measure backward stimulated Raman scattering
omy, Shanghai Jiao Tong University, éhanghai 200240, Critmaail: (B-SRS), side stimulated Raman scattering (S-SRS) and
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For both positive and negative,, it was observed that the whereag is the normalized amplitudd,! is half of the fre-
integrated B-SRS signal grows with the pulse duration. Sidejuency bandwidth, andand represent the ,-dependent
scattering-induced laments were observed to be more obvitaser duration and chirp, respectively. Here higher-order
ous with increasing »,j. The angles of these laments are dispersion is not considered. From Equatia}), One can
spatially dependent and sensitive tg, which is explained see that the pulse can be symmetrically stretched by adding
by an analytical model. Moreover, a suppression on F-SR&egative or positive ,. The instant frequency t/ changes

was observed with a negative. linearly in time with the chirp rate!2, . In our experiment,
» was adjusted from —3000 163000 f¢. Here, , D 0
2. Experimental setup represents no SOD and it corresponds to a transform-limited

pulse with a duration of 29 fs. The positive (negative)
The experiment was performed with the 200 TW Ti:sapphiredenotes a positively (negatively) chirped laser pulse. The
laser system at Shanghai Jiao Tong Univel$ity The  main pulse parameters at different are summarized in
schematic setup is shown ifigure Xa). The main laser Table 1 The laser was focused on a helium gas jet target
beam was focused by an F/4 off-axis parabola (OAP) mirroit 275mm before the nozzle center and 149 above the
to a spot of 6mm in diameter, containing approximately exit.
25% of the laser energy. The laser has a central wavelengthA probe pulse was split from the main pulse and fre-
of o D 800 nm with a bandwidth of 70 nm at full width at quency doubled. The timing between the probe and the main
half maximum (FWHM). The pulse duration,, is adjusted ~ pulse was adjusted by a variable delay line as shown in
by introducing » through an acousto-optic programmable Figure Xa). After passing through the interaction region, the
dispersive Iter, namely DazzIE¥!. In general, the temporal Probe beam was further split by a biprism for interferoneetri

pro le of a Gaussian pulse is given by the following: and shadowgraphic measuremeritgure Ib) shows the
2 typical density distribution of a plasma channel from the
at/Dagexp — expli! ot.1C t/]; (1)  Abel-inverted interferogram, where D O mm represents
the laser axis and D 0 mm denotes the nozzle center. It
D 4Cc1 * 22 =11 2 l:2; (2)  shows that the plasma density along the laser axis comprises
a long density up-ramp and a plateau of approximately
D1l * ;=200 4C1 * 7 ; (B) 1 10%° cm 3. Figure 1c) displays the typical plasma
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Figure 1. (a) Schematic layout of the experimental setup. (b) Image dfieal electron density distribution and the on-axis dgrigieout (red solid line)
with 2D 0. (c) The corresponding shadowgraph, where the color basteethe signal count in the charge-coupled device (CCD). e la incident
from the left-hand side. HeréD 0 ps is denoted when the main laser is& 1300nm. The interferogram and shadowgraphs were takeDat.0 ps.

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

I fs? 0 500 1000 2000 3000
L.fs/ 29.0 93.0 188.4 361.6 550.0
10 5 0 17.01 8.32 451 2.92

ap 5.60 312 2.20 1.58 1.28
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channel in the shadowgraph with, D 0. Two ber-optic  sjty (106 1.0 10 W=cn? for , D 0) far before the
spectrometers with ber-coupled lenses were installed tdfocus. Thus, the electron oscillation velocity is estindate
measure the optical spectra of back-scattered (FibeFiin usingVesc D aoC, Wherec is the speed of light. To evaluate
ure I(a)) and transmitted light (Fiber 2 ifigure ¥a)). The | plasma teg]peraturiie is required to infer the thermal
detection ranges are 500-1200 and 200-1100 nm, respegelocity vin D ' Te=me, Which is further used to estimate
tively. the electron-plasma-wave frequency from the dispersion
relation,! 2, D ! 5,C 3KkZ,Vi,- The quasi-static model of
above-threshold ionization (ATI) is applicable to get the
plasma temperatufé*4. In the model, the phase mismatch,
3.1. Inuence of ;onB-SRS 1 , between the electron releasing position and the crest of

Figure 2 shows spectra of the back-scattered light undeﬂ{,J ump “ght’ produces eIec'Frons with residual kinetic eyerg
. T D 2Egsi’l , whereEq is the electron ponderomotive
different 5. It shows that the larger »j is, the stronger

the back-scattering is. For both negative and positige pptential. Over a !asa]r cycle, the averaged ATI energy is
the back-scattering spectra are almost identical for theesa given by the followinéf:
i 2j. Whenj ,j> 1000 f¢, clear Stokes sidebands with

3. Experimental results and analysis

a regular interval were observed, indicating a substantial Hi D o 2EqW.t/cos d 5)
stronger excitation of B-SR%S. From the match condition, *;7 W.t/d '

FoD11 ! pe(! peisthe plasma frequency), we deduce that

i i i 8 3
B-SRS ocgurs_ in the density regioa 5 10 cm o whereW.t/ is the tunneling ionization rate, which is depen-
To quantitatively compare the results, the red-shiftebac dent on the strength of the electric el and the ionization

scattt_ering (840-1100 nm) was integrgteq and plotted as &otentiaIEinf the target iol”l. Then, T, could be calculated
function of pulse duration (shown inFigure 3. The byTe 2  H;i.Fora helium targe€; is 13.6 and 54.4 eV
integrated B-SRS signal has an exponential-like distribus generszite He and HES, respectively. However. we ignore
tion for both negative and positive chirps. Although from "0 4ib ition of HE to T, since H& could be generated

Equation ¢), the Igser pulges with the.sametgj have the by the ampli ed spontaneous emission instead of the main
same pulse duration, the integrated signal is dependent Oﬁhlse.

the _s.ign of_ laser chirp. A larger signal was acquired with a As SRS develops in the rising edge of the laser pulse,

positive chirp. ) where different wavelength components are contained, the
_In order to l_Jnderstand the in uence of; on B-SRS, _a _chirp effect is straightforward. To simplify the estimatiand

simple model is used. For an ultrashort laser propagating "ﬂwvestigate the effect of the laser wavelength on SRS growth

a homoggnegys plasma, the growth rate of SRS is given by, ¢ases with different single wavelengths, simulating th
the following: positive and negative chirps, were used to calculate the

Kep 12, #1:2. growth rates. We takeo D 835 and 765 nm, corresponding
0 ?Vosc Toon Lo | ; (4)  to our laser bandwidth, for cases of positive and negatiye
v e respectively.
wherevygcis the electron oscillation velocity. The inset inFigure 3shows the growth rate as a function

The analysis of the Stokes sidebands has shown thaif pulse duration. Here,o decreases with. and follows
B-SRS arises in the region of non-relativistic laser inten-the scale of 1="". It is 8.2% higher for long-wavelength
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Figure 2. The back-scattered light spectra with various (a) positive (@) negative second-order dispersions. The absence of lighihw30-870 nm is
due to the total re ection of the M1 mirror in front of the cotigon ber (Fiber 1 in Figure 1(a)).
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at a shorter pulse duration. For example, lamentation in

<105 25 12 82 62 49 41 the case of , D 500 f& (Figure 4d)) is extremely weak

= 0 107 ' ' ' ' 260 compared to that with , D C500 & (Figure 4a)). However,
; 9 @ ; for ,D 2000 f¢ (Figures 4c) and 4(f)), the difference
& =6 ‘1) between the two cases becomes indistinguishable. The group
2 e #F A8 velocity dispersion induced by laser chirp could contrébut
§ . Positi::if}:i)rp -g to _the observation. The pulse comprgssmn (_for positively
h= B Negative chirp e &, chirped pulse) or stretch (for negatively chirped pulse)
B2 - he8Sm [ 1120 induced by the group velocity dispersion would reinforce
g IR R ™ or suppress the Raman process. Moreover, this phenomenon
g . !‘===f:’—”" is strongly dependent on the chirp f&té7. A higher chirp

0 0 100 200 300 400 500 6000 rate has a stronger impact. Considering the chirp rate is 3.8

times larger fofj ,jD 500 f than that forj »jD 2000 &
(shown inTable J), it is reasonable to observe a signi cant
Figure 3. Integrated B-SRS spectral signal (840-1100 nm) versus pulsalifference for the former cases.

duration. The red solid squares are experimental resuftesifive , and In addition, with the increase of ,j, the lateral

the blue solid squares correspond to negatiye The error bars are due . .
to shot-to-shot uctuations. The red dashed line presentsttireretical dimension of Fhe plas_ma Channel reduces as a re.SUIt of
calculation ofe °s with o D 835 nm, whereas the blue dashed line is reduced on-axis laser intensity due to pulse stretchinig. It
that with g D 765 nm. The inset shows the calculatedwith duration for approximately 280 15mMm fOI‘j ZjD 500 f52 approximately

o D 835 nm (red solid line) andy D 765 nm (blue solid line), respectively. 200 15 mm for J jD 1000 f2 and, approximately

2
140 10mmforj ,jD 2000 f€, respectively.

laser excitation, agg is correlated with the laser wavelength.

Based on the calculation, the total gain of B-SRS could be
estimated byG exp o ¢ Wwith growth time 4. The best 3.3. Inuence of ,on F-SRS

t of the measurements is obtained witl D 0.75_ and

plotted inFigure 3 This con rmed the earlier studies that Figures §a) and 6(b) show the transmitted spectra under
B-SRS is excited at the pulse fréit!. Interestingly, the positive , and negative ,, respectively. The spectra of
crude estimation gives a similar growth time, which is yansmitted light are mainly composed of the laser spectrum
shorter than the pulse duration. The growth of B-SRS withy,q 5 plue-shifted component due to the ionization-induced
j 2jscalesa& exp og / exp” L. frequency shift®3d. The red-shifted spectrum is intrigu-
ingly absent. The in uence of ,j on F-SRS signi cantly
differs from that on the backward and side-scattering. &her
is no pronounced enhancement on SRS with increasing
Figure 4shows shadowgraphs of laser-produced plasma witl »j. For positive ,, anti-Stokes sidebands emerge atD
different . Filamentary structures were observed originat-C500 f€ and become more obvious ap D C 1000 f£. A
ing from the edge of the plasma channel due to the ionizatiofurther increase in , will not affect the intensity of anti-
of neutral atoms by side-scattered Ii§At°7. The side- Stokes sidebands, while slightly modulating their intésva
lamentation is more noticeable, with a highpr,j occur-  Sidebands in the cases of D C1000 f¢, , D C2000 ¢
ring both in upward and downward directions. It is absentand , D C3000 f¢ have comparable signal intensity, which
with , D 0 fs?(shown inFigure Xc)). The laments occupy may suggest saturation of F-SRS at longer pulse durations.
a larger spatial region and have a longer length with a higher In addition, the laser chirp was found to have a signi -
j 2i, regardless of the sign of the chirpigure 5plots the  cant impact on F-SRSSections 3.1 and 3.8how similar
typical transverse pro les for oD 0 and , D C500 f¢ at  features of B-SRS and S-SRS for both negative and positive
the different spatial positions. The density pro les aragig  chirps. For F-SRS, however, the transmitted optical spactr
Gaussian distribution in the transverse direction, whigeg  depends signi cantly on the sign of the laser chirp. As shown
rise to the observed beam divergence (marked by the white Figure gb), in all cases with a negative laser chirp, the
solid lines inFigures {c) and 4). One should notice that the spectra are similar to that with, D C500 f¢ in Figure §a).
transverse density pro les are almost the same feiD 0 There is no distinguishable sign of anti-Stokes sidebands i
and , D C500 f¢, but the side-scattering was absent for F-SRS with a negative chirp, even though the pulse duration
» D 0. This suggests the side-scattering could not be due tis stretched to 550 fs , D 3000 f£). This indicates that F-
the beam divergence but rather the S-SRS. SRS is strongly suppressed with a negatively chirped pulse.
The effect of , on side-scattering can also be This observation is consistent with theoretical estinrétih
distinguished by comparing the length and number of sidavhere a laser with 12% bandwidth can eliminate Raman
laments. We found the difference in chirp is signi cant forward scattering.

Pulse duration (fs)

3.2. Inuence of 7 0n S-SRS
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Figure 4. Shadowgraphs showing side laments at different seconevadispersions ». (a) » D C500 &, (b) » D C1000f€, (c) » D C2000 f£, (d)
2 D =500 &, (€) » D —1000 f€ and (f) » D —2000 f&. The red arrows denote the lament direction at differeratid position. The white lines show
the edges of the plasma channel.

x101 several degrees larger than that in the upward directidreat t
8 ' ' RS same spatial position. Similar observation has been regort
y,=0, x=-1000 .
A e =500, x=-1000 | by Matsuokaet al!®; however, the angular variation and
@E 6L —— =0, x=-800 underlying physics remain elusive.
i;: ——,=500, x=-800 To explain the spatially-dependent scattering angles, a
=5 1 model incorporating the growth of Raman scattering and the
§ 4 i energy damping processes was lBedhe energy damping
g rate of plasma waves is expressed as foliBws
&’ ‘
A~ 1=2 | 1 3
2 1 0,D = —2 exp ko - =
i PT 8 3 2 2 6
1 LA T U DZ ( )
-200 0 200 400 C ! pe=! epw Veir
Z (um)

Figure 5. The transverse plasma density pro le in the casesob 0 and where D_D Vth:_! pe is the Debye length ande; is th_e
2 D C500 f&. The solid lines and the dash-dot lines represent the pro les€lectron—ion collision frequency. The rst term on the righ

obtained akD 800nm andxD  1000mm, respectively. hand side in Equatior} represents the Landau damping and

the second term is the inverse bremsstrahlung absorption.

The inverse bremsstrahlung absorption also causes aryenerg

dissipation of the EM wave, givin@ds D ! pe=!1 2vei.

As shown inFigure 4 there is a trend that the inclined Combining the two damping processes, the spatial growth

angle of laments relative to the laser axis gets smallehwit rate of SRS is given as follolk

the laser propagation (denoted by red arrows). In Figire "

we plot the angles of both upward and downward laments 2 1 0¢ 0, 2 1 05 _0

as a function of spatial position for different,. It shows " L c- = £ L
. . . . . 1xV2x 4 Vix Vox 2 Vix Vax

that a relatively larger side-scattering angle is obsevvit

a higherj »,j. At xD 1150 mm, for instance, the angle

increases from 31.0 4 forj ,jD 500 f€to 41.0 4 for

j 2jD 2000 f€. In Figures {b) and 7(c), the upward and

downward side-scattering angles under positive and negati

chirps are compared. The chirp effect is negligible, sihee t

3.4. Side-scattering angle dependence on

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

) vix D kyc?cos =! g 8
lament angles follow the same trends for both negative and S ! ®)
positive ,. Meanwhile, we note that the side-scatterings
are asymmetric where the downward laments have angles VaxD 3.ko  kicos / Vi=lpe ; (9)
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Figure 6. The spectra of transmitted light with (a) positive secondeodispersion and (b) negative second-order dispersion.

Figure 7. The side-scattering angle at different spatial positiortb ¢&) »D C500f&, (b) »D 1000f€and(c) »D 2000 f&. Orange circles and green
squares correspond to the measurements of the upwardrscptiagle with positive and negativey, respectively. Blue triangles are the measurements
of the downward scattering angle with negative. The orange (blue) dashed line is the calculation based omthémum spatial growth rate with
neD 1.8 10%cm 3(neD 2.4 10¥cm 3).

where is the angle between the scattered light and the pumpo 30.1 when o changes from 760 to 840 nm. The insen-

light. According toEquations (73(9), the spatial growth rate sitivity of the scattering angle to the laser wavelength is

intrinsically depends on. consistent with our observations. Thus, the effect of chirp
Since side laments were found to originate from the on the angle is trivial.

plasma channel edge, the local plasma dengityas used Since laments should be most evident neap,

in calculating the growth rate. Deduced from the interfer- we plot , as a function of spatial position (shown in

ogram,ne is .1.8 0.3 10" cm 2 at the upper edge and Figures %a)-5(c)). The calculations successfully reproduce

.24 0.3 10" cm 3 at the lower edge. Considering the the measurements in all cases, which suggest that the

laser focusing geometry, the laser intensity increasdstive ~ reduced lament angle is mainly due to the increaSed

propagation. Plasma temperatdieis estimated by the ATI  During the laser propagation and focusing, the spot size

ionization model described above. decreases antl increases. Similarly, a largef, is expected
Figure &a) shows the calculated plasma temperature disfor a higherj ,j, as the longer pulse duration will lower the

tribution in the spatial position for differert ,j. Here, temperaturd,. The measured asymmetric side-scattering in

Te increases with the laser propagation and decreases withe upward and downward directions is evidently attributed

i 2j. The calculated angular-dependent spatial growth ratéo then, difference of plasma channel edges in the transverse
is plotted in Figure §b). It shows that S-SRS has the direction.

largest growth rate along a cone angle near the forward

directiod*d. The cone angle reduces with an increas&in , Summary

or adecrease in.. We evaluated the in uence of chirp on the

spatial growth rate by changing the laser wavelengtfihe  |n summary, we have reported a detailed study on the in u-

angle with maximum growth rate, is weakly dependent ence of the SOD, ,, on SRS instability. The SRS is charac-
on . Forexample, atD 1300mm, o, varies from 29.6  terized in the backward, sideways, and forward directions.
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10.

11.
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13.

14.

15.

16.

17.

Figure 8. (a) The plasma temperaturk for differentj 2j. (b) The
typical angular distributions of the spatial growth ratattttorrespond
to the black crosses in (a). LD is fog D 1.8 10'° cm 3, and HD for
neD2.4 10¥cm 3.

Evident excitation of SRS in all directions was observed19.

when , is introduced. B-SRS and S-SRS grow wjthyj,
and a stronger signal was measured with a positige
However, there is a suppression of F-SRS when a negatively

chirped pulse is used. Supported by a theoretical modelR1.

the spatially-dependent angle distribution of side-scaty
is investigated. The side-scattering angle is de ned by the,,
plasma temperature and density and is insensitive to tee las
chirp.

24.
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