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Raman backscattering and amplification in a gas jet plasma
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Raman backscatteringRBS) of a picosecond 800-nm laser pulse from a gas jet plasma has been observed.
The frequency shifts are in agreement with independent interferometric density measurements and the band
width of the RBS is consistent with the linear growth rate. Raman amplification of a subpicosecond seed pulse,
provided by an optical parametric oscillator and tuned to the spectral range of the RBS, has been obtained. The
Raman resonance is confirmed by simultaneous plasma density measurements.
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[. INTRODUCTION interacting with ultraintense laser pulsg2—14. Theoreti-
cal studies have shown that the amplified pulse duration de-
Raman backscatterinRBS) in plasma is a three-wave creases inversely proportional to the pulse amplitude and
process, in which an electromagnetic wave decays into gompression from picosecond to femtosecond is achievable
Langmuir wave and a redshifted backward electromagnetith the nonlinear regimgl5]. Raman amplification in combi-
wave. Since its first observation from laser-plasma interachation with the compression effect in plasma can potentially
tion [1], there has been extensive studies of this instabilityovercome the power limit of current chirped-pulse-
not only the phenomenon itself but also its usefulness iramplification laser systems, which is set by the thermal dam-
laser-plasma physics. For example, measuring the frequen@ge threshold of the optics.
shift of the backscattered light has become a very useful Inour recent papeifsl6,17] we have presented, to the best
diagnostic of plasma densif2,3] since the frequency differ- of our knowledge, the first experimental results on ultrashort
ence between the incident and the backscattered waves fpsllse amplification in microcapillary plasma by a counter-
equal to the plasma frequenay,, which is proportional to propagating pumping pulse, where an amplification of up to
ni’2. 8 has been obtained. However, the microcapillary plasma is
Other important applications include using the Raman inquite difficult to diagnose due to poor access to the plasma
Stabi”ty as a means to compress laser pu|ses_ This Scher{]@], and the Iongitudinal uniformity is difficult to control. In
was initialized by the observation of intense light bursts incontrast, a high pressure gas jet can provide a quite uniform
stimulated RBS from carbon disulfide, which had a peakPlasma column suitable for Raman amplification, and it is an
power one order of magnitude higher than the incident pum@pPen system, allowing for simultaneous plasma density mea-
power[4]. The compression of laser pulses is achieved bysurements. Furthermore, as was demonstrated efdrfez0),
the sharpening of the wave front since the tail part interact§00d guiding of laser pulses is possible in such a gas jet.
with a depleted pump and is not pumped as strongly as théherefore, we have concentrated our effort on studies of Ra-
front. Early work on the compression of laser pulses wagnan backscattering and amplification in a gas jet plasma,
carried out in gases, where molecular vibrations serve as th&hich is the subject of the present paper.
Raman scatterer§5]. Raman compression of KrF laser The experiments were carried out in two steps. First, the
pulses(248 nm from 20 ns to 30 ps with an energy effi- RBS of a 170-ps laser pulse at 800 fithe pumping pulse
ciency of 22% was reported, resulting in a power gain of 150vas observed in the gas jet plasma. The plasma density cal-
[6,7]. Generation of picosecond pulses in the infrared regimé&ulated from the frequency shift was compared with the in-
by two-stage compression of an 8-ns laser pulse was aldgrferometric measurements. Second, the wavelength of the
achieved in gase8]. A Raman compressor with plasma as output pulsesithe seed pulsefrom an optical parametric
the medium was proposed by Capjagkal. [9] in order to  oscillator (OPO was tuned to the regime of the RBS wave-
avoid the troublesome backward second-Stokes wave whiclgngths in order to match the plasma density. The pump and
limits the efficiency and compression ratio in gas compresthe seed pulses propagated in the gas jet plasma in the op-
sors. Another advantage of the plasma medium is that plasnisite directions, and the Raman amplification was charac-
can handle ultrahigh laser power whereas the maximum laségrized by the ratio between the amplified pulse spectrum and
power in gases is limited by ionization. a reference spectrum. The Raman resonance peak in the
When seeded by a frequency-matched laser pulse, the R&Pectrum was consistent with the simultaneous plasma den-
man compressor can also serve as an amplifier. Energy tran$ly measurement.
fer between two nanosecond laser pulses, mediated by an ion
acoustic wave 10] or a Langmuir wave11], has been ob- Il. OBSERVATION OF RAMAN BACKSCATTERING
served. Early studies have recognized the difficulties of ul-
trashort pulse compression in plasma because of the rela- The schematic of the experimental setup for the observa-
tively narrow band width of Raman amplification, which is a tion of RBS is presented in Fig. 1. The gas jet, with an orifice
characteristic of the linear regime. Recently, new effectoof 1X6 mm, was located in a vacuum chamber. The plasma
were identified in the nonlinear behavior of plasma whenwas created through optical breakdown in the gas jet by an
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additional laser pulse at 1064 nfprepulse, up to 400 mJ in
7 ns. A telescope consisting of two lensks andL; was FIG. 2. (a) An interferogram taken at a delay of 60 n&)
used to adjust the focal position of the prepulse in the gas jeRlasma density distribution along the axis, calculated ffeyrand
The output pulse from the 800-nm laser systggnmping averaged over a central area of 4tn. The energies of the prepulse
pulse, up to 300 mJ in 170 pwas focused by an F/10 lens and the 800 nm pulse are both 200 mJ.

L, into the gas jet plasma to generate Raman backscattering.

The backscattered light, collected by, passed through two =0.85x 10*9)\1@/2 is its normalized vector potentidthe

mirrors M, and M, an'd was focused into a Spectrometer. pump Wave|ength}\l is in um and the intensityl is in

The spectrum was displayed by a charge-coupled-devicgy/cn?). In our case, yrgs is estimated to be~2.8
camera (CCE). The observable wavelength range wasx10'%s~1 for 1,~1.2x 10" W/cn?, \,=800 nm andn,
850-920 nm, limited by the reflection band widthM§ and ~ ~2x 10" cm™2, which corresponds to a band width of 2.5
M. An interferometer was set up from the side to measureym at 900 nm. This agrees well with experimental measure-
the plasma density distribution. The interferogram was moniments (-3 nm). The occasionally larger band wid@ nm)
tored by another camera (CGD To minimize the variation js probably due to plasma density gradients that broaden the
of the plasma density through additional ionization by thEresonance. Such a spectral band wi@h8 nm corresponds

pumping pulse, propane ¢8g), which has a high concen- tg a transform-limited pulse duration of 250—600 fs.
tration of H, was chosen as the injected gas.

A typical interferogram of the gas jet plasma is shown in

Fig. 2(a). The energies of the 7-ns prepulse and the 800-nm (@) Spectrum °f|the s !

170-ps pumping pulse were both about 200 mJ and the dela EAIpINCIPREs - "g‘To.s /\

between them was 60 ns. The plasma column at this delay i £

about 300um wide and 1 mm long. The plasma density } Spectra of RBS _ 0 790 0 0 e

along the axis is plotted in Fig(B), showing that the density  (©) Delay 60ns a3t

was ~2x 10'° cm™2 and the distribution along the axis was 0.5

quite uniform, which is important for the Raman amplifica- s

tion experiment. = $0 e 900 10 920
Typical spectra of the RBS at various delays are shown in (c) Delay 80 ns 3 4

Figs. 3b)—3(d), together with the spectrum of the incident >

pumping pulse for comparisdfrig. 3(@)]. From 60 ns to 100 éo's A

ns the central wavelength of the RBS shifts from 906 nm to S 0 B o e

889 nm, corresponding to a plasma density decrease from 2. (q) pelay 100 ns 7,

to 1.7x10* cm3. The band width of the RBS varies from T

shot to shot, mostly being 3 nffull width at half maximum, 205

Fig. 3b) and 3d)] and occasionally reaching 8 nffrig. 2,

3(c)], which is narrower than that of the pumping pul4é 880 80 x??\?n) o0 920

nm). At low intensities the band width of the RBS is equal to
twice the linear growth ratd21], ygrgs= al(wla)p/4)1/2, FIG. 3. (a) Spectrum of the pumping pulsé)—(d) Spectra of
where w; is the frequency of the pumping pulse ang  RBS at three delays.
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The plasma density measured by the interferomgtesr-
aged along the axiys delay is shown in Fig. 4ddiamond$, FIG. 5. Experimental setup for Raman amplification in the gas
indicating that the density decreases from 2.7 to 1.3et plasma.
X 10 cm ™2 as the delay increases from 40 ns to 100 ns.

The wavelengths of the RBS are also shown in FigtrB  jqier can be varied by adjusting the phase-matching angle of

angles, exhibiting a similar trend as a function of the delay. the crystal. The tuning range of an OPO pumped at 400 nm
The plasma density calculated from the frequency shift iqa ~600-1300 nnj22]

generally higher than the interferometric measurements, an
the difference becomes larger at longer delays. For instanc

the average density obtained from the frequency shift at 6 i
ns is 2_3<glolg Cm_)g/' 15% higher than theqinter?;rometric ated by the 800 nm, 170 ps pulse was much higher than that

measurement (2:0101° cm~3), while at 100 ns the former of the seed pulse from the OPO. If the 170 ps pulse had been

is 1.9< 10 cm3, about 50% higher than the latter (1.3 used as the pump for the Raman amplification experiment,
X 101 cm~3). We’ believe that this is due to additional ion- the spontaneous RBS would have totally dominated over the

ization induced by the powerful pumping pulse. The masmefe\mplified short seed pulse because the RBS would have had

created by the prepulse is not fully ionized and the incidenc&Uch more time to grow. To avoid such a problem the
of the pumping pulse leads to a slightly higher. As the 800-nm pulse was compressed down to 10 ps so that the

delay increases, the plasma cools down and recombine€n€rdy of the spontaneous RBS was significantly reduced
Therefore, more neutrals or low-ionization-stage ions ardVhile keeping the same pumping intensity. The schematic of
available to be ionized. As a result, the effect of additionaltn® €xperimental setup for Raman amplification in the high-
ionization becomes more significant at longer delays, leadin§€SSuré gas jet plasma is shown in Fig. S.

to the increased difference between the two data sets. Since | ne 800-nm laser pulse was split into two parts: (&%
the focal spot of the 800 nm pulse-B0 um) is much of the total energypassed through compressi{ and was

smaller than the width of the plasma column, the local en_compreﬁsed to-10 ps to serve as the pumping pulse; the
hancement of the plasma density can hardly be detected fher (5% of the total energywas compressed by another

the interferometer as the phase shift in the interferometry i§OMPressorC,, to ~500 fs and was frequency doubled by a

integrated in the transverse direction over the whole width o£HGC crystal to pump an OPO and generate the seed pulse.
the plasma column~¢300 xm). After being reflected by mirroM,, passing through the gas

jet and two mirrordM, andM 5, the wavelength range of the
seed pulse narrowed down to 850—920 nm, as explained in
the preceding section, covering a density range from 1 to 3
In order to investigate Raman amplification an ultrashortx 10'° cm™3. Similar to the arrangement in the microcapil-
laser pulse at a proper wavelength is required to serve as thary experimen{17], a small portion of the seed pulse was
seed pulse. It has been demonstrated that the output pulsgglit out and sent to the spectrometer directly, providing a
from an OPO are suitable for this tagk7]. The wavelength reference spectrum. The orifice of the gas injector was 1 mm
tunability of the OPO also provided us with the freedom forin diameter, which limited the length of the high density
matching the plasma density. The physics of the optical pargslasma(across the orificeto below 1 mm.
metric conversion is quite similar to that of the harmonic  One of the obstacles encountered in our previous experi-
generation in nonlinear crystals but the process goes in theent in microcapillarie$16,17] is that there was strong in-
opposite direction: one high-energy photon is “split” into verse Bremsstrahlun@B) absorption of the laser pulses due
two lower-energy photons in the parametric conversion, onéo the high density (+ 3x 10?°° cm™3) and low temperature
is called the signal and the other is the idles,,,, (~20eV). With the new pair of laser wavelengths the
— wsignalt @igier - The wavelengths of the signal and the matching density is reduced to ¥am 3, resulting in a de-

The other change in the experimental setup is related to
e pumping pulse. The energy of the observed RBS gener-

IIl. RAMAN AMPLIFICATION IN THE GAS JET PLASMA
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crease in the IB by more than two orders of magnitude. Al- 24
though the temperature in the gas jet plasmab (eV) was 22¢
lower than in the microcapillary plasmag], the estimated 2t
IB damping length is~1 cm, much longer than in the mi- 18}
crocapillary experiment. Such IB absorption is negligible for < 16|
the 0.5-mm-long plasma used in this experiment. } 14l
Since the pumping pulse was only 10 ps long, the paths of
the seed and the pump pulgesch traveling more than 10 m 2
from the laser system to the champéad to be matched 1
with an accuracy better than 3 mm to ensure the temporal 08
overlap of the two pulses. The high precision synchroniza- 0§ o8 5 5 5 54
tion between the seed and the pumping pulses was accom- ’ ' nc(l'owcm.a)' '
plished by using a noncollinear autocorrelator setup in the
vacuum chambeKThis type of second-harmonic autocorre- 2
lation is a standard technique for subpicosecond pulse dura- M)
tion measurementf23].) During the experiment the delay 15l
line of the pumping pulse was also scanned over a suffi- .
ciently large distance to ensure that the “synchronization e
point” was well covered. e: 1t
With the 10-ps pumping pulse the spontaneous RBS be- =3
came observable only when the energy of the pumping pulse €
exceeded 50 mJ. The observation of Raman amplification 05
was carried out in two ways. One was to find the resonance
peaks in the seed pulse spectrum while keeping the pumping 0 : ‘ : s
energy below the threshold for spontaneous RBS. In such a 0 S00 1°°°z(m)15°° 2000 2500

case the procedure of amplification measurement was the

same as in the earlier experiments in microcapillafieg. FIG. 6. (a) Ratio of /S, at the optimum relative delay for
The amplification was characterized by the ratio of the amRaman amplification(b) Plasma dgnsity distribution along the axis
plified seed pulse spectrum to the reference spectrying,S ~ Measured simultaneously by the interferometer.

The second way was to investigate the effect of the seed

pulse on the amplitude of the RBS. This effect was characfor the spontaneous RBS was 10(fi®e pulse duration of the
terized by the ratio of the energies of the seeded RB$, S pumping pulsg while the amplification time for the seed
to the spontaneous RBS;;S pulse was about 3 ps [2/c, for a plasma lengtt_,
The ratio of 3/ at various relative delays between the o 5 mm). Due to the unstable nature of RBS the fluctua-
500-fs seed pulse and the 10-ps pumping pulse was megpns in the amplitude of the backscattered radiation were
sured. The energy of the pump was 40 mJ, which was belowery |arge. The fluctuations could be suppressed if the seed
the RBS threshold. At the optimum delay there was a resopyjse would be much more intense than the spontaneous
nance peak in the spectrum, with an amplification ratio ofRgs and a significant depletion of the pump would take
~ 2, as shown in Fig. @. When the two pulses were off in p|ace.
time the ratio was close to 1 in the whole spectral range. In - The density gradient along the axis is one critical factor
Fig. 6(b) is shown the simultaneously measured plasma denimiting the amplification. As presented in Sec. I, the rela-
sity distribution along the axis by the interferometer at thetiye pand width of RBS i wy/wy~2yrps/ @,~0.003 (@,
optimum delay. The horizontal coordinate in Figahas s the frequency of the backscattered ligfthe correspond-
been converted to the corresponding density in order to COMng density variation isAng/ne= 20w, wp=2Awy/(wy
pare with the density measurement. The plasma length, for ,,.y—0.06. This means that if the density perturbation ex-
which the density was in the appropriate range of 1.1-1.%eeds 6% the interaction will be out of resonartbar a
X 10" cm"®, was~0.5 mm. The resonance density in Fig. single-frequency pumpFrom the measured density distribu-
6(a) agrees well with the interferometrically measured den+jon, a density variation of 6% corresponds to a spatial scale
sity. Since there were strong plasma density gradients alongf Az~ g0 um. Given the linear growth rateyrge=2.3
the axis the resonance peak was relatively broad, spreadingqgl2 51 for ne=1x 10" cm™3, the theoretical predicted
from 1.1 to 1.4 10" cm* (870-880 nmn _amplification for such a short plasma length is

~When the pump energy was increased to 60 mJ and Sigsyp (2., Az/c)=2.5, agreeing very well with the measure-
nificant spontaneous RBS was observed, the ratio g,  ments.

as a function of the relative delay was measured. The RBS
was enhanced by a factor 6f1.5 at the same relative delay

as the resonance peak was observed. We should emphasize
that the actual amplification was larger than just the simple
ratio of §4/S;,, because of the difference in the spontane- In conclusion, we have shown Raman backscattering and
ous scattering and the amplification time. The growing timeamplification in a gas jet plasma. The frequency shifts of the

IV. CONCLUSION AND DISCUSSION
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RBS agree well with independent interferometric densityx 10 W/cn?, the density tolerance can be 20%, which is
measurements. The band width of the RBS is limited toalready a reasonable requirement for experiments. Therefore,
twice of the linear growth rate and is sometimes broadenethcreasing the pumping intensity has a twofold benefit: to
by plasma density gradients. Amplification of a 500-fs coun-obtain larger amplification and to lessen experimental diffi-
terpropagating seed pulse by a factor of 2 has been observezlilties. In the present experiment we did not use pumping
The Raman resonance is confirmed by simultaneous plasniatensities above 0 W/cn? for the amplification because
density measurements. of the appearance of spontaneous RBS. The seed pulse pro-
Compared to our previous experiments in microcapillar-duced by the OPO was too weak to deplete the pump. There-
ies, there are two major improvements in the experimentafore, the spontaneous RBS has more time to grow and it
setup. First, by replacing the microcapillary plasma by adominates over the amplified pulse. A higher-intensity seed
high-pressure gas jet plasma, it allows for simultaneougulse is desired in order to suppress the spontaneous RBS
plasma density measurements so that the Raman resonarax& to explore Raman amplification in the nonlinear regime.
can be confirmed. In the microcapillary case the plasma ig\ detuning scheme has been proposed to overcome the in-
created by laser ablation of the capillary wall. The reproducstabilities of the pumping pulse by an appropriate combina-
ibility is sensitive to the alignment of the laser pulse and thetion of density gradient and pump chirping4].
wall condition, which are difficult to contrd18]. In con- Further investigations will include enhancing the effi-
trast, the gas jet plasma provides much better reproducibilitgiency of the OPO for the generation of higher-energy seed
with fresh gas used for each shot. The second improvememlulses, improving the gas jet and the optical system to make
is related to lower plasma density. By employing a new pailonger and more uniform plasma. Another factor affecting
of laser wavelengths, the matching density is decreased e uniformity and the interaction length is the additional
more than an order of magnitude and the inverse Bremsstralienization by the pumping pulse, as indicated by comparing
lung absorption, which is proportional tnﬁ is reduced by the wavelength shifts of the RBS and the interferometric
two orders of magnitude. Therefore, the strong damping oplasma density measuremef®c. I, Fig. 4. The additional
the laser pulses encountered in the microcapillary experimerionization can result in the defocusing of the pumping pulse,
is significantly reduced. limiting both the interaction length and the pumping inten-
The observed Raman amplification in the gas jet plasmaity. To eliminate the ionization defocusing effect the plasma
was modest{2) due to the short plasma lengttelated to  should be fully ionized, or at least have the next level too
uniformity) and the modest pumping intensity. As analyzedhigh for the pumping pulse to ionize. Furthermore, as the
at the end of Sec. Ill, the uniformity of the plasma density isinteraction length becomes longer, the diffraction of the laser
critical for the amplification in the linear regime due to the pulses will be the limiting factor and waveguiding will be
narrow band width of the gain. By employing a line-focus necessary to extend the interaction beyond the Rayleigh
axicon instead of a point-focus spherical lens the gas jelength.
plasma can be improved to be longer and more unifidréj.
On the other hand, since the band width is twice of the
growth rateyggs, Which is proportional to the square root of
the pumping intensity;l an increase inilcan broaden the We would like to thank Dr. A. Morozov for his help in the
gain band width, thus relieving the strict requirement on theexperiments, and Professor N. J. Fisch for stimulating dis-
uniformity of the plasma density. For the pumping intensity cussions. We would also like to thank N. Tkach for technical
used in the present experiment,~1x 10 W/cn?, the  support. This work was supported by DARPA and NSF
maximum density variation is 6%, while fol;~1 (PHYS) grants.
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