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Raman amplification of ultrashort laser pulses in microcapillary plasmas
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Experimental evidences of Raman amplification of ultrashort pulses in microcapillary plasmas are presented.
The amplification of 100-500 fs pulses was investigated in microcapillaries with different lengths. The ex-
perimental data, together with simulation results, indicate that the resonance condition for Raman amplification
in high-density plasman,~1—3x 10?° cm™3, existed only in a very short plasma column. Such an assump-
tion makes it possible to reconcile the experimental results and theoretical predictions. Investigations in very
short microcapillarieg0.2—0.5 mm with a broadband seed pulse further support this hypothesis and the
amplification factor is in agreement with the linear growth rate.
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[. INTRODUCTION broadened in timg8]. Its front moves with the speed of light
¢, while its maximum moves at/2, so that the amplified
The Raman amplification is based on the three-wave inpulse quickly stretches tol3/c (L, is the plasma lengjh
teraction between two counterpropagating electromagneti@]. Therefore, Raman amplification in the linear regime is
waves and a plasma wave, whose frequencies and wave vewet very suitable for ultrashort pulses.
tors satisfy the energy and momentum conservation relations, Recently, new effects were identified in the nonlinear be-
havior of plasmas when interacting with ultraintense laser
w1=wo+ wp, k=Ko +Kp, (1)  pulses/10-12. There are several mechanisms by which the
pump power might be coupled into the counterpropagating
wherew; ,0,,w, are the frequencies of the pumping pulse,seed puls¢13]: Compton scatterinfL0], resonant backward
seed pulse, and plasma wave, respectively,l%lmﬁz,lzp are Raman scattering11], and.couplir.Ig at an ionization front
the corresponding wave vectors. [12]. The Compton scattering regime is also called the “su-
The idea of using Raman backscatteriti@BS) as a perradiant” regime, where the electron bounce motion in the
means to amplify and compress laser pulses has been thenderomotive bucket dominates the collective oscillations
object of study for considerable tinja—5]. Early work on  Of the plasma wave. The electrons behave like quasi-
the compression of laser pulses in gases was reported in Réfidependent emitters and the laser pulse can be amplified
[3], and recently, Raman compression from tens of nanoseéhrough Compton scattering. This scheme requires the seed
onds to tens of picoseconds has been achieved in gas miRuise to be shorter tham,*. In the Raman scattering re-
tures[5,6]. The maximum power of laser pulses that can begime, where a density resonance is required, it has been
compressed in gases is limited by ionization. The advantagghown by simulations that the pulse grows so fast that it can
of using plasma as the medium, as recognized by Capjackutrun the deleterious instabilities and pump depletion can
et al. [4], is that there is no theoretical limit on the laser quickly take place. The efficiency could be as high as 1
power since plasma can handle ultrahigh power without any- @,/ w;. In the case of ionization-front scattering, the pump
“damage” to itself. propagates through a neutral gas in order to avoid collision-
In order to amplify and compress laser pulses with a duless instabilities, and plasma is created in the front. In this
ration shorter than 1 ps, the bandwidth of the amplifyingregime, it may be necessary to employ lower pumping inten-
medium must be large enough to satisfy the Fourier relatiorsities, for instance, 8 W/cn?, which would imply that the
Early studies have recognized the difficulties of ultrashortinteraction length has to be much longer than in the first two
pulse compression in plasmas because of the relatively naregimes to achieve the desired high output power.
row bandwidth of Raman amplification, which is the charac- Our experiments were designed initially for the linear re-
teristic of the linear regime. In the linear regime, the inten-gime with a pumping power intensity 010" Wien?. In
sities of the pump and the seed pulses are moderate and théhés paper we present the results of Raman amplification in
is no significant pump depletion. The seed pulse grows extwo configurations(a) a 745-nm, 200-fs seed pulse ampli-
ponentially with a growth rateyrgs, independent of the fied by a 5-ns, 532-nm pumping pulse in 1-3-mm-long LiF
seed intensity7], microcapillaries andb) a broadband 500-fs pulse amplified
by the same pump in copper microcapillaries (150—200
Yres=ai(wi0p/4)?, (2)  in diameter and 200—-50@m long. The former is a continu-
ation of our previous work14]. The analysis of the experi-
where a; is the normalized vector potential of the pump; mental data, together with simulation results, suggests that
a;=0.85% 10*9)\1I}’2 (the pump wavelengthh; is in mi-  the observed amplification in the initial experiment was ob-
crometer and the intensitly; is in W/cn?). Theoretical in- tained from a plasma with a length much shorter than the
vestigations have shown that in the linear regime, the origimicrocapillary length. The second experiment in much
nal weak and short seed pulse is not only amplified but alsshorter microcapillaries was performed to verify this hypoth-
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FIG. 1. Experimental setup for Raman amplification with a

=745 nm, 200-fs seed pulse in a LiF microcapillary. FIG. 2. Output signals of the photomultiplier without the pump
(top) and with the pumgbottom) at a 40 ns delay after the prepulse

esis and the results show that the amplification agrees we{l-cap=3 mm).
with the estimated linear growth rate.
of a spectrometer and detected by a photomultiplier with a
2-ns time resolution.

The three-wave interaction condition for the experimental
A. Experiments with a 745-nm, 200-fs seed pulse parameters, ;=3.54x10"%rad/sec and ,=2.53

5 - .
In Ref.[14] we have presented, to the best of our knowl- X 10" rad/sec, was satisfied by a plasma frequengy

_ 5 . .
edge, the first experimental results on ultrashort pulse ampli= 101X 10'® rad/sec, corresponding to an electron density

~ 0 -3 . .
fication in microcapillary plasma by a counterpropaga‘tingn's’v3><1O2 cm . To create such a high-density plasma,
pumping pulse. However, some of the results were difficultV€ chose a LiF microcapillary with a small diamet®r,,,

to interpret: the transmission of the seed pulse through th& 250 #m. in accordance to the estimated ablation rate of
high-density 3-mm-long plasma was much higher than exthe wall[15]. The best-matched plasma density was found by

pected: the increment of amplification as a function of theSc@nning the delay between the prepulse and the seed pulse

microcapillary length was significantly less than theoreticallyfom 20 ns to 200 ns. The relative timing between the sub-
predicted; and finally we observed the decrease of the amplRicosécond seed pulse and the pumping pulse was also finely
fication with increasing energy of the seed pulse. We preserftin€d, with an accuracy of-0.7 ns, in order to find the
here additional experimental results, as well as amplificatio@Ptimum conditions. _
measurements in very short microcapillaries in the following 1he diameters of the focal spots of the pumping pulse and
subsection, which were helpful in better understanding thdéhe seed pulse (2am and 50um, respectivelywere much
process and obtaining better agreement with the theory. smaller than'the dllameter of the microcapillary. The segd
The schematic of the experimental arrangement of RefPulSe was aligned in such a way as to have no interaction
[14] is shown in Fig. 1. The seed pulse was the output of uith the wall,_so there was no difference in the exit energy if
Ti:sapphire regenerative amplifier &= 745 nm with a full  the m|crocaplllarygwas totally removed. The pumping inten-
width at half maximum(FWHM) of ~4 nm and a pulse sity was =1x 10" W/cn? and a backscattered signal was
duration of~ 200 fs. About 30xJ or lesg(of 3 mJ availablg not observed at the wavelength pf the_ seed pulse when the
were used in the experiments. The pumping pulse was pros_eed pulse was not present. Typical signals from the photo-

vided by the second harmonic of a Nd:YAG laser Xt multiplier are presented in Fig. 2 witho(tbp) and with(bot-

=532 nm with 150 mJ in 5 ns. The seed pulse and the pumF;_om) a pumping beam. One can see that the amplitude of the

ing pulse were both focused onto the center of the microcap2'9na! i increased by a factor 6f5 when interacting with
illary by F/25 and F/8 lenses, respectively. The initial th€ PUMping pulse in the plasma. We have defidieds the

plasma was created inside 1—3 mm long, 268-diameter signal amplitude without the pumping pulem!oportiongl to

LiF microcapillaries through wall ablation by a low power the total energy of the seed pulsendV, as the amplitude
nanosecond KrF las€60—60 mJ in 20 ns at =248 nm). with the pumping pulsépropor_t!onal to the total energy of
The amplified seed pulse, propagating in the opposite diredn® amplified pulse The amplificationV, /V;, as a func-
tion to the pumping pulse, was focused onto the entrance sltion of the delay between the prepulse and the pumping pulse

Il. EXPERIMENTAL RESULTS
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12 spread. We performed most of the measurements at a delay
10]@ Lo =3 mm of 60 ns since this was the most stable region.
3 Figure 3b) shows the amplification versus the relative
> 81 timing between the pumping and the seed pulsegative
g 6 relative timing, “-” corresponds to the seed preceding the
:% .l pump. The optimum relative timing is defined as “0.” The
E amplification “window” was approximately 10 ns, in agree-
21 ment with the duration of the pumping pul§d@VHM 5 ns.
0 . When the seed and the pump are off in timirg{ 3 ns or
0 20 40 60 80 100 120 140 160 >10 ns) the ratid/, /V; drops to below 1 due to the absorp-
Delay (ns) tion by the plasma. This “time window” agreed well with
simulation results with a 1D fluid code in the radial coordi-
3 nate[15]. The simulated time evolution of the plasma density
5] ® Lep=2mm with the pumping pulse fired at three different delays are
: Delay = 60 ns presented in Fig. 4, indicating that the appropriate density
24 was produced only when the additional ionization was in-
Z 5] duced by the pumping pulse, and only at certain delays.
- In order to study the bandwidth of the amplification the
11 spectra of the seed pulse and the amplified pulse were mea-
0.5 - sured(shown in Fig. 5 forL,,= 1.5 mm, a 60 ns delay and
I,=10" W/cn?). Each data point is averaged over 20 shots.
0

It can be seen that the spectral width of the amplified pulse is

only slightly narrower than that of the seed pulse, but the

difference is within the measurement error. The lack of spec-
FIG. 3. () Amplification vs the delay between the prepulse and (@l narrowing could be due to density gradients, since a 3%

the pumping pulse(b) Amplification vs the relative timing between density variation can cover the observed bandwidth.

the pumping pulse and the seed pulsegative relative timing, “-”, For the 532-nm pumping pulse focused to'%1@/cn?,

corresponds to the seed preceding the pump the vector potential i81:0.0014, therefore the grOWth rate,

calculated by Eq(2), is yrgs~1.3x 102 s71. If there is no

is shown in Fig. 8). The enhancement of the output signal energy loss and the amplification occurs through the whole

was observed at delays between 20 ns to 120 ns. The maxRayleigh length of the pumping bear@{~ 0.6 mm), for a

mum amplification 8) occurs at a short deld0 n9, but  low intensity seed pulséno pump depletion linear regime

with relatively large fluctuations. From 40 ns to 80 ns there isone would expect an amplification of expggZr/c)~180.

a plateau in the amplification~<6) with relatively smaller However, given an estimated preplasma temperafiye
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FIG. 4. Simulated time evolution of the plasma densityeraged over the central area with a radius ofu20) in the preplasmé) and
in the plasma heated by the pumping pulse at three délaysc), (d)]. The laser parameters are the same as in the experiment and the LiF
microcapillary dimensions areg,,=3 mm, D¢,,=250 um.
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13 action length. In order to verify this hypothesis we conducted
——A—Seed pulse the experiment with much shorter microcapillaries. This al-
_~ & - - Amplified pulse lowed us to have a more precise knowledge of the interaction
length. In this case the Rayleigh length of the pumping pulse
(Zg=0.6 mm) was much longer than the microcapillary
length (Lcap=0.2 mm), therefore diffraction and refraction
effects were relatively insignificant. Furthermore, the devel-
opment of an optical parametric oscillat@®PO, Ref[16)),
which produces a wavelength-tunable seed pulse, provided
us with more freedom for matching the density.

The experimental setup was the same as in Fig. 1, except
that the seed pulse was provided by the OPO, which was

Normalized intensity
(=]
~

031 pumped by a 745-nm, 500-fs pulse and produced a very
broadband output pulse in the visible region. The shortest

0.1 T r T r r r wavelength that could pass through mirrdts and M, was
743 744 745 746 747 748 749 750 ~600 nm, which corresponds to a minimum matched den-

Wavelength (nm) sity of ng=5x10' cm~2 with a 532 nm pump. The LiF
microcapillaries were replaced by copper microcapillaries
with lengths ranging from 20@m to 500 um and diameters
from 100 um to 300 um (the usage of copper instead of LiF

~20 eV andn,=3x 102° cm~3, the inverse Bremsstrahlung Was due to technical difficulties in making LiF microcapil-
absorption length is-100 um, i.e., the penetration distance laries shorter than 1 mmA charge-coupled devicéCCD)

of the pumping pulse into the plasma is only 100—-200.  camera was installed at the exit of the spectrometer to record
The actual situation is more complicated since the plasma ithe whole spectrum of the subpicosecond pulse in a single
heated and the plasma density is changed by the pumpinghot.

pulse, as shown in the simulation results. In later density Since the spectrum intensity of the broadband seed pulse
measurements it was found that the plasma does not fill thgaries from shot to shot, a small portion of the seed pulse
whole microcapillary at short delays, hence the microcapilyyas spjit and focused into the spectrometer to provide a ref-
lary length is not the actual interaction length. In addition, grence spectrum. Figuréa displays the reference spectrum

ipnizgtiorr]]—induceq defoclusing,dca#sed by ad((jjitional ioni??(top) and the seed pulse spectrum after passing through the
tion by the pumping pulse and the ensuing density profile : :
(peaked at the centercan further limit the interaction empty microcapillary(bottom. In order to overcome the

length. If the effective interaction length Ls, s~ 200 zm spatial mismatch of the seed and the pumping pulses, as

the amplification would be exp(@ad.ci/0)~6, which encounte.red in the earlier experimehm], the microcapil-
would be in good agreement with the observed amplificationl.rzgt\évss 'erg";‘ng:[‘rj aitstrs]ﬁo?/:/]:]r?r?clfi s(l:itio%hee SS;Cti':meEI?;'eThe
The short effective interaction length can also explain the 9 y 9 ®. pumping p

decrease in the amplification with increasing seed pulse N as focused onto the center of the microcapillary with a spot

tensity [14]. During the measurement of Raman ampliﬁca-Slze 0f ~20 pum (FWHM?' Thg larger focal spot of the seed
tion as a function of seed pulse intensiat constant pump- pulse en_sured overlapping with the pumping pul_se. The en-
ing intensity|,~ 10" W/cn?) the amplification dropped as trance slit of the sp_ectrome.ter was 2én wide, which cor-
the intensity of the seed pulsé,] approached that of the _responds to SQ.Lm in the microcapillary front plane, cover- )
pumping pulse ). The explanation in view of the short ing the interaction area between the seed and the pump. With
) . : such an arrangement, the spectrum displayed by the CCD
Ler could be as follows. The available pumping eNeTYY camera had a spectral resolution-©0.6 nm and a spatial
within the short interaction timéor L.¢;=0.2 mm the inter- ! . . o
action time istor;=2L o(;/C~1.5 ps) of the total 150 mJ in resolution of~10 um in the vertical directiorfmarked as
; eff eff ' they axis in Figs. 6b) and Gc)].
5 ns is only~40 xJ. Whenl,~1,, the energy of the seed . o .
pulse is ~30 uJ, which is comparable to the available T_he prepulse, for creating the preplasma inside the micro-
purping enegy. Even it ot purp depeton one camnf S0 206 e PUTbNG puls weke e same a< 1y (e
expect the amplification to exceed a factor of 2. While takingEnJ at 532 nnﬁ),in‘ 5.,ns respectively. The spectrally resolved
into account absorption and no full depletion, there should be ~ ..~ ' P Y- P y
- oo . .~ amplification was calculated &&,(\)/So(N), whereSy(\)
no visible amplification. Finally, the short length of the high- . . . i :
. : . g is the intensity of the amplified pulse spectrum &¢\) is
density plasma can explain the high transmission of the seed . : ;
ulse through the preplasma. the mtgnsny of the referenge spectrum. W|thou_t the plasma
P the ratio S,/S, was approximately a flat curvdig. 7(a)].
When the plasma was created in the microcapillary, the seed
pulse spectrum remained almost the same, with slight spatial
modifications, probably due to nonuniformities of the plasma
The earlier experimentRef.[14] and Sec. Il Aindicated  density. When the pumping pulse was fired into the plasma,

that the amplification of 5—6 likely occurred in a short inter- the seed pulse spectrum demonstrated a significant difference

FIG. 5. Comparison of the spectra of the seed puisengles
and the amplified pulsésquares L ,,=1.5 mm, delay= 60 ns.

B. Experiment with a broadband seed
in copper microcapillaries
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So (M)
(reference
spectrum)

S, () FIG. 6. (a) Reference spectrum
(eeniisunpliiied (top, $) and the seed pulse spec-
pulse spectrum) trum (bottom, $). (b) Reference

spectrum and the amplified pulse

spectrum in a copper microcapil-

lary with L;,,=200um and

Dcap=150 um at a delay of 40

; : . . ns. (c) Related geometry of the

© y () Delay 40 ns imaging at the entrance slit of
T—Vx the spectrometer.(d) Ratio of

Micro- S,(M\)/Sp(N) at the center areay(
capillary =
image --- =0) and at the edge y(
'. =100 um), both integrated over
- Ay=30um, for the spectra
Focus of -~ shown in(b).
the pump

Entrance slit of
the spectrometer

between the centerSy(\,y=0), and the edgeS,(\,y plot displays the ratio without the plasma. It is almost con-
=100 um), as shown in Fig. @) (Lcap=200um,Dc, stant over the whole wavelength range, as expected. The
=150 um and the delay between the prepulse and the pumgather plots present the ratios at delays from 10 ns to 60 ns,
ing pulse was 40 ns The ratioS,/S, at the center has a showir_lg a clea_r_ resonance peak at each delay. The corre-
distinguished peak at=645-650 nm with a maximum of sponding densities of the resonance peaks are (1.2-1.3)
~7, while the ratio at the edge of the plasma channel ig< 10?° cm™2 and do not vary significantly in the time range
much flatter and does not exceed 2 for most wavelengths. shown. The observed maximum amplification was 3—-4. The
The amplification ratioS,(\, y=0 um)/Sy(\) for sev-  intensity of the seed pulse was belowt1@v/cn?, thus there
eral delays between the prepulse and the pumping pulse avés no significant pump depletion, i.e., we were in the linear
shown in Fig. 7 for the same microcapillary. The horizontalfegime in this experiment. The linear growth rate of Raman
coordinate has been converted from the wavelength to thBackscattering was calculated to pggs~1.0x10"s™* for
corresponding  plasma  densityne=mewj/4me=me(w; 171X 10" Wicn? and n=1.3x10°° cm™®. The amplifi-

— w,)?/4me. Each plot is an average of 2—3 shots. The firstcation predicted by the linear theory ftw,,=200 um is
then exp(3red-cap/C)~3.8, agreeing well with the experi-

mental observation.

10| Reference @) 10{ Delay 40 ns ©) To verify the resonance density both spatial and temporal
e ¢| (without plasma) 8 plasma density measurements were carried brit The re-
w : sults indicate that a density of1x10?°cm ° can be
2 M/-’“"A‘\_/\ 2 reached in the 20@m microcapillaries. We also conducted
e T TT 17 13 13 1s 5 i 1T 12 13 13 Ls the experiment with longer microcapillaries (5@0n), but it
was found that due to the illumination geometry of the
12 12 . .
10| Delay 10 ns (b) 10| Delay 60 ns @ prepulse we could not fill the whole length with the proper
s s plasma density.
] 6
4 4
) N IIl. CONCLUSION
b5 1 1T 17 15 14 15 %5 1T 12 15 14 1s In conclusion, we have shown Raman amplification of

o, (102 cm™) , (1070 cm™) ; ; ;
A T ultrashort laser pulses by a factor up to 8 in microcapillary

FIG. 7. The amplification ratio S, vs the delay between the Plasmas. The analysis of the experimental data, together with
prepulse and the pumping pulse. Each plot is an average of 2-8imulation results, indicates that the length of the plasma
shots. The horizontal coordinate is converted from the wavelengthvith the matched densityn,=3x10?°cm~3, was much
to the corresponding plasma density. shorter than the microcapillary. We conclude that due to this
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short effective length the observed amplification in our initialinteraction length exceeds the Rayleigh length, waveguiding
experiment 14] was significantly less than the linear theory of the laser pulses would be required. Laser-produced plasma
predicted, and the amplification dropped as the energy of thm microcapillaries is not suitable from this point of view.
seed pulse increased since the available pumping energlternative plasma-creating methods, such as discharges and
within this narrow time window was very limited. Further laser sparks, can be employed in Raman amplification ex-
investigations in 20Qtm-long microcapillaries support the periments.
conclusion of short interaction lengths and the results show
an agreement between the observed amplification and the ACKNOWLEDGMENTS
linear growth rate.
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