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The enhancement of stimulated Raman backscattering (SRBS) amplification was demonstrated by
introducing a plasma density gradient along the pump and the seed interaction path and by a novel
double-pass design. The energy transfer efficiency was significantly improved to a level of 6.4%.
The seed pulse was amplified by a factor of more than 20 000 from the input in a 2 mm long plasma,
which also exceeded the intensity of the pump pulse by 2 orders of magnitude. This was
accompanied by very effective pulse compression, from 500 fs to 90 fs in the first pass
measurements and in the second pass down to approximately 50 fs, as it is indicated by the
energy-pulse duration relation. Further improvements to the energy transfer efficiency and the SRBS
performance by extending the region of resonance is also discussed where a uniform ~4 mm long
plasma channel for SRBS was generated by using two subsequent laser pulses in an ethane gas
jet. © 2008 American Institute of Physics. [DOI: 10.1063/1.2844352]

I. INTRODUCTION

After 40 years of laser research and development, the
focus today is on developing high-power, compact lasers.'™
Advances in laser power and reductions in system size and
cost continue to foster exploration in many areas of science
and engineering, including particle accelerators in plasma,4
fast laser ignition in fusion-energy production,5 X-ray lasers,’
as well as in medical sciences that also benefit from the
development of ultraintense and ultrashort pulse sources.’
Currently, most high power, ultrashort pulse lasers depend on
the chirped-pulse-amplification (CPA) method,® in which a
short laser pulse is stretched to avoid damaging an amplify-
ing medium and then compressed after amplification. High
power lasers require large, expensive gratings to control the
nonlinear effects at power levels above GW/cm? along with
the requirement for uniform amplification over a broad band-
width, which is both difficult and challenging.

Using plasma, which can tolerate much higher radiation
intensity, as the amplifying medium, overcomes such limita-
tions. More specifically, it was proposed that in plasma a
resonant interaction could be arranged between two counter-
propagating electromagnetic waves, known as pump and
seed waves, which would excite a plasma wave, and which
would also convert the energy of the long pump pulse into
the much shorter seed pulse.9 The output beam should un-
dergo simultaneous amplification and compression; more-
over, since plasma is impervious to optical damage, the
power can grow to extraordinary levels.™'” In fact, this reso-
nant stimulated Raman backscattering (SRBS) amplifier has
been shown to be successful and very promising,n_14 where
the input pulse is amplified through a plasma-mediated three-
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wave interaction and resonance, with the resonance condi-
tion requirement,

Wpump = Wseed T Wpe> (1)

Opumps Wseeds a0d ), are frequencies of the pump, the seed,
and the plasma wave, respectively. Very high output intensi-
ties, i.e., as much as 2 X 10'7 W/cm? from an unfocused out-
put pulse,9 ought to be obtainable through such a scheme,
compared to the only a few GW/cm? power levels achieved
in a normal optical amplifying medium. The maximum en-
ergy ratio transferred from the pump to the seed is propor-
tional to the ratio of their frequencies, and with @y,
= 10w, the energy transfer efficiency can be as high as 90%.
Computational studies supported the conclusion that a win-
dow in parameter space exists wherein the theoretical effi-
ciencies should be attainable.' However, the efficiencies that
were demonstrated by experiment are much lower than the
theoretical limit”'° reaching about 1% in Ref. 12 which
makes the applications of this ultrahigh power laser far from
being practical.

One possible explanation of the nonideal amplification
comes from the procedure of lengthening the pump pulse
duration from its maximum compression (100 fs, minimum
chirp), to the desired pulse length of ~20 ps by moving the
gratings away from the nonchirp position, hence increasing
the chirp. The frequency and spectral detuning of the pump
pulse with its bandwidth AN,,,,=12 nm (800 nm center
wavelength) is estimated as Awpump/ @pump=ANpump/ Npump
=12/800=1.5%. The bandwidth of the amplified seed pulse
also increases during the ampliﬁcation12 and large band-
widths of the pump and the seed pulses result in breaking
down the resonant interaction between the waves since the
resonant condition equation (1) is not exactly satisfied. An
increased bandwidth of the plasma wave along the path of
the interaction can enhance coupling between the waves and
thus produce increased output seed energy.16 The Raman
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FIG. 1. (Color online) Schematic diagram of the experimental setup. M,
M,, and M are reflecting mirrors for pump, prepulse, and seed, respectively.
L, and L, are the focusing lens and BS; and BS, are beamsplitters.

backscattering coupling has been simulated in the inhomoge-
neous plasma, where the propagation and amplification is
along the selected plasma channel.'” However, the resonant
interaction is known to be changed in a density gradient.18
Currently, this possibility is under further theoretical study.19

To further improve the efficiency of the SRBS, we no-
ticed that even for large amplification and compression, only
a small fraction of the total pump energy was being used, and
about 80%—-85% of the initial pump energy was passing
through the 2 mm plasma. Therefore our solution was to
reflect the “unused” portion of the pump energy back to the
plasma while simultaneously reflecting back the already am-
plified seed pulse and having them interact again in the same
plasma for a second round of amplification.

Il. EXPERIMENT AND RESULTS
A. The first pass

Figure 1 shows the schematic diagram of our experimen-
tal setup for the first pass amplification. A gas nozzle ejects
ethane (C,Hg) gas and forms a gas jet, a ND:YAG laser pulse
(called the “prepulse”) with wavelength 1.064 um, pulse du-
ration ~6 ns, focused spot size diameter ~50 um, pulse en-
ergy ~500 mJ, and pulse intensity ~4 X 10'> W/cm? ion-
izes the gas jet and produces the plasma channel. The pump
and the seed pulses were created from splitting the uncom-
pressed output of a Ti:sapphire laser system (central wave-
length 803 nm, with a bandwidth of ~12 nm and FWHM of
pulse duration ~240 ps): 95% compressed to ~20 ps with
preserved original bandwidth was used as the pump; the rest,
5%, was sent to a 7 cm long barium nitride Raman crystal.
The first stoke beam generated in the crystal with a central
wavelength of 878 nm, and a slightly narrowed bandwidth of
~9 nm was compressed by a separate compressor to
~500 fs and used as the seed. In the experiment, the long
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pumping pulse propagates along the plasma channel from the
right and meets the short seed pulse injected from the left,
and through SRBS amplifies the input seed pulse. After am-
plification, the seed pulse spectrum, energy and pulse dura-
tion were measured, respectively, with a spectrometer, power
meter and autocorrelator (not shown in Fig. 1).

The temporal overlap between the pump and the seed
was achieved by overlapping the pump and the seed cross
signal in a second-harmonic-generation (SHG) crystal, and
then fine-tuning the overlap with the pump delay stage by
looking for the maximum amplification during the experi-
ment. The spatial overlap was first obtained by using diag-
nostic and imaging systems which consisted of two He—Ne
beams, alignment optics and a CCD camera.

The plasma density profile had a plateau of a median
value ~1.3 X 10" cm™ (within *=10% variation) on its axis,
and an increasing density along the radial direction due to
expansion of the plasma channel. Radially, the plasma den-
sity reached the maximum value of ~2.2X 10" cm™ at a
distance of 75 um then dropped to ~0.6X 10" cm™ at a
distance of 125 um, bringing a channel size of ~250 um in
diameter.”’ Therefore, by letting the beam go slightly “off
axis,” a plasma density gradient was introduced along the
pump seed interaction path. Taking into account that the laser
pulse propagating through the plasma in off-axis geometry is
changing its direction due to the plasma refraction, in the
experiment the optimal pump direction and path in the
plasma channel was adjusted. The seed beam direction and
path was modified accordingly (with seed reflecting mirror
M) to ensure its best overlap with the pump for the optimal
Raman backscattering amplification. The optimal Raman
backscattering amplification was indicated by the maximum
gain and the widest amplified seed spectrum therefore the
shortest amplified seed pulse duration. We found that the
optimal tilted angle of the pump beams was ~5°, which was
significantly larger than the calculated critical angle of the
beam that can be guided by the channel density profile
(<2°). Nevertheless, we observed that pump beam was
channeling quite well in the plasma and was nearly parallel
to the plasma axis at its exit.

A summary of the results of the pulse amplification and
compression from the first pass of SRBS are shown in Figs.
2(a)-2(h). In Fig. 2(a) the output pulse energy is shown to
increase with the pumping energy, and energy gain from the
input reaches ~240 at the maximum output energy of
~3.6 mJ for the input seed energy ~16 uJ. The energy con-
version efficiency from the pump to the seed is shown in Fig.
2(b), and reaches about 4% at the pumping energy of
~60 mJ.

The compression of the amplified pulse in plasma is
shown in Figs. 2(c)-2(f). Figures 2(c) and 2(d) show that the
measured seed spectrum increases from ~9 nm before am-
plification to ~32 nm after the amplification (the amplified
pulse having an energy of ~3.6 mJ). The broadening of the
seed pulse spectrum is consistent with the pulse duration
shortening in Figs. 2(e) and 2(f), where the seed pulse time
profile, measured with an autocorrelator, is shown to de-
crease from ~500 fs at the input to ~90 fs at the output (the
amplified pulse having an energy of ~2.9 mJ). Assuming the

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://php.aip.org/php/copyright.jsp



056702-3 A compact double-pass Raman...

~ 35/(a) e 4.8/(b)
£ 28 242
=]
5 3.6
5 21 2
£ & 3.0
g 14 554
40 50 60 70 80 90 "40 50 60 70 80 90
Pump Energy (mJ) Pump Energy (mJ)
4 5
_ 40 z((:)o 10 XJO
g 3.2 g 8( )
8 24 86
216 24
g 08 8§ 2
£ 0.0 )
850 875 900 925 850 875 900 925
Wavelength (nm) Wavelength (nm)
1.00 1.00;
° (e) ° (f)
2075 20.75
2 =
= 0.50 =050
o2 Zo2s

0'0-800-450 0 450900 00—800—450 0 450900
t (fs) t(fs)

(g) Filter 1/500

©

FIG. 2. (Color online) Summary of pulse amplification and compression in
the first pass with the input seed pulse energy ~16 uJ, including the ampli-
fied output pulse energy versus the pumping energy in (a) and energy con-
version efficiency from pump to seed in (b); spectrum broadening from
9 nm of the input pulse (c) to ~32 nm of the output pulse with ~3.6 mJ
amplified energy (d); pulse compression from ~500 fs of the input pulse (e)
to ~90 fs of the output pulse with ~2.9 mJ amplified energy (f); and the
spatial profile of the seed before (g) and after (h) amplification.

compressed pulse has a m-pulse shape where the main spike
is followed by a spike train of smaller amplitude, in the
self-similar coordinate the location z,, of the spike and the
spike amplitude A is given byg’]0

AN2m X 7y,

ZM=1n—7
€

im
= #’
V2& X Voo,

E=xlc+t, 2)
éM = Z12w/47',

t 2

T= 0wy
Here € is the integrated amplitude of the input seed, w and
w,, are the frequency of the pump and plasma, respectively,

Phys. Plasmas 15, 056702 (2008)

and a is the normalized vector potential of the pump. Curve
fitting Eq. (2) with our measured autocorrelator results
showed that the leading first spike contains about 50% of the
total energy.

The spatial profile of the seed pulse before and after the
amplification is shown in Figs. 2(g) and 2(h). Images were
obtained at the right side of the plasma end in Fig. 1, where
the amplified pulse leaves the plasma. Figure 2(g) shows the
input seed with the FWHM of the beam diameter to be
~55 wm and Fig. 2(h) shows the amplified seed beam with
the reduced FWHM of ~15 um (neutral density filter of
1/500 was utilized to prevent the amplified seed energy from
saturating the camera). There could be two reasons for the
decrease of the output seed beam size: one is the plasma
focusing effect, although we did not observe the decrease in
beam size if there is no pump beam. The other reason could
be due to the nonlinear nature of the SRBS amplification
process, since the pump is stronger in the beam center and
hence the seed grows faster there.

Using the amplified pulse energy, pulse duration, and
beam size given above, intensity of the amplified pulse with
the maximum output energy was determined. The intensity
of the pulse after single pass amplification was ~1.3
X 10'® W/cm? for an energy of ~1.8 mJ in the short pulse,
spot size of ~15 um, and pulse duration of ~90 fs. The
input seed intensity was ~1.3X 10> W/cm? for an energy
of ~16 ul, spot size of ~55 um, and pulse duration of
~500 fs. The input pump pulse intensity, energy, spot size,
and pulse duration were, respectively, ~2.3X 10 W/cm?,
~90 mJ, ~50 wm, and ~20 ps. Hence, the intensity of the
amplified seed pulse was increased 10 000 times, and also
exceeded the pump intensity by ~50 times.

B. The second pass

Our double-pass experimental setup was similar to that
of the single pass shown in Fig. 1, except that a dichroic
mirror (M,) of high reflectivity at 803 nm and high transmis-
sion at 878 and 1064 nm was inserted between M5 and L,.
Symmetrically, another dichroic mirror (Ms) of high reflec-
tivity at 878 nm and high transmission at 803 and 1064 nm
was inserted between M; and L,. The two dichroic mirrors
with high reflection at selected spectrum range allow the
pump and seed to pass through for the first round of interac-
tion, and after the first pass reflect back the amplified seed as
well as the unused pump to have them interact again for a
second round of amplification. The temporal synchronization
between pump and seed in the first pass was adjusted by the
pump delay line, and by the horizontal position of the di-
chroic mirror My in the second pass.

Figures 3(a) and 3(b) show the output energy of the am-
plified seed in the first pass [Fig. 3(a)] and in the second pass
[Fig. 3(b)] versus the temporal delay of the pump pulse.
Delay “0” means that pump and seed overlap throughout the
whole plasma length. For both positive and negative delays,
since the pump and the seed pass part of the plasma without
interacting with each other, the gain drops. Hence, the tuning
range for delay also corresponds to the effective gain length.
The input pump energy in the first pass was ~87 mJ and the
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FIG. 3. (Color online) Energy gain and pulse compression in the first and
second pass with the input seed energy ~16 uJ. (a) The output energy in the
first pass vs the pump delay time for the input pump energy ~87 mJ; and (b)
the output energy in the second pass vs the pump delay time for the pump
energy ~56 mJ, which takes into account the pump losses while returning to
the plasma for the second pass. (c) The relationship between the output
pulse width and the output energy.

input seed energy was ~16 uJ. Taking into account plasma
transmission of the pump beam (including pump energy
transfer to the seed) and losses of the pump on optical sur-
faces while returning to the plasma for the second interac-
tion, the input pump energy in the second pass was estimated
to be ~56 mJ. With the maximum output energy of
~5.6 mJ, as shown in Fig. 3(b), and the maximum seed en-
ergy into the plasma for the second pass ~3.3 mJ (including
losses on optics), we measured a factor of 1.7 in increase of
the pulse energy after the second pass. Since the design of
the second pass is, to some extent, equivalent to extending
the plasma length of 2 mm in single pass to 4 mm, the factor
of 1.7 in amplification in the second pass indicates that the
energy of the amplified seed pulse grows almost linearly
with the plasma length. As the result, in Fig. 2(a) also shows
that the energy of the amplified seed pulse grows almost
linearly with the pumping energy. A new parameter, which
we called the “effective” gain length L., might better clarify
the amplification process,

Leff= L X Epump‘ (3)

Here L is the plasma length and E,,,,, is the pumping energy,
and the amplified seed energy E, L. For the first and sec-
ond pass, L.g=2 mmX87 mJ and L.p=2 mm X 56 mJ.
Therefore the amplified seed energy after the second pass
Eo(Legpy+Len)  and  Eg/ Eg = (L +Lega) / Legr1 = 1.6,
which agrees with the measured value of 1.7.

Figure 3(c) shows the measured output pulse width 7
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versus the output energy E. A least mean square error curve
fitting of E“7=const indicated that a = 1, which is consistent
with theoretical predictions,g’10

gu X 7~ = const. 4)

V2ow),

Here g, is the maximum vector potential of the amplified
pulse, g, (E/7)"2. Using this relationship, we estimated
the output pulse width after the second pass to be ~50 fs
based on the obtained second pass energy of ~5.6 mlJ.

lll. EXTENDING THE REGION OF RESONANCE

With the gain increase in the second pass, the energy
conversion efficiency from the pump to the seed reaches
~6.4%, a factor of more than 6 improvement compared to
the best of our previous results.'?

To further improve the efficiency and performance of the
system, we noticed that all our previous results were ob-
tained in a ~2 mm plasma. As theory indicated, for a certain
pump intensity and wavelength, the optimal plasma gain
length is limited by instabilities such as Raman forward scat-
tering and modulational instability. Under the condition that
the plasma wave breaks near its first maximum, the optimal
plasma length is given byg’10

Lypp ~ 0.8237 A3, (5)

Here, 7, and A are the location of the first maximum in the
amplified pulse and the number of exponentiations in the
instability. For pumping intensity ~2X10'* W/cm? and
pump wavelength A=800 nm (these are typical parameters
used in the experiment), Ly, ~3-6 mm.

In order to increase the plasma channel length from
2 mm to 4 mm as planned in our next set of experiments, the
Rayleigh length of the ionization prepulse has to be in-
creased by at least a factor of 2, and the prepulse energy to
be doubled to keep the intensity at the same level. Addition-
ally, in generating longer plasma, the temporal shape and
spatial distribution of the prepulse might cause instabilities
in the ionization process and affect the formation and longi-
tudinal uniformity of the plasma channel. Therefore, our so-
lution to this problem was to use two ionization pulses (two
prepulses, prepulsel, and prepulse2). The foci of the two
prepulse beams were adjusted and slightly separated (by
~0.5 mm) along the axis of the plasma channel.

Figures 4(a) and 4(b) show the interferogram [Fig. 4(a)]
and a two-dimensional density profile [Fig. 4(b)] of the
plasma channel formed by two prepulses. The interferogram
and the plasma density profile were obtained using a Mach—
Zehnder interferometer.”' The two prepulses were both gen-
erated by two Nd:YAG lasers. Prepulsel was ~10 ns with a
focused spot size diameter ~65 wm and ~300 mJ beam en-
ergy and prepulse2 was ~6 ns also with a focused spot size
diameter ~65 um and ~700 mJ beam energy. The plasma
was probed at a delay of ~22 ns after prepulsel and at a
delay of ~16 ns after prepulse2. It can be seen from Fig. 4
that the plasma channel has a length of ~4 mm with desired
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FIG. 4. (Color online) Interferogram (a) and two-dimensional density profile
(b) of the ~4 mm plasma channel for SRBS amplification.

on-axis and radial density distributions, which should in-
crease the gain length of SRBS to further improve amplifi-
cation and the energy conversion efficiency.

IV. SUMMARY

In the first pass, we demonstrated an energy amplifica-
tion of >200 for a seed with input energy ~16 wJ. The
spectrum of the amplified pulse was broadened to ~32 nm
and the pulse duration shortened to ~90 fs. The maximum
unfocused intensity was ~1.3 X 10' W/cm?2, which was 50
times higher than the pump intensity.

In the second pass, we demonstrated increased energy
and power of output seed pulse and increased energy transfer
efficiency to a level of 6.4%, without an increase in the sys-
tem size. This increase of amplification and compression of
output pulses provided unfocused intensity ~4
X 10'® W/cm? in ~50 fs, i.e., more than two orders of mag-
nitude higher intensity than input pump intensity in the first
pass.

We noticed that the obtained >6% of the energy transfer
was quite noteworthy but still low compared to the theoreti-
cal prediction. We believe that the efficiency of the system
can be farther increased by increasing the gain length and
extend the region of resonance.
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