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Demonstration of ultrashort laser pulse amplification in plasmas
by a counterpropagating pumping beam
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Princeton University, Princeton, New Jersey 08540
(Received 25 May 2000

We experimentally demonstrated amplification of ultrashort laser pU2®s fs pulsesin 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 numbdps): 52.40.Nk, 42.55.Vc, 32.80.Rm, 42.65.Dr

Raman compressors in gases and plasmas have been thesed onto the center of the microcapillary by an /25 leps
object of study for considerable tinjfd—4]. Early work in  and an f/8 lend.,. The initial plasma was created inside the
plasmas recognized the difficulties of pulse compression i.iF microcapillary by ablation of the microcapillary wall by
counterpropagating geometry because of the relatively nag low power nanosecond KrF las¢fhe KrF laser can pro-
row band nature of the Raman amplification and the instavide a beam up to 200 mJ in 20 ns at wavelength248
bilities of the amplified pulse itself. Narrow band amplifica- "M LensL3 is added to adjust the divergence of the KrF
tion limits the temporal compression that can be achievedaser pulse(prepulsg in order to create a long and uniform
One way around the narrow band amplification is throughPlasma column in the microcapillary. The amplified laser
the use of collisional effects, although those effects tend alsBUIS€; propagating in the opposite direction to the pumping
to reduce the efficienci]. Raman backscatter compressors,PUISe, passes through mirrdvk, andM; and is collected by

particularly in gases, have achieved compression at moderal@SL4 onto the entrance slit of the air spectrometer.
energy and pulse lengths, from 0.1 to 10 J from tens of The advantage of using a spectrometer in order to mea-

nanoseconds to tens to hundreds of picosecEids sure the seed pulse amplification is that any scattered signals

Recently, new effects were identified in the nonlinear be'?r;[eﬂfsfgrrsgtsvi\é;ivz;levcghsoct:aanﬁgifelg E’S g’llr:glrnztjelg,eshegﬁz tehr?-
havior of ultrashort ultraintense pulses, which producetrance slit of the spectrometer was opened up to 1 mm to
broadband growth in counterpropagating laser geometry. - -

. . ake sure that the entire subpicosecond p(sed puls
[6,7]. In particular, the Raman backscatter effect when in th P i pulse

; . ' N M&yas collected. The exit slit was fully opendtb about 3
pump depletion regim¢7] produces broadband amplifica- mm), corresponding to spectrum width of about 5 nm, in

tion. For Raman backscatter, the efficiency is limited only by,ger 1o fully cover the spectral width of the subpicosecond
the Manley-Rowe relations for the three-wave interaction. Iyyise. A photomultiplier with a 0.2 ns rise time was attached
this regime, the pulse is shortened as it is amplified, becausg the exit slit. Filters were inserted in front of the entrance

only the leading edge of the short pulse sees the pump.  sjit to prevent saturation of the photomultiplier. The output
The three-wave interaction between counterpropagating

laser pulses and a plasma wave has been well-st(ifljét

The plasma wave, with frequenay, (w§=4we2ne/me), is
ponderomotively driven by the periodic intensity pattern pro-
duced by the interface between the pumping pulse and the :
seed pulse. If the frequency detuning between the two pulses | <. | " Vacuum Chamber
matches the plasma frequeney,, i.e., ®=wpmp~ ©seed =
then the seed pulse can be amplified through Raman back- | L,
scattering(RBS) instability of the pump. The goal of the
present Rapid Communication is to show in a counterpropa-
gating pulse geometry that significant amplification may be
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arranged for ultrashort puls€200 f9. Of particular interest M N A =248nm
is to access the pump depletion regime. . . 0 < “{g’;gfi;‘;;‘;’
Our experimental setup is shown in Fig. 1. A Ti:sapphire
laser system is tuned to a wavelengtk 745 nm with spec- M. A =532nm NA-YAG
trum full width at half maximum~4 nm and pulse duration Laser

~200 fs. About 3QuJ or lesgof 5 mJ availablgwas used as
. . . Y A =745nm
the seed pulse in our experiments. The pumping pulse was p, \ O ,,,,,,,,, »|  Spectrometer
Ls

A2 T

provided by the second harmonic of a neodymium-doped
yttrium aluminum garnet laser at=532 nm with 150 mJ in
5 ns. The seed pulse and the pumping pulse were both fo- FIG. 1. Schematic of experimental arrangement.
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signals were recorded with a fast oscilloscope. The signals, 7

which are proportional to the total energy of the subpicosec- | Lpump =9X1?'12W/crr;2 Exp.1
ond pulses, were integrated over the 5 nm range of its spec- L = 6x10" Wiem T2 30)
trum and over timer~2 ns. > 5 1

The diameter of the focus spots of the pumping pulse and
the subpicosecon@eed pulse(20 and 50um, respectively
are much smaller than the diameter of the microcapillary

fication, Vo/Vi
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(250 um). The larger diameter of the seed pulse was due to Té: , Exp.2

vacuum chamber limitations, hence the necessity of using an< £ {

/25 lens. Precise alignment of the pulses along the axis of 1 |

the microcapillary was achieved by using a HeNe laser beam

as a reference beam to fix the position of the axis, enabling 005 1 1'5 2 2'5 3 1s

proper alignment of all laser beams inside the microcapillary.
As the distances between the target chamber and the laser Microcapillary length, L (mn)
are very long(several metejsthe precision of the alignment

was very high. During the experiments, very fine adjust- . . : X
ments of the mirror$l, andM, assured the overlapping of angles measured as a function of microcapillary lengfimcrocap-
1 2 illary diameter~0.25 mm) for initial seed pulse intensityseee 6

the pump?ng and seed pulses in. the microqapillary pl'asmax 10 W/em?, pump intensityl ,,me= 9 X 10 W/cn?, and electron
The subpicosecond seed pulse is timed to interact with thﬁensity i ple{smme:3><102° o3 1 brackets are shown ampli-

fron_t PQ“'O” of the pumping puls_e to avoid any_changes Nfications if pump and seed beams would be perfectly overlapped.
the initial plasma due to the heating process. This is done by
finely tuning the relative timing between the two pulses bycrocapillary was limited by the divergence of the pumping
our timer system with accuracy of about 0.7 ns. pulse. When the microcapillary length is more than 3 mm,
The three-wave interaction condition for experimental pathe pumping pulse starts to interact with the wall, leading to
rameterswpmg= 3.54x 10" rad/sec andwgeeq2.53X10"°  the decrease of the amplification. The relatively large error is
rad/sec is satisfied by the plasma frequenoy=1.01  mainly due to the irreproducibility of the plasma and the
X 10% rad/sec, corresponding to the electron density 3 intensity fluctuations(~10%) of the seed pulse and the
X 10?°cm 3. To create such high-density plasma, we chose @umping pulse. No significant change was observed in the
LiF microcapillary with a small diameteld=250 um, in  subpicosecond pulse spectral energy distribution.
accordance to the estimated ablation rate of the Mall The Recall that the seed pulse with a ath diameter does not
KrF laser, with critical densityig(c;)~1.8X 102 cm 3 much  completely spatially overlap the 2am diameter focused
higher than the required,, was very suitable for this pur- pumping beam. If only the focused beam contributed to the
pose. The best matched plasma density was found by changmplification, then the overall amplification would have oc-
ing the delay between firing the KrF laser and subpicosecondurred through amplification of onlg of the seed pulse
laser, following the technique developed for choosing approf (20/50¥— 16%]. That would indicate higher amplification
priate n, for soft x-ray lasing generation in microcapillary by a factor of 6 in the overlapped portion; i.e., as high as 30,
plasma[1l]. The delay between the prepulse and the seewvhich was indicated in Fig. 2 by numbers in brackets. How-
pulse was scanned from 40 to 200 ns. The enhancement efer, drawing this conclusion may not be totally correct be-
the output signal was observed at delays between 40 to 10tause there is considerable nonfocused pump power overlap-
ns, with the maximum amplification near 60 ns. ping the 2 of the pulse that does not overlap the focused
The seed pulse was aligned in such a way as to have nmump power. Since the linear Raman instability growth rate
interaction with the wall, so there was no difference in theis proportional to pump amplitude rather than intensity, and
exit energy if the microcapillary was totally removed. Define since the nonfocused radiation can be encountered over a
V, as the total exit energy in the seed pulse after interactiofarger axial length, this nonoverlap term may not be negli-
with the pumping beam in the microcapillary. Defige as  gible.
the total exit energy in the seed pulse after traversing the The intensity of the seed pulse was also varied by insert-
microcapillary plasma but without the pumping pulse. Figureing filters betweer.; and the chamber window. It was found
2 shows the amplification rati¥,/V,; versus the microcap- that the amplification ratio drops as the intensity of the seed
illary length. Each point in Fig. 2 is an average of 20 shotspulse (s approaches the intensity of the pumping pulse
with the error bar calculated from the square root of standardl ,,,p. A few data points of the amplification ratio versus
variance. The energy of the laser pulses and the plasma cohsqfor a 2 mm microcapillary are shown in Fig. 3. The
ditions in the microcapillaries were kept as similar as pos-orizontal error bar is due to the fluctuations in the seed
sible for each microcapillary length. The results were ob-pulse (~10%). When l¢..q was significantly smaller than
tained in two series of measuremefExpt 1 and Expt 2 loump: the seed pulse was amplified more than three times
The results show the amplification increasing monotoni-this corresponds to amplification 15 when assumed that only
cally with length except for thee.=2 mm microcapillary. § of the seed pulse is amplifiodAs | s.eqWas increased and
The much lower ratio/,/V; in Expt 1 is attributed to non- became close tb,,,,, the ratio dropped te-1. So far we
uniform filling of the microcapillary with plasma along its did not observe amplification when the initial..qexceeded
length, which was discovered during analysis of the datalpump.
One can see that a ratiq,/V; of ~5 was reached inside the ~ An important aspect of pulse compression is the possibil-
L=3 mm microcapillary. The maximum length of the mi- ity of amplifying short seed pulses to orders of magnitude

FIG. 2. Amplification of seed pulse intensitgquares and tri-



RAPID COMMUNICATIONS

R4534 PING, GELTNER, FISCH, SHVETS, AND SUCKEWER PRE 62

5 ; Given a small number of exponentiations, one would ex-
L=2mm ' pect pulse lengthening from 200 fs to about a picosecond.
4 - — Tpump This contradicts the experimental measurements of the pulse

spectrum, which did not exhibit any narrowing. The lack of

3 (15 spectral narrowing can be explained in the following way. It
is almost certain that there is a density inhomogeneity, axial

;‘10) or radial, sufficient to account for the broadband amplifica-

2 tion. Because of the inhomogeneity, in different locations
: there will be different resonant frequencies. Since the 200 fs
17 ’f‘ signal is about 100 backscattered radiation periods, a 2%
. variation in plasma density accounts for the 1% bandwidth in
0 : : the backscattered radiation. Thus, the amplification is broad-
01 1 10 100 band enough to encompass the full signal spectral width with

1 ) only rather small density variations in the radial or axial

Lieeq (107 Wiem ) directions.

There is evidence of pump depletion, when considering
the dependence of amplification of seed pulse on capillary
length. In the linear regime, one would expect exponential
variation with the capillary length. However, in the pump
depletion regime, the dependence should be far milder. In
higher intensities than the intensity of the pumping pulsesfact, we do note that the amplificati¢or the output energy
Note that for the results shown in Fig. 2, the energy of theaPpears to increase mildly with length. In the full pump de-
seed pulse was about 2], for which the intensity was 6 letion regime, we would again expect constant output ener-
X 101 W/cr? over the 50um diameter cross section. The 9/€S; however, as we noted above, effects beyond our con-
pumping pulse intensity was»910 W/cn? at the focug20 S|derat|qns he.re account for the_ relatively small fraction of
um diametey. However, if the full amplification can be at- the available input energy that is converted to backscatter

: o : . energy. Thus, determining the precise amplification as a
tributed to only the 16% of the seed pulse overlapping W'thfunction of length is too speculative without further data.

:Ee gumping pulse,.”the maxli(rjngm energg ampllzificatior;] forNevertheless, the data are compatible with pump depletion,
e 3 mm microcapillary would be 3see Fig. 2 For suc possibly over a small region, and clearly do not show the

energy amplificatiorfassuming that the duration is not short- exponential growth that would be characteristic of the non-
ened, results in a power intensity reaching .80 W/cn?, depletion regime
which would be larger than the intensity of the pumping In summary, a counterstreaming Raman amplifier in the

pul1s_e. . he Kk . | | ¢ Isubpicosecond regime was built and analyzed. In this re-

(_) summarize, the key experimental results are as Oyime, we expect to find both broadband amplification and
lows: (i) There is an overall energy amplification of as much ump depletion. The amplification is clearly broadband. En-
aE a f?ct(]zr t? 5. Tlhe pl:jmp ;/vhen focused covefrs lfmharea rgy amplification factors of as much as 5 were recorded,
about of the total seed pulse cross section. If all the am- i, jnsensitivity to the specific input energies, as character-

pIificgt.ion'occ':urred in just this_ focused cross section, thelstic of pump depletion regimes rather than constant pump
amplification in the overlap region could be as much as 30{g,onential growthregimes. Thus, it appears that Raman
(i) there is no spectral narrowingjii) there is an apparent

. . X . pump depletion behavior has been observed in the ultrashort
saturation of the effect when the initial seed pulse intensit

. ; ulse regime.
exceeds the pump intensity.

- d d1th . | findi I'f It is important to recognize significant caveats to the main
0 understan .t ese exp.erlmenta. Indings, several actoy nclusion, namely, that the pump depletion effect was ob-
need to be kept in mind. First, the high plasma density an

) . ; erved for ultrashort pulses. First, there was insufficient time
its relatively low temperaturéelow T.= 200 eV) result in a

) . e e resolution to distinguish the expected spatiotemporal pulse
very high rate of electron-ion collisions: at least 2.5DS  oyoiution in this regime. Second, we did not demonstrate

Electron-ion collisions resullt'in the damping of the LangmuirpulSe intensity that significantly exceeded the pump inten-
plasma waves, thus explaining the absence of the spontangs.

ous Raman backscatteritl§BS) without the short pulse. A “peyeloping a quantitative theory still remains a challenge

related effect is the inverse bremsstrahlung of the pUMReca,se of nonideal effects, such as defocusing, density in-
pulse, which has a damping rate smaller by a faolar/ne  homogeneities driving the interaction off resonance, or
=12. Collisional damping does not, however, prohibit the ,mpning effects. The present experiment should be regarded
amphﬁcatlon of an ultrashort pulse, as observed in the exxq 5 first step toward a demonstration of accessing the pump
periment. depletion regime with an ultrashort pulse. That goal is wor-

: - 1
Now for half micron pump radiation focused to £0 thy enough to be accomplished carefully and in several steps,
Wi/cn?, the vector potential ia=0.0014. The linear growth of which we trust this is the first.

distance for the power is about 0.4 mm, but the Rayleigh

length over which the power is focused is only about 1 mm. We are thankful to Dr. A. Morozov for his help in the
Thus, the linear growth time, 4/ is about 1.3 ps angL/c preparation of the experiment and N. Tkach for his technical
gives about two growth rates over the focusing distancesupport and for preparing the many electronic devices that
which means that is about half a linear growth time, or less were involved in the experiment. The experimental part of
than 1 ps. the work was supported by NSF Grant No. PHY-9732261.

Amplification, Vo/Vi

FIG. 3. Amplification of seed pulse intensity for its three differ-
ent initial intensities (seq0.6, 1.2, and %102 Wicn?) for
I oumg= 9 X 10*2 W/cn? for 2 mm long microcapillary. All other pa-
rameters are as in Fig. 2.
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