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Demonstration of ultrashort laser pulse amplification in plasmas
by a counterpropagating pumping beam

Y. Ping, I. Geltner, N. J. Fisch, G. Shvets, and S. Suckewer
Princeton University, Princeton, New Jersey 08540

~Received 25 May 2000!

We experimentally demonstrated amplification of ultrashort laser pulses~200 fs pulses! in microcapillary
plasmas by a counterpropagating pumping beam. Energy amplification as large as a factor of 5 was observed.
Importantly, a nonlinear pump depletion regime must have been accessed, since the parameters support not
only the amplification of the pulse, but an absolutely growing instability if the pump is not depleted. Further
indication of accessing the nonlinear depletion is indicated by the relative insensitivity to the initial pulse
energy.

PACS number~s!: 52.40.Nk, 42.55.Vc, 32.80.Rm, 42.65.Dr
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Raman compressors in gases and plasmas have bee
object of study for considerable time@1–4#. Early work in
plasmas recognized the difficulties of pulse compression
counterpropagating geometry because of the relatively
row band nature of the Raman amplification and the ins
bilities of the amplified pulse itself. Narrow band amplific
tion limits the temporal compression that can be achiev
One way around the narrow band amplification is throu
the use of collisional effects, although those effects tend a
to reduce the efficiency@3#. Raman backscatter compresso
particularly in gases, have achieved compression at mode
energy and pulse lengths, from 0.1 to 10 J from tens
nanoseconds to tens to hundreds of picoseconds@5#.

Recently, new effects were identified in the nonlinear b
havior of ultrashort ultraintense pulses, which produ
broadband growth in counterpropagating laser geom
@6,7#. In particular, the Raman backscatter effect when in
pump depletion regime@7# produces broadband amplifica
tion. For Raman backscatter, the efficiency is limited only
the Manley-Rowe relations for the three-wave interaction
this regime, the pulse is shortened as it is amplified, beca
only the leading edge of the short pulse sees the pump.

The three-wave interaction between counterpropaga
laser pulses and a plasma wave has been well-studied@8,9#.
The plasma wave, with frequencyvp (vp

254pe2ne /me), is
ponderomotively driven by the periodic intensity pattern p
duced by the interface between the pumping pulse and
seed pulse. If the frequency detuning between the two pu
matches the plasma frequencyvp , i.e., v5vpump2vseed,
then the seed pulse can be amplified through Raman b
scattering~RBS! instability of the pump. The goal of the
present Rapid Communication is to show in a counterpro
gating pulse geometry that significant amplification may
arranged for ultrashort pulses~200 fs!. Of particular interest
is to access the pump depletion regime.

Our experimental setup is shown in Fig. 1. A Ti:sapph
laser system is tuned to a wavelengthl5745 nm with spec-
trum full width at half maximum;4 nm and pulse duration
;200 fs. About 30mJ or less~of 5 mJ available! was used as
the seed pulse in our experiments. The pumping pulse
provided by the second harmonic of a neodymium-dop
yttrium aluminum garnet laser atl5532 nm with 150 mJ in
5 ns. The seed pulse and the pumping pulse were both
PRE 621063-651X/2000/62~4!/4532~4!/$15.00
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cused onto the center of the microcapillary by an f/25 lensL1
and an f/8 lensL2 . The initial plasma was created inside th
LiF microcapillary by ablation of the microcapillary wall b
a low power nanosecond KrF laser.~The KrF laser can pro-
vide a beam up to 200 mJ in 20 ns at wavelengthl5248
nm.! Lens L3 is added to adjust the divergence of the K
laser pulse~prepulse! in order to create a long and uniform
plasma column in the microcapillary. The amplified las
pulse, propagating in the opposite direction to the pump
pulse, passes through mirrorsM2 andM3 and is collected by
lensL4 onto the entrance slit of the air spectrometer.

The advantage of using a spectrometer in order to m
sure the seed pulse amplification is that any scattered sig
at different wavelengths can easily be eliminated, hence
measured signal was not affected by other pulses. The
trance slit of the spectrometer was opened up to 1 mm
make sure that the entire subpicosecond pulse~seed pulse!
was collected. The exit slit was fully opened~to about 3
mm!, corresponding to spectrum width of about 5 nm,
order to fully cover the spectral width of the subpicoseco
pulse. A photomultiplier with a 0.2 ns rise time was attach
to the exit slit. Filters were inserted in front of the entran
slit to prevent saturation of the photomultiplier. The outp

FIG. 1. Schematic of experimental arrangement.
R4532 ©2000 The American Physical Society
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signals were recorded with a fast oscilloscope. The sign
which are proportional to the total energy of the subpicos
ond pulses, were integrated over the 5 nm range of its s
trum and over timet'2 ns.

The diameter of the focus spots of the pumping pulse
the subpicosecond~seed! pulse~20 and 50mm, respectively!
are much smaller than the diameter of the microcapill
~250 mm!. The larger diameter of the seed pulse was due
vacuum chamber limitations, hence the necessity of using
f/25 lens. Precise alignment of the pulses along the axis
the microcapillary was achieved by using a HeNe laser be
as a reference beam to fix the position of the axis, enab
proper alignment of all laser beams inside the microcapilla
As the distances between the target chamber and the la
are very long~several meters!, the precision of the alignmen
was very high. During the experiments, very fine adju
ments of the mirrorsM1 andM2 assured the overlapping o
the pumping and seed pulses in the microcapillary plas
The subpicosecond seed pulse is timed to interact with
front portion of the pumping pulse to avoid any changes
the initial plasma due to the heating process. This is done
finely tuning the relative timing between the two pulses
our timer system with accuracy of about 0.7 ns.

The three-wave interaction condition for experimental p
rametersvpump53.5431015 rad/sec andvseed52.5331015

rad/sec is satisfied by the plasma frequencyvp51.01
31015 rad/sec, corresponding to the electron densityne'3
31020 cm23. To create such high-density plasma, we chos
LiF microcapillary with a small diameter,d5250 mm, in
accordance to the estimated ablation rate of the wall@10# The
KrF laser, with critical densityne(cr)'1.831022 cm23 much
higher than the requiredne , was very suitable for this pur
pose. The best matched plasma density was found by ch
ing the delay between firing the KrF laser and subpicosec
laser, following the technique developed for choosing app
priate ne for soft x-ray lasing generation in microcapillar
plasma@11#. The delay between the prepulse and the s
pulse was scanned from 40 to 200 ns. The enhanceme
the output signal was observed at delays between 40 to
ns, with the maximum amplification near 60 ns.

The seed pulse was aligned in such a way as to have
interaction with the wall, so there was no difference in t
exit energy if the microcapillary was totally removed. Defi
Vo as the total exit energy in the seed pulse after interac
with the pumping beam in the microcapillary. DefineVi as
the total exit energy in the seed pulse after traversing
microcapillary plasma but without the pumping pulse. Figu
2 shows the amplification ratioVo /Vi versus the microcap
illary length. Each point in Fig. 2 is an average of 20 sho
with the error bar calculated from the square root of stand
variance. The energy of the laser pulses and the plasma
ditions in the microcapillaries were kept as similar as p
sible for each microcapillary length. The results were o
tained in two series of measurements~Expt 1 and Expt 2!.

The results show the amplification increasing monoto
cally with length except for theL52 mm microcapillary.
The much lower ratioVo /Vi in Expt 1 is attributed to non-
uniform filling of the microcapillary with plasma along it
length, which was discovered during analysis of the da
One can see that a ratioVo /Vi of ;5 was reached inside th
L53 mm microcapillary. The maximum length of the m
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crocapillary was limited by the divergence of the pumpi
pulse. When the microcapillary length is more than 3 m
the pumping pulse starts to interact with the wall, leading
the decrease of the amplification. The relatively large erro
mainly due to the irreproducibility of the plasma and t
intensity fluctuations~;10%! of the seed pulse and th
pumping pulse. No significant change was observed in
subpicosecond pulse spectral energy distribution.

Recall that the seed pulse with a 50mm diameter does no
completely spatially overlap the 20mm diameter focused
pumping beam. If only the focused beam contributed to
amplification, then the overall amplification would have o
curred through amplification of only16 of the seed pulse
@(20/50)2→16%#. That would indicate higher amplification
by a factor of 6 in the overlapped portion; i.e., as high as
which was indicated in Fig. 2 by numbers in brackets. Ho
ever, drawing this conclusion may not be totally correct b
cause there is considerable nonfocused pump power ove
ping the 5

6 of the pulse that does not overlap the focus
pump power. Since the linear Raman instability growth r
is proportional to pump amplitude rather than intensity, a
since the nonfocused radiation can be encountered ov
larger axial length, this nonoverlap term may not be neg
gible.

The intensity of the seed pulse was also varied by ins
ing filters betweenL1 and the chamber window. It was foun
that the amplification ratio drops as the intensity of the se
pulse (I seed) approaches the intensity of the pumping pu
(I pump). A few data points of the amplification ratio versu
I seed for a 2 mm microcapillary are shown in Fig. 3. Th
horizontal error bar is due to the fluctuations in the se
pulse ~;10%!. When I seed was significantly smaller than
I pump, the seed pulse was amplified more than three tim
~this corresponds to amplification 15 when assumed that o
1
6 of the seed pulse is amplified.! As I seedwas increased and
became close toI pump, the ratio dropped to;1. So far we
did not observe amplification when the initialI seedexceeded
I pump.

An important aspect of pulse compression is the possi
ity of amplifying short seed pulses to orders of magnitu

FIG. 2. Amplification of seed pulse intensity~squares and tri-
angles! measured as a function of microcapillary lengths~microcap-
illary diameter'0.25 mm! for initial seed pulse intensityI seed56
31011 W/cm2, pump intensityI pump5931012 W/cm2, and electron
density in plasmane5331020 cm23. In brackets are shown ampli
fications if pump and seed beams would be perfectly overlappe
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higher intensities than the intensity of the pumping puls
Note that for the results shown in Fig. 2, the energy of
seed pulse was about 2mJ, for which the intensity was 6
31011 W/cm2 over the 50mm diameter cross section. Th
pumping pulse intensity was 931012 W/cm2 at the focus~20
mm diameter!. However, if the full amplification can be at
tributed to only the 16% of the seed pulse overlapping w
the pumping pulse, the maximum energy amplification
the 3 mm microcapillary would be 30~see Fig. 2!. For such
energy amplification~assuming that the duration is not sho
ened!, results in a power intensity reaching 1.831013 W/cm2,
which would be larger than the intensity of the pumpi
pulse.

To summarize, the key experimental results are as
lows: ~i! There is an overall energy amplification of as mu
as a factor of 5. The pump when focused covers an are
about 1

6 of the total seed pulse cross section. If all the a
plification occurred in just this focused cross section,
amplification in the overlap region could be as much as
~ii ! there is no spectral narrowing;~iii ! there is an apparen
saturation of the effect when the initial seed pulse inten
exceeds the pump intensity.

To understand these experimental findings, several fac
need to be kept in mind. First, the high plasma density
its relatively low temperature~belowTe5200 eV! result in a
very high rate of electron-ion collisions: at least 2.5 ps21.
Electron-ion collisions result in the damping of the Langm
plasma waves, thus explaining the absence of the spont
ous Raman backscattering~RBS! without the short pulse. A
related effect is the inverse bremsstrahlung of the pu
pulse, which has a damping rate smaller by a factorncrit /ne
512. Collisional damping does not, however, prohibit t
amplification of an ultrashort pulse, as observed in the
periment.

Now for half micron pump radiation focused to 1013

W/cm2, the vector potential isa50.0014. The linear growth
distance for the power is about 0.4 mm, but the Rayle
length over which the power is focused is only about 1 m
Thus, the linear growth time, 1/g, is about 1.3 ps andgL/c
gives about two growth rates over the focusing distan
which means thatt is about half a linear growth time, or les
than 1 ps.

FIG. 3. Amplification of seed pulse intensity for its three diffe
ent initial intensities (I seed'0.6, 1.2, and 931012 W/cm2! for
I pump'931012 W/cm2 for 2 mm long microcapillary. All other pa-
rameters are as in Fig. 2.
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Given a small number of exponentiations, one would e
pect pulse lengthening from 200 fs to about a picoseco
This contradicts the experimental measurements of the p
spectrum, which did not exhibit any narrowing. The lack
spectral narrowing can be explained in the following way
is almost certain that there is a density inhomogeneity, a
or radial, sufficient to account for the broadband amplific
tion. Because of the inhomogeneity, in different locatio
there will be different resonant frequencies. Since the 20
signal is about 100 backscattered radiation periods, a
variation in plasma density accounts for the 1% bandwidth
the backscattered radiation. Thus, the amplification is bro
band enough to encompass the full signal spectral width w
only rather small density variations in the radial or ax
directions.

There is evidence of pump depletion, when consider
the dependence of amplification of seed pulse on capil
length. In the linear regime, one would expect exponen
variation with the capillary length. However, in the pum
depletion regime, the dependence should be far milder
fact, we do note that the amplification~or the output energy!
appears to increase mildly with length. In the full pump d
letion regime, we would again expect constant output en
gies; however, as we noted above, effects beyond our c
siderations here account for the relatively small fraction
the available input energy that is converted to backsca
energy. Thus, determining the precise amplification a
function of length is too speculative without further dat
Nevertheless, the data are compatible with pump deplet
possibly over a small region, and clearly do not show
exponential growth that would be characteristic of the no
depletion regime.

In summary, a counterstreaming Raman amplifier in
subpicosecond regime was built and analyzed. In this
gime, we expect to find both broadband amplification a
pump depletion. The amplification is clearly broadband. E
ergy amplification factors of as much as 5 were record
with insensitivity to the specific input energies, as charac
istic of pump depletion regimes rather than constant pu
~exponential growth! regimes. Thus, it appears that Ram
pump depletion behavior has been observed in the ultras
pulse regime.

It is important to recognize significant caveats to the m
conclusion, namely, that the pump depletion effect was
served for ultrashort pulses. First, there was insufficient ti
resolution to distinguish the expected spatiotemporal pu
evolution in this regime. Second, we did not demonstr
pulse intensity that significantly exceeded the pump int
sity.

Developing a quantitative theory still remains a challen
because of nonideal effects, such as defocusing, density
homogeneities driving the interaction off resonance,
damping effects. The present experiment should be rega
as a first step toward a demonstration of accessing the p
depletion regime with an ultrashort pulse. That goal is w
thy enough to be accomplished carefully and in several st
of which we trust this is the first.

We are thankful to Dr. A. Morozov for his help in th
preparation of the experiment and N. Tkach for his techni
support and for preparing the many electronic devices
were involved in the experiment. The experimental part
the work was supported by NSF Grant No. PHY-97322
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