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Coherent control of stimulated Raman scattering using chirped
laser pulses

Evan S. Dodd® and Donald Umstadter
Center for Ultrafast Optical Science, University of Michigan, Ann Arbor, Michigan 48109

(Received 15 March 2001; accepted 8 May 2001

A novel method for the control of stimulated Raman scattering and hot electron production in
short-pulse laser-plasma interactions is proposed. It relies on the use of a linear frequency chirp in
nonbandwidth limited pulses. Theoretical calculations show that a 12% bandwidth will eliminate
Raman forward scattering for a plasma density that is 1% of the critical density. The predicted
changes to the growth rate are confirmed in two-dimensional particle-in-cell simulations. Relevance
to areas of current research is also discussed2001 American Institute of Physics.

[DOI: 10.1063/1.1382820

High-intensity laser-matter interactions are of muchwhich are called the Stokes and anti-Stokes lines. The beat-
current interest because of their relevance to basic plasniag between thev, light and that scattered t@, resonantly
physics, advanced radiation sour¢és, laser-plasma drives a plasma wave, which creates a feedback loop, since
accelerators’ laser fusior?, and relativistic nonlinear the amount of scattered light is proportional to the plasma
optics® Many of these applications depend critically on thewave’s amplitude. Therefore, the plasma wave can grow to
amount of laser energy that can be propagated over lonigrge amplitudes from noise, scattering light from a seem-
distances through plasma without being lost to stimulatedngly quiet plasma.

Raman scatteringSRS and electron heating. In the fast ig- The effect of finite-bandwidth on parametric instabilities
nitor fusion concept, these processes will prevent the highas been studied extensivéfyOf the most interest to laser
intensity pulse from propagating through the underdenséusion has been bandwidth mismatch. An instability like SRS
plasma region and will pre-heat the core. In x-ray lasershas an associated bandwidth that the laser bandwidth may
which need long gain lengths, electron heating from SRSxceed. Those frequencies of light outside of the instability
reduces lasing efficiendy® In self-modulated laser- bandwidth will then be unable to drive density perturbations,
wakefield accelerators, Raman scattering can be either desthereby reducing the effective growth rate wh&a> vy,

able or undesirable, depending on the parameter regime. THer growth ratey, and laser bandwidth»w. Beam smoothing
laser system used in almost all of these studies is based dachniques based on spatial and temporal incoherence have
the chirped-pulse amplification techniqlievhich produces also been studied and shown to reduce SRS in experithent.
large bandwidth light pulses with variable chifflequency  Density gradients can also reduce the growth of $RBave
versus timg Thus, a means to control the growth of SRS bybreaking saturation has been suggested as a mechanism to
adjustment of the laser chirp could have a significant impacgontrol SRS However, it only works under specific plasma
on these applications. conditions.

SRS is a process in which light from an incident pump  In this paper, we discuss using a linearly chirped pulse to
pulse is scattered by the electron-density perturbations of @ontrol the reinforcement of density perturbations so as to
plasma wave. If the wave has frequen@ﬁ=4ﬂe2n/m, selectively enhance or eliminate S®SEFrom the previous
with electron charge, massm and number density and the ~ discussion on bandwidth mismatch and density gradients,

incident light's frequency isoq, then light will be scattered one might think that the growth rate can only be reduced.

from noise to frequencies ;= wy— we and w,= wy+ we, However, our results will show that the spectral distribution

within the pulse is also very important. When group velocity
dPresent address: Department of Physics and Astronomy, University of CalinSperSpn(GVD) o_f a ChlrpEd_ puls_e is accounted for, the
fornia Los Angeles, Los Angeles, CA 90095-1547: electronic mail: @M€ high bandwidth may either increase or decrease the

esdodd@ucla.edu SRS growth rate. Although others have discussed the idea of
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using a chirp’® to our knowledge, its effect on SRS has When a pulse propagates through a dispersive medium it
never been examined theoretically. Including the chirp leadexpands or contracts due to GVD of the different frequencies
to growth rates that differ dramatically from any previous within the pulse, with the bunching rate constant along the
growth-rate calculation. Recent experiméftiave shown length of a linearly chirped pulse. Using the above analysis,
effects similar to what will be presented here analytically andn order to eliminate SRS, the bunching rate of the chirp
numerically. Chirp has also been shown to affectmust be equal and opposite to the bunching that drives SRS,
ionization?’ or JLgrs/ d7= — L cpirp/ I 7. Substituting into this the previ-
The unchirped growth rate has been calculated preeus relation for bunching, we get
viously in Refs. 18—-20 to beyy=(kC/2V2)(we/wp)ag

for Raman forward scattering (RFS and 1y, Le&l’g __ pﬂ , @)
=KkeClA(we/Jwewo)ay for Raman backward scattering Y | srs IV | chirp

(RBS),’ where ke=w,/c and a0=e!A|/mc2 are the "'?‘S” the guiding equation for control of SRS through the use of a
pulse’s wave number and normalized vector potential. Ex-

periments have recently shown a reasonable agreement wiﬁrnlgpfd _pulﬁe, wr}erble=27;c/$ﬁ IS tfhe plasmal wave(;ength
these theoretical calculations of SRS gro#tttHowever, in ahd Lp 'S.t € puise ength. erelore, a puise undergoing
the following calculation we will use the method of Mori compression will act constructively and reinforce density

from Ref. 22, instead of a dispersion relation analy&iEhis {:i)\?gtlurt_)r?]téogi}[\)/v gﬂz ti gglnss?t thaértljr;ggéﬂ?r? &?f;:)tiss (sr?estruc-
newer method includes the dependence of phase and grou Y- yp

velocities on longitudinal position within the pulse due to aoangein group \_/el<_JC|ty from peak to trqugh of _the wave. A
chirb more intuitivel simple estimate indicates that the required chirp to cancel
Pl'he laser ulsey.interacts with the plasma through th SRS should have the same overL /2. However, because
. P . P . 9 She bunching rate is uniform over the length of the pulse,
index of refraction as it propagates. Perturbations from eIec-AU can be spread out over the entire pulse length, giving

tron density, relativistic electron mass and frequency can,_ 9 . : : '
change the index. The group velocity § and the phase the needed bunching rate with a smaller chirp. The two scale
9 ' group Vg P lengthsL. andL, in Eq. (4) act as leverage, amplifying the
velocity (v,4), may thus be expanded as effect of the chirp
1 02 sn (ad)  do Laser pulses are not composed of a single frequency, but
vgzc( 1- = —gi — 0 0] ) (1) a spread of frequencies with widthew about a central fre-
2 wp quency wg. A single frequency only exists as an infinite

n 4 (O]

5 5 sine-wave, and any finite length results in more complex
1+ E “’e[ @_ @_2%)) ) spectral content. The Fourier theorémtates that any finite
3 ) . .
2 wj 2 g signal with root-mean-squarems) frequency spread f s
and lengthAt,, must satisfyAf,,At,ns=1/2. If a pulse
wherec is the speed of light, the electron densitynisvith  \jth Gaussian profile has a full-width-half-maximum length
perturbationsn, and dwq represents perturbations to the la- of 7, (Lp=c7y), then it may be described by an envelope
ser frequency._ _ ) (first exponentigl and a carrier(second exponentigl E
The analysis of Ref. 22 starts with the action of the laser_ Eoe—a;bzeiq)(l//), where r,= /2109 2A. Along the pulse’s

pulse, a co_nserved quantity, and shows that qnly three t_ypqéngth, the frequency may have a sweep or chirp, meaning
of modulation can occur. These are longitudinal bunchmg,[hat frequency may be position dependent. The total instan-

self-focusing, and photon acceleration, which couple t01aneous phase of laser pulse with a linear clirpay be

gether to formhthg obsgrved Iaser—plasmg ir;]sta;bilities. Pe(/?/ritten as ® ()= wo+by?, and the instantaneous fre-
turbations to the intensity may be written in the form quency (i) =dd/dy=wy+ 2by. The change in fre-

AL Ary Awg quency along the pulse’s lengthw/ i~ 2b, perturbs both
A<a§)= - T_Z__ —_— (aﬁ), (3) vg andv 4, causing the pulse to contract or expand depend-
"o “o ing on the sign ob. From the GVD dependence on chirp, the
effect of the sign will serve to either enhance or reduce the

where the three terms represent modulation to the: Longitu- . : .
dinal dimensionL (bunching, spot sizer, (self-focusing, growth of a perturbation. Therefore, a linear chirp can clearly

: : ffect the growth of SRS.
and frequencyw, (photon acceleration In the particular a . - .
case of RFS, a one-dimensional phenomenon with no se}f Taking Eq.(4) and combining with Eqs1) and(2), one
focusing, only the two remaining types of modulation con- Inds
tribute. The method relates each type of modulation to dis- 2, 4 ( 1 w2 Sn
Rr iy

U¢:C

persion of eithew4 or v 4. Longitudinal bunching then be- —wc .
comes  1L(JL/d7)=—1lc(dvg/dy), and  photon ©

acceleration bo(dwo/d7)=1lc(dv 4/d4), in the speed of 9 1 w? Sw

light frame 7=t and=t—z/c for pulses propagating in the :Cpr c( 1 > w—g[ - w—o]) (5)

z direction. By substituting these relations into E§) an
equation describing the growth of RFS was derived. How-The change in perturbation size over the length of the pulse
ever, instead of rederiving the growth rate, the amount ofs related to the growth, a#/d¢(én/n)~ vy, which can be
chirp required to affect the growth of SRS can be estimatedsubstituted into the left-hand side of E(p). This is not
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FIG. 1. The amount of bandwidth needed to remove both RFS and RBS is v

plotted. The triangle represents the 12% bandwidth needed to eliminate RESG. 2. The main figure shows the amount of energy in the plasma wave as

atn/ng=1%. a function of time. The inset shows the energy contained in the laser pulse as
a function of time. Both are plotted for: A, an unchirped pulse; B and C,

meant to be exact but only an approximation to the amourfe9atively and positively chirped pulses.

of growth in the perturbations. The chirp perturbation is

characterized byd/dy(Swlwy)~2b. These two substitu-

tions yield the desired estimate for the amount of chir

needed to eliminate SRS

length of 1 um. This pulse is short enough to drive a small
wake that preferentially seeds direct RFS over near-forward
PRFS. Also, during propagation the pulse length will change
only slightly, sinceAv/c=0.002 thenAL/L~4%, thus af-
1 wg v fecting ag only slightly.

b= . (6) The total energy of the field components in the simula-
tion is recorded at each time step and the time evolution of
The bandwidth for a chirped pulse can be writtenAas,  the plasma is observed with a fine sampling. In Fig. 2, the
=2b7,, or Awy=3 (wg/we) vy after substituting in Eq(6).  total energy in the RFS driven plasma wave is plotted as a
The use ofy, maintains some generality, in that the growth function of time r normalized to the plasma period,, for
rates for either RFS or RBS may be applied to determinghe three different runs: A, B, and C. Plotted in each is
how much bandwidth a chirped laser pulse needs in order t¢[(EZ/87)dx dy, wherex is the direction of propagation
eliminate either instability. andy is the transverse direction, and should have an expo-

The bandwidth calculated from E¢f) is plotted in Fig.  nential growth similar to the wave amplitude. The negatively
1, for ag=1.0, as a function of density proportional to the chirped pulse in B deposits consistently less energy in the
critical density fi,= wzm/4me?). Though the analysis is for plasma wave when compared with the unchirped pulse A, as
ap<<1.0, terms typically appear a%/Z, reasonably small for predicted. The positively chirped pulse in simulation C leads
ap~ 1. As the plasma density approaches the critical valueto increased RFS growth, which we see as curve C exceeding
the bandwidth required for elimination of RFS grows larger.A for the entire propagation.
At n/ng~1/4, (y4= 1/\/l—vgzlcz~w0/we=2) the band- The total energy remaining in the laser pulse is plotted in
width needed is~55%. But in more underdense regimes, the inset of Fig. 2. As expected, the negatively chirped pulse,
e.d., ¥~ 10, a smaller bandwidth of12% is needed to B, maintains the most energy in the pulse, while C experi-
affect propagation, making this concept better suited to thesences the greatest loss in energy, consistent with an increased
conditions. In the case of direct RBS the amount of bandgrowth rate. Since the simulation domain is a small box, the
width starts out large, but decreases near the critical densitpulse will diffract through the boundary, causing an energy

Particle-in-cell simulations were run to compare the ef-loss to the system and there is some heating of the plasma
fect of chirped and unchirped pulses on RFS with the previeven without RFS. Simulations with a pulse in vacuum and
ous calculation. The simulations used the two-dimensionahnother with only plasma were run to confirm that the shape
version of the code@RISTAN,?* on eight processors of an IBM  of the curve B is consistent with energy loss due to diffrac-
SP2. A grid of 1024 by 512 cells was used with 8 particlestion through the boundary. Therefore, qualitatively we see a
per cell in a frame co-moving with the pulse. Absorbing match between theory and simulation, and that a chirped
boundary conditions were used on all sides so diffracted antligh-bandwidth pulse can be used to control the growth rate
scattered light would leave the domain without interferingof RFS.
with the simulation. Three runs were made to study this ef- From these diagnostics, the growth rate is found to be
fect: (A) An unchirped bandwidth-limited pulse with 1.3% reduced, in qualitative agreement with the analytic results.
bandwidth;(B) negatively andC) positively chirped pulses, After 800 um of propagation, more that 90% of the light is
both with 20% bandwidttfi~200 nm available in Ti:AlO5),  still in pulse B, compared with under 80% for the unchirped
instead of 12%. All three were 120 fs half-sine shape pulsepulse A. The plasma wave in A has saturated at the wave
with ay=1.0, and propagated through 80@m of n breaking limit, so that the amount of light scattered from
~10"cm2 plasma, wherew,/w,=10 for a laser wave- such a wave is proportional to the square of the distance



3534 Phys. Plasmas, Vol. 8, No. 8, August 2001 E. S. Dodd and D. Umstadter

o O6E an efficient means of controlling electron production, since
3 04F A o E the same amount of pulse energy can yield a greater or lesser
® E number of electrons.
E 0'25_ 3 We have shown that large chirped bandwidth in a laser
0.0 E pulse can have dramatic effects on the growth of SRS, not
[ 0'6§ just the simple reduction previously predicted for the case of
g 0'45- B - unchirped pulses. The necessary amount of chirped band-
S 02F P . 3 width for th|s techmque.to work was calculateq analytically,
5 E o o 0 o S o o § also showing that the sign of the chirp determines the effect
8;2; of bandwidth on SRS. These predictions were verified with
2 E particle-in-cell simulations of RFS. This technique seems
g 0'45_ E best suited for underdense cases with many e-foldings of the
4 0.2F 3 instability, either for large values of the growth rate or where
® 0.0F the pulse must propagate long distances. The generation of
0 20 40 60 80 electrons was also affected, which is critical for the viability
t/7, of the fast-ignitor, x-ray-laser and wakefield-accelerator con-

cepts

FIG. 3. The amplitude of the density perturbations are plotted as a function

of time. Plot A is the unchirped pulse, B, negatively, and C, the positively
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