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We present experimental results of the stimulated Raman backscattering instability (BSRS) in an ultrashort intense

(45fs, 5.7x101"Wcm™2) laser pulse interacting with an optically ionized helium gas. We have studied the stimulated

Raman backscattering reflectivity and the phenomenon of the transition from strongly coupled BSRS to weakly coupled

BSRS. We have obtained a good agreement between our experimental results and the theory of BSRS.
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1. Introduction . ,
Stimulated Raman scattering (SRS) parametric

instability is a wave-wave interaction process in which
an incident electromagnetic wave (wo, ko) decays into
a longitudinal electrostatic wave (wes, kes) and a scat-
SRS has long

been a topic of interest in laser-driven inertial confine-

tered electromagnetic wave (w1, ky).

ment fusion,[!! and it can significantly reduce the effi-
ciency of short-pulse laser applications such as X-ray

2l wake-field generation,!®! or high-harmonics

lasers,
generation.[*) The stimulated Raman backscattering
(BSRS) instability is also very similar to the free-
electron laser (FEL) instability, and some aspects of
the self-amplified spontaneous emission FEL physics
can be studied in the BSRS experiment.[®l Thus, it
is very important to obtain a better understanding of
the SRS instability. With the rapid advance in table-
top ultrashort lasers, experimental studies of SRS with
short laser pulse (< 1ps) have proven to be very use-
ful since, in this regime, the instability may not have
enough time to reach a nonlinear state and a direct
comparison between experiments and the linear theory
of the instability is possible. When the pulse length is
much shorter than 100fs, such as in our experiment,
the convectively unstable ionization scattering insta-
bility (ISI),[8) which will strongly scatter the pump
laser and complicate the explanation of the observed
phenomena, will also be greatly reduced. This will

provide us with a clearer background for the experi-
ment. On the other hand, the optical field ionization
(OFI) generates plasmas with an anisotropic electron
temperature distribution in the initial stage, while the
existing relevant SRS theory is based on the assump-
tion of thermal equilibrium. Therefore, the validity
of the initial transient theory of SRS also needs to be
demonstrated experimentally in these ultrashort pulse
(«100fs) OFT laser—plasma interactions.

Previous experiments of a short-pulse laser in-
teracting with gas or plasma have revealed differ-
ent aspects of SRS. Strongly coupled SRS from 800fs
laser-plasma interactions has been observed,!”) where
backscattered spectra have widths larger than the
plasma frequency. The experiment performed with
a 500fs laser focused onto a preformed plasma has
demonstrated the validity of the linear theory of SRS
in the weakly coupled regime. (8!

In this paper, we report on the BSRS measure-
ments in the underdense plasmas produced from ul-
trashort laser pulses interacting with an optically ion-
ized helium gas-jet target. For the first time, as far as
we know, the transition from strongly to weakly cou-
pled SRS was observed with an ultrashort (45fs) laser
pulse. The relationships between the BSRS reflectiv-
ity and the pump laser energy were also measured.

2. Experiment
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The experiment was performed at the Laboratory
for High Intensity Optics, Shanghai Institute of Op-
tics and Fine Mechanics (SIOFM), with a Ti:sapphire

laser facility!®!

operating at 790nm in the chirped-
pulse amplification (CPA) mode. This laser provided
45fs pulses with a 22nm full width at half maximum
(FWHM) at 10 Hz, and the peak power reached 2TW.
The experimental set-up is shown in Fig.1. The energy
of the output laser beam in a diameter of 50mm varied
from 20 to 80mJ in our experiment. A 45° coated plate
which had a high reflectivity at 780-800nm reflected
the laser beam into the vacuum chamber. To avoid
the laser pulse expansion caused by nonlinear disper-
sion response while the ultrashort intense pulses prop-
agated in the lens, we used a reflective system to focus
the laser beam. For the same reason a MgFs plate was
placed at the entrance of the vacuum chamber, which
had the lowest effect on the duration of the pulse.
In the chamber, the laser beam was focused with a
f/3 16° off-axis parabola mirror (the focal length f
is equal to 15cm) onto the target. Under vacuum,
the focal spot profile was Gaussian with a radius at
1/€? in intensity wo=10um. The peak laser intensity
reached 5.7x10'"Wem™2. A gas jet made of piezoelec-
tric ceramic fixed on a five-dimensional gimbal mount
The

gas density could be controlled by the gas background

was used to produce the ultrasonic gas blast.

pressure P (0-300kPa) and the jet slaving voltage V'
(0—200V). The vacuum chamber was designed for a
high vacuum of 10~*Pa. In order to increase the laser—
plasma interaction range and, at the same time, im-
prove the homogeneity of the density distribution, we
attached a glass tube with a length L; <2.0mm and
diameter ¢=1mm to the nozzle of the gas jet. The
laser beam was focused at the entrance of the tube.
The backscattered light was collected by a lens behind
the 45° coated plate and coupled into the fibre of a de-
tector. A 12-bit charge-coupled device (CCD) array
spectrometer with a spectral resolution of 0.35nm in
the range of 650-1100nm was used to measure the re-
flected and transmitted spectra, and the sensitivity of
the measuring system was carefully calibrated with a
standard tungsten halogen light source. The synchro-
nism between the gas jet and the laser was an impor-
tant step to the experiment. We used the inset clock
electrical pulse of the laser as an origin signal to trigger
the gas jet with a proper time delay and electro-optical
isolation. Adjusting the delay time, when the different
devices worked synchronistically we could see the dis-
charge under the jet. The gas used in our experiment

was He.

45fs
pulse

spectrometer

off-axis parabolic mirror

Fig.1l. Experimental set-up.

3. Experimental results and anal-
ysis

The space and time behaviours of paramet-
ric instabilities for a finite pump wave dura-
tion in a bounded plasma have been extensively
described.[>1%11] A one-dimensional (1D) geometry is
used in which the waves propagate in an underdense
homogeneous plasma of finite length L; the space and
time evolutions of the daughter waves are solved by as-
suming that the instability grows from thermal noise.
The actual incident pulse of a characteristic duration
t, is replaced by an effective square pulse of intensity
Iy and duration tg = t, — tyge2+, Where tye2+ is the
time at which the helium gas is fully ionized.

In the weakly coupled regime, the instability has
its largest growth rate when (w1,k1) and (wes, kes)
satisfy their respective dispersion relations. Conse-
quently, for k23 < 1 and wp, < wp, the peak of the
backscattered spectrum is redshifted by the Bohm—
Gross frequency

1268 KT )1/2 Q)

WBG = Wp<1 + w2

2 meC?

where T, is the electron temperature, and Ap is the
Debye length. Furthermore, the spectral half-width
satisfies (Aw/c) = (27/s0)"/? (7 is the maximum tem-
poral growth rate in the co-moving with the speed
of light coordinate, and sy = ctp is the laser pulse
length), where Aw is smaller than w,.>” In the
weakly coupled regime an inequality must be satisfied

L14)% < 3.64 x 10°(n/n.)/?
1-— (n/nc)1/2 )
{(1 = n/ne)' /2 + [1 — 2(n/nc)t/2]1/2}2 (2)
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where n. is the critical electron density, I and A\ are
laser intensity and wavelength, respectively, and ;4 A2
denotes the laser flux in units of 10"*Wem ™2 pm?2.

When the characteristic growth rate of the insta-
bility is greater than the longitudinal wave frequency,
Y0 3> (332 /4)wes, the instability is said to be strongly
coupled.!'?) The strongly coupled stimulated Raman
backscattering has been observed from the interaction
of an intense 0.8ps laser with an underdense plasma.
So far, to the best of our knowledge, there has been
no quantitative theoretical description of the transi-
tion between strong and weak coupling in the initial
phase of SRS in which the unstable waves start to
grow from thermal equilibrium.

7500
7000 1
6500
6000
5500
5000
4500
4000
3500
3000
2500
2000
1500 1
1000 1
500 A

0-

g
. |
|
[
©le]

x

e

P

"
e =
-5

R K KR R R

Intensity /arb.units

700 750 800 850 900
Wavelength/nm

Fig.2.
The laser intensity is 5.7x10'7"Wem™2, and from
B to E the electron densities are 0,4.8x1018,
5.9x1018, 7.6x1018, 14.3x10'8cm =3 respectively.

Experimentally observed BSRS spectra.

In our experiment, the laser intensity is always
greater than 5x10*Wcem~2. Since the laser intensity
required to yield He?* is 9x101°*Wem™2, the gas un-
dergoes a rapid ionization right at the leading edge of
the pulse so that the subsequent interaction is that of
an intense pulse with an underdense plasma. In Fig.2,
we show the experimentally observed BSRS spectra
at different electron densities when the laser intensity
is 5.7x10'"Wem™2. As can be seen, at high electron
density the inequality (2) is satisfied and the BSRS
is in the weakly coupled regime. With the decrease
of the electron density, the inequality (2) is no longer
satisfied and the BSRS instability is translated to be
strongly coupled. According to Eq.(1), the electron
density of the plasma can be deduced from the fre-
quency shift of the BSRS spectra. In Fig.2, the elec-
tron density of the transition from strongly to weakly
coupled BSRS is about 7x10¥cm™3, while the the-
oretical criterion of electron density from Eq.(2) is

3x10'8cm—3.

uncertainty of the wavelength shift in the experimen-

Considering the error caused by the

tal BSRS spectra, the experimental result is in good
agreement with the theory. In Fig.3, the Gaussian
fits of the experimental spectra with a nonlinear least-
squares algorithm!'? are given. It is obvious that the
higher the electron density, the narrower the width
of the spectrum; this agrees well with the theoretical
description.!”) The blueshift associated with the ion-
ization process will modify the laser spectrum during
its propagation in the plasma;'3! this may also alter
the backscattered spectra. Considering that the mod-
ulation of the laser pulse associated with the ioniza-
tion process is characterized by a gradual steepening
of the pulse front! where SRS is very weak, and if
the broadening of the BSRS spectra were induced by
the ionization process, then with the higher electron
density, the width of the BSRS spectrum should also
be broader because the ionization blueshift is propor-
tional to the gas density. This is in contrast to the
experimental results. So we conclude that the varia-
tion of the width of the BSRS spectra is mainly due
to the transition of BSRS instability from strong to
weak coupling.
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Fig.3. The Gaussian fits of the experimental spectra
with a nonlinear least-squares algorithm. From B to
D, the electron densities are 5.9x10'8, 7.6x10'® and
14.3x10'cm 3, and the scattering peak centres are at
838, 845 and 868nm, respectively. The corresponding
FWHDMs of the BSRS spectra are 14.9, 9.6 and 8.2nm.

We have measured the relative time-integrated
SRS reflectivity as a function of laser intensity at con-
stant electron density, as shown in Fig.4. According
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Fig.4. The time-integrated SRS reflectivity as a

function of laser intensity for Te=15e¢V, L=800pm,
and ne=8.1x10"8cm3: solid line, theoretical results;
squares, experimental data.

to the wavelength shift in the BSRS spectra, the elec-
tron density of an OFI plasma is 8.1x10%¥cm™3, in
which the BSRS instability is in the weakly coupled
regime. The theoretical curvel'” is also plotted in
Fig.4 for comparison. The electron temperature T,
and the interaction range L are chosen to be T,=15eV
and L=2R;=800um, respectively, where Ry, is the

Rayleigh length of the focused beam. To avoid the un-

certainty caused by the reduction of the pump laser
intensity due to ISI and the possible increase of the
background thermal noise due to the anisotropy of
the OFTI plasma electron temperature, a relative time-
integrated SRS reflectivity has been used for compar-
ison with the theoretical prediction. As Fig.4 shows,
the tendency of the experimental BSRS reflectivity
agrees well with the theoretical curve.

4. Summary

We have studied the SRS instability of an ultra-
short intense laser pulse interacting with a helium gas
jet under various experimental conditions. We have
found that, even in such an ultrashort pulse, the SRS
reflectivity is still in good agreement with the initial
transient stage theory of SRS starting from thermal
equilibrium noise. The experimental phenomenon of
transition from strongly to weakly coupled SRS was
observed, and the BSRS spectrum profile was in qual-
itative agreement with the SRS theoretical prediction.

We would like to acknowledge the technical assis-
tance of the laser facility staff at SIOFM during this

experiment.
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