RAPID COMMUNICATIONS

Self-compression of a femtosecond pulse due to Raman coherence of molecular rotations
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We have observed self-modulation and self-compression of a femtosecond laser pulse after passing the beam
through a Raman-active medium of hydrogen. Femtosecond pulses produce Stokes emissions of ortho-
hydrogen and para-hydrogen, depending on the input beam conditions. The shape of the output pulses drasti-
cally changed as a function of the intensity of the Stokes emissions and the total width of the spectrum. This
is attributed to nonlinear modulation of the wave form induced by coherent rotational motions of hydrogen
molecules in the time domain.
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Spectral broadening based on the Raman mixing processhereE(r,t) and p are the slowly varying amplitude of the
has been of considerable concern from the viewpoint of genelectrical field and the polarization in the time domain, re-
erating an extremely short optical pulgk-5. Since high-  spectively.wyq is the carrier frequency, is the linear part of
order stimulated Raman scatteritfdSRS was proposed as the wave vector at the carrier frequency, @hdepresents the
a method for the generation of ultrashort pulses with durahigh-order dispersion term in a power series of the wave
tions of subfemtosecond4], octave-band spectrum spread- vector. The medium respongeconsists of the contributions
ing from the infrared to the extreme ultraviolet has beenfrom the electronic Kerr effeqb,. and the nuclear response
observed by several research groy@$ Harris and co-  p,ym, P=Peie* Pram N this term, the nuclear response is given
workers reported the generation of a train of pulses with @y p,;n=N(da/dQ),Q(t)E(t), where Q(t) is the oscillation
duration of a few femtoseconds as a result of controlling theamplitude of the nuclear coordinats,is the number density
relative phase among the sidebands from HIBIS They  of Raman-active molecules, andis the polarizability asso-
used multicolor nanosecond lasers to drive the Raman cohetiated with Raman-active vibrations or rotations. When the
ence to the maximum level. Therefore, the form of the outpuRaman frequency shift is expressedrg(t) is written as a
pulse inevitably resulted in a pulse train sustained for nanodamping sinusoidal function with a period ofr2Q. The
seconds, i.e., an isolated single pulse could not be obtainggyht-hand side of Eq(1), the nonlinear source term in the
in this manner. On the other hand, the excitation of RamaRvave equation, includes real and imaginary parts, which lead
coherence using a femtosecond pulse has also been reportgtthe modulation of the phase and amplitude of propagating
[4,5]. Zhavoronkov and Korn reported phase modulation of ayitrashort pulses, respectively. This imaginary term derived

probe pulse due to Raman coherence excited impulsively bitom the contribution ofp,,y, can be described by
a pump pulse with a duration less than the vibrational time of

the molecule$4]. This phase modulation caused the genera- 0 [ da )\
tion of phase-locked Raman sidebands, producing a single _wo'ﬂpramz_wO'N t?_Qo E[Q(t)E(t)]' (2)
sub-4-fs pulse after appropriate phase compensation. In ad-
dition, the impulsively excited molecular rotational wave Thijs term results in the intensity modulation that causes the
packets in CQ can produce a spectrally broadened probepyise shape to be split into a train with repetition period
pulse with a negative chirp5]. Phase correction using a 24/(). This means that the reshaping of the laser pulse oc-
silica plate enables the duration of the probe pulse to bgurs due to the excited Raman cohereqi¢) while it is
compressed by a factor of one-ninth. Both approaches, hovgropagating in the Raman-active medium. Kalosha and Her-
ever, require a linear interaction between the probe pulse anghann analyzed the behavior of ultrashort pulses traveling
the coherent motion of molecules. Therefore, the input enthrough a Raman-active medium using the reduced Maxwell
ergy is limited to prevent a strong nonlinear interaction thataquation, expressing the possibility of forming a pulse train
irregularly disturbs the phase of the probe pulse. and generating a subfemtosecond pul8g Such a pulse
Even in a nonlinear propagation region, however, Bartleg.ompression based on Raman coherence has not been ob-
et al. have suggested that the wave equation leads to intereryed experimentally. In the only relevant experimental re-
sity modulation due to Raman coherence acting as a timegy;, pulse compression caused by phase locking in a four-
varying refractive index|6]. The equation describing the \yave Raman mixing process pumped by a linearly polarized
propagation of an ultrashort laser pulse through a nonlinea{go-fs laser has been reportf@l. In this report, however,
optical medium can be written 4] the mechanism of the pulse compression and the role of Ra-
man coherence are not shown in detail.

o\t L d In this Rapid Communication, we present an observation
{(1 * w_05> v+ Z'koﬁ * ZKOD] E(r, 1) of the self-modulation and the self-compression of the wave
. form of a femtosecond optical pulse as a result of interaction
- wé(l + '_i>p, (1) with coherent rotational motions of moleculap.F\ femto-
ot second laser pulse was reshaped into a sinusoidal wave form
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due to the rotational Raman coherence of ortho-Hhe 1 587cm™
compression of the pulse was achieved by the multiplicative 3 i \
effect from the rotational Raman coherence of both para- ancg ™~ 3 : ?54 cm
ortho-H,. In addition, we observed that the output pulse Wasio,e I s 5 HH
compressed continuously with increasing intensity of the£ ﬁ -;_)-_Stokes
Stokes emissions and broadening of the spectral width. Irg 04f g i 0-Stokes
this case, the pulse duration was determined by the totas ozt £ Af
width of the spectral region defined by the Raman shift fre- ol e ‘
quency. , . . - 0" o5 0 700 750 800 850 900
In this study, a Ti:sapphire laser regenerative amplifier Delay (ps) Wavelength (nm)
system(Thales, Conceytwas used to generate ultrashort la- (a)

ser pulses at a center wavelength of 785 nm with a 1-kHz

repetition rate. The pulse duration was changed from 100 f¢ 1 T T 35

(nearly transform limiteglto 3 ps by adding either a positive 3

or negative chirp using a stretcher consisting of a pair of3 081" ) ?;2_5 B

gratings. The maximum output energy was 1.5 mJ, attenu-8 g6 4 £ 5

ated using a polarizer and a rotating wave plate. A Ramar2 ‘.7,“

cell was filled with H gas consisting of 25% paratand & 04F  f¥i 1 8'°

75% ortho-H at a pressure of 10 atm. The polarization of the E , , e =1

input pulse was varied between linear and circular by rotat- P57 s 0.5

ing a quarter-wave plate placed just before the input window 0_20:) _1(')0 (') ™ 250 9% 50 300 850 500
of the Raman cell. In order to prevent unfavorable nonlinear Delay (fs) Wavelength (nm)

effects induced by the 5-mm-thick silica windows, the length (©) (d)
of the Raman cell was varied depending on the focal length
of focusing lenses. The output pulses were collimated anc 1
measured after cutting off the center part of the output bearr
with a diameter of 10 mm using an aperture with a diameter3
of 3 mm. The spectrum was measured with a multichannel® 0.6
spectrometefOcean Optics, USB2000and the pulse shape
was estimated from an autocorrelation trace measured with 8
noncollinear multishot second harmonic autocorrelator= 0.2
(APE, Pulse Cheok el
The wave form and spectrum of the output pulses strongly 0 500 -100 0 100 200 700 750 800 850 900
depended on the input beam conditions. Figure 1 shows au Delay (fs) Wavelength (nm)
tocorrelation traces and spectra of output laser pulses whe (e) )
we used circularly polarized input beams with a duration of
100 fs under several focusing conditions and input energies. FIG. 1. Autocorrelation traces and spectra of output pulses un-
When an input beam with an energy of 1 mJ was tightlyder several input beam conditions. The dashed curve represents the
focused into the Raman cell by a lens with a focal length ofautocorrelation trace of the input pulse. The dotted curve represents
450 mm, the output spectrum was broadened by self-phagespectrum of the input pulsga) and(b) Input energy: 1 mJ, focal
modulation(SPM) on both the red and blue sides, and ex-length: 450 mm(c) and(d) Input energy: 0.5 mJ, focal length: 500
hibited newly generated peaks apart from the pump-laser freD'm. (€) and(f) Input energy: 1 mJ, focal length: 600 mm.
guency on the red sidg-ig. 1(b)]. These two peaks corre-
spond to Stokes emissions of para- and orthowthich have  other nonlinear interactiong=ig. 1(d)]. In Fig. 1(c) we can
Raman shift frequencies of 354 and 587 ¢nrespectively. see that the autocorrelation trace has a periodic structure
We also observed that the dependence of the generation efithin almost the same envelope as that of the input pulse.
ficiency of the rotational Raman emissions on the polarizaThe cycle time of the periodic structure was 57 fs; this value
tion of the input beam agreed with the result derived fromwas equal to the period derived from the multiplicative in-
the law of conservation of angular moment(it®]. Gener-  verse of the difference in frequencies between the pump laser
ally, Stokes emissions resulted from the interaction betweeand the Stokes emissions of orthg;H.e., 587 cm'. This
a pump laser and a Raman coherence. Therefore, the generasult obviously shows that the intensity modulation of a
tion of these peaks indicates that the input pulse certainlfemtosecond laser pulse in the time domain originating from
excited the Raman coherence. In Figa)lthe output pulse the term described in Eq2) was caused by the coherent
shows the modulated wave form with a split structure prob-motion of ortho-H, Q,(t), that is described by a sinusoidal
ably due to the strong modulation of the wave form by otherfunction with a period of 57 fs. When we interpret this result
nonlinear effects, e.g., self-steeping or spatial-temporal coun the frequency domain, we can regard this periodic struc-
pling. On the other hand, increasing the focal length of theure as the result of a coherent superposition of the pump
lens to 500 mm and decreasing the input energy to 0.5 mgulse and the Stokes pulse; the superposition of two waves
resulted in the generation of the intense Stokes emission afith a frequency differencé v imposes on the envelope a
ortho-H,, in addition to the suppression of the effect of the beat pattern with a period of A [11]. Figure Xe) shows an
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autocorrelation trace of a pulse whose spectrum includes

Stokes emissions of both para- and ortho-HFig. 1(f)], Autocorrelations Spectra
which was obtained by means of focusing with a lens of At=30fs - p-H,
longer focal length(600 nm. In this case, the pulse shape

exhibited a single and a compressed wave form without a
periodic structure. The full width at half maximuf@WHM)
of the trace was 45 fs, which corresponds to 29 fs under the
assumption of a seétpulse shape; this value was almost
one-third of that of the input pulse. In addition, we observed
no loss of energy after the pulse compression. Therefore, th
peak intensity of the beam should significantly increase.
However, this pulse-compression effect strongly dependec
on the spatial quality of the input beam. In fact, the inferior
spatial distribution resulted in splits or hot spots in the beam At=190fs—p /" \@=—
profile, preventing the increase of the peak intensity even ; . 7 ; > .
though the temporal wave form was compressed. This effec -500 0 500 750 800 9200
may be avoided by use of a hollow core fiber filled with Delay (fs) Wavelength (nm)
hydrogen as a waveguide to improve the spatial quality of an
0.25| T 7T
Ga/

output beam. In our experiments, under various conditions ol 7
0.2 :
> -
15[ /

0.72mJ

g
2

input beams, we observed that the pulse compression wa
always accompanied by Stokes emissions of both para- an _
ortho-H,. Therefore, this suggests that the Stokes emission o &°
para-H crucially contributes to differences between the out- €4
put wave forms in Figs. (£) and Xe). When we consider
such pulse compression in the time domain, the pulse shouli §
be modulated by the effect of both the rotational Raman =
coherence of para-HQp(t)] and that of ortho-K [Q,(t)]. i
The superposition of two coherent rotational motions leads 9375205 06 07 06 o5 1 03 04 05 06 07 08 05 1
to the modulated sinusoidal change of refractive index. In Input energy (mJ) Input energy (mJ)

this case, a large variation of refractive index is provided in (b) (c)

the vicinity of a constructive interference point. According to

Egs. (1) and (2), a single compressed wave form with @ g, 2. (a) The behavior of the shape and spectrum of the output
broad pedestal can be caused by this sharply varying refragyse as a function of the input beam energy. The ordinate is
tive index, whereas just a sinusoidally modulated wave formyefined by the ratio of the height of the pulse to that of the pedestal.
is caused by only one Raman coherence. This is the reasg) The circle shows the relative intensity of the Stokes emission of
that two Raman coherent motions led to the pulse compresrtho-H,, and the square shows that of para-H
sion as shown in Fig.(®). However, we believe that quan-
titative consideration based on the nonlinear propagatiofrigs. 4b) and Zc)], the bump gradually became sharpened
equation will be needed for more rigorous discussions. with an increase in intensity of the Stokes emission of para-
In an attempt to examine the behavior of this pulse comH,. After the Stokes emission of ortho,Hppeared at the
pression, we carried out simultaneous observations of ththreshold of 0.68 mJ, the acumination of the pulse shape
evolution of the wave forms and spectra of output pulsesdrastically progressed with an increase in the intensity of the
while we continuously changed the input laser energy byStokes emissions of orthotand a decrease in that of para-
rotating a wave plate in an attenuator. Figure 2 shows thél, [in the dotted areas of Figs(t® and 2c)]. When the
cooperative behavior of the reshaping of the temporal shap@put energy reached 0.81 mJ, the pulse shape showed the
and the broadening of the spectrum. We used negativelghortest duration with a FWHM of 45 fs. Further increase in
chirped 190-fs pulses with circular polarization as inputinput energy to over 0.81 mJ resulted in a broadening of the
pulses. As the input energy was increased, we observed dpulse shape with a decrease in Stokes emission of orgho-H
namic acumination of the temporal shape with the growth othis would be caused by the enhancement of the other non-
the rotational Stokes emissions of para- and ortBodd linear effects due to the increase in the peak power of the
shown in Fig. 2a). Figures 2b) and 2c) show details of the input pulse. These observed results obviously show that the
evolution of the pulse shape and the relative intensity of thehange of spectral shape directly affects the temporal shape
Stokes emissions for the input energy. When the input energyf the output pulse. A seélpulse duration of a FWHM of 30
was below 0.52 mJ, the temporal shape of the output pulsis needs to have a spectral width of a FWHM of 10.5 THz.
exhibited no substantial change compared with that of th&he spectrum in Fig. (@) apparently did not cover such a
input pulse, although the spectrum was slightly broadened ispectral range without the Stokes components. In addition,
the bottom part. The Stokes emission of patabldgan to be the pulse duration was determined by the total width of the
generated at an input energy of 0.52 mJ, producing a littlespectrum, i.e., drastic shortening of the pulse duration oc-
bump on the top of the autocorrelation trace. In the limit ofcurred after the generation of the orthg-Btokes emission
input energy from 0.52 to 0.68 nfin the shaded areas of thatwas 17.6 THz from the pump laser frequency. Therefore,
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we conclude that a Raman interaction with the ultrashortlly sharpened with an increase of input energy. This behav-
pulse brought about not only the spectral broadening withor enables a Raman coherence to be excited after the point
Stokes emissions but also the reshaping of the wave form.where it has a faster structure than the rotational time of the
Generally, an ultrashort pump pulse limits the efficiencyH, molecules. At low input energies, the pulse shape has a
of excitation of Raman coherence with respect to the steadystructure faster than 94 fs, the rotational time of pagaiit
state case, because the process becomes highly transiensigwer than 54 fs, the rotational time of orthg:Fhis pulse,
femtosecond pulse excitatiofis2]. In order to excite a Ra- therefore, can drive only the rotational motion of parg-H
man coherence efficiently in this limit, two-color lasers, with @1d not the rotational motion of ortho,kin the input energy
the difference in wavelength tuned to the Raman resonafd€dion from 0.51 to 0.68 mJ in Fig)2When the increase of
frequency, are used3]. This is an application of a conven- input energy resulted in sufficient excitation of the rotational
tional concept where two frequency components, pump an8Oherence of para-HQ(t), pulse reshaping made further

Stokes seeding, are needed to excite a molecular motion dipgogress because of th|§ strong Raman coher@q@, pro-
to the far off resonance of the pump-laser frequency to th ucing a pulse shape with a structure faster than 57 fs. As a

vibrational or rotational frequency of the molecules Theresult, this strongly modulated pulse obtained an ability to
T : . . ) excite not onlyQ,(t), but also Raman coherence of orthg-H

situation, however, is completely different in the case of : pre . .

pump laser with a spectrum broader than the Raman shi his caused the rapid acceleration of the pulse compression

frequency. In this case, the driving force to excite moIecuIarFS shown in the input energy region from 0.68 to 0.81 mJ in

. ) . “'Fig. 2(b). We also note that this behavior may have the po-
motion depends strongly on the shape of the intensity profil¢gnia| 1o he applied to selective excitation in various mol-

of the pump laser. Even if the pump laser has a sufficiengqjjes by the reshaped femtosecond pulses.

spectrum region, it cannot excite Raman molecular motion |, conclusion. we have shown observations of the self-
without & temporal structure that is equal to or faster than the,s|ving behavior of an ultrashort pulse as the result of the
period of motion of the molecul€$]. I the intensity profile  jneraction with a coherent rotational motion of molecular
of the pump pulse has a structure that is faster than the rotqy, - A femtosecond laser pulse modified by the rotational
tional period 7, or that is a sinusoidal variation with the Raman coherence then exhibited a sinusoidal or compressed
same period asy, the pump laser is capable of driving the gy cture in the wave form and intense Stokes components in
coherence of the rotational motion of the molecules. In parihe spectrum. The cooperative behavior of the pulse reshap-

ticular, a pump pulse with a duration shorter than the motion,g and the growth of Stokes emissions suggest that both the
time of the molecules can cause a self-conversion of the lasgfiational Raman coherence of para- and orthoebintrib-

spectrum without a threshold. This is called impulsive stimu-ted to the acumination of the pulse shape in the time do-
lated Raman scatterir{d4]. In our experimental results, the ,45in.

Stokes emission of parasHvas generated prior to that of

ortho-H,; nevertheless, the concentration of para-has This research was supported by Grants-in-Aid for Scien-
one-third of that of ortho-K This can be explained by the tific Research S and 21st Century COE Program from the
mechanism shown in the following, which is a quasi- Ministry of Education, Culture, Science, Sports and Technol-
impulsive excitation of Raman coherence, depending on thegy of Japan. In addition, this work was performed under the
temporal shape of the pump pulse. In Fig. 2, the shape of theollaboration program of the Institute of Laser Engineering,
pulse after propagating through the Riolecules was gradu- Osaka University.

[1] S. Yoshikawa and T. Imsaka, Opt. Commui6, 94 (1993. [7] R. W. Boyd, Nonlinear Optics(Academic, San Diego, 2003
[2] H. Kawano, Y. Hirakawa, and T. Imasaka, IEEE J. Quantum [8] V. P. Kalosha and J. Herrmann, Phys. Rev. L& 1226
Electron. 34, 260(1998; A. V. Sokolovet al, Phys. Rev. Lett. (2000.
85, 562 (2000; J. Q. Lianget al,, ibid. 85, 2474(2000. [9] H. Otsukaet al., Opt. Lett. 29, 400(2004).
[3] A. V. Sokolovet al,, Phys. Rev. Lett87, 033402(2001); D. D. [10] S. Kawasakiet al., Appl. Phys. B56, 259 (1993.
Yavuz et al, ibid. 91, 233602(2003. [11] E. Hecht,Optics (Addison-Wesley, San Francisco, 2002
[4] N. Zhavoronkov and G. Korn, Phys. Rev. Le®8, 203901 [12] R. L. Carmaret al, Phys. Rev. A2, 60 (1970.
(2002. [13] T. Imasakeet al,, Appl. Phys. B: Photophys. Laser Che#b,
[5] R. A. Bartelset al, Phys. Rev. Lett.88, 013903(2002. 389(1989; E. Saliet al, Opt. Lett. 29, 495(2004).
[6] R. A. Bartelset al, Chem. Phys. Lett374, 326 (2003. [14] G. Korn et al, Phys. Rev. Lett.81, 1215(1998.

031801-4



