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Use of phase-locking in four-wave Raman mixing for generating ultrashort optical pulses
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The intensities of high-order rotational Raman lines are calculated by computer simulation in the approxi-
mation of time-independent plane-wave pumping based on the currently accepted model used in studies of
four-wave Raman mixingFWRM). When the phases of the rotational lines are assumed to be slightly random,
the intensities are drastically decreased. Such reduction in intensity becomes more serious with increasing
phase distortion, indicating that the emission lines generated by FWRM requiring phase matching are coher-
ently phased. In other words, phase matching is equivalent to phase locking or mode locking in FWRM. These
results suggest that FWRM has potential for use in generating ultrashort optical pulses shorter than 1 fs.
[S1050-2947@9)03206-0

PACS numbd(s): 42.65.Dr

I. INTRODUCTION ionization potential and the ponderomotive energy of the me-
dium (neon used[9].

The recently developed lasers which produce ultrashort An alternative method has been propof&d], which uti-
optical pulses have a variety of basic and industrial applicalizes the Fourier synthesis of multiple stimulated Raman
tions, such as studies of nonlinear spectroscopy and telecorfimission generated in hydrogen gas. It is known that numer-
munication. The generation of 6-fs pulses was reported iPus Raman lines are simultaneously generated by stimulated
1987 [1], in which a white light continuum produced by Raman scatteringSRS and the succeeding four-wave Ra-
self-phase modulatiotSPM) in an optical fiber was com- ™Man mixing (FWRM). When vibrational linesy(=0, J=1
pressed by grating and prism pairs with negative group ve="v =1, J=1) generated in hydrogen are used as Fourier
locity dispersionsGVDs) [2]. This approach, which is re- components under the assumptions that all the Raman com-
ferred to as a pulse compression technique, is frequentl onents are properly phased and are forced to propagate with

employed in the generation of femtosecond optical pulse e same group velocity in the plane-wave approximation,
o ) ighly repetitive pulses separated by 8 fs are produced be-

No significant improvement has, however, been reported ! oo .

) : . cause of a considerably large vibrational Raman shift fre-

since that time, although the generation of 5-fs pulses wa

. auency(4155 cmY) [10]. It is also reported that multifre-
reported by several groups in 19g34]. There are two ma- quency 2r solitons occurring in the cascade-stimulated

jor diffigulties in the generat.ior? of yet'shorter optical puls.es.Ram(,:ln scattering propagate with the same group velocity
(1) A wide frquency domain is reqwred for the generatl_onand are phase locked to each otfit, 1. The separation of
of_ult_rashort optical pu_Ises, as is evident from the_uncertalnt)fhe pulseg8 fs) may, however, be too small for most prac-
principle. The expansion of the frequency domain by SPMyical applications.
however, has practical ||m|tat|0ns2) It is difficult to com- On the other hand, numerous rotational lines are gener-
pletely compensate for high-order phase distortion inducedted by using a two-color or elliptically polarized pump
by optical elements by means of optics such as a prism paifeam[13—15. The Raman shift frequency for the rotational
in the subfemtosecond regime. transition ¢ =0, J=1—v=0, J=3) is 587 cm?, thus pro-
Recently, several groups have proposed the use of higlducing repetitive pulses separated by 57 fs. This value is
order harmonics because of their wide frequency domainmore realistic for the generation of ultrashort optical pulses
which extends from the visible to the soft x rfy—9]. Un-  and for measurements of the pulse width. We have already
fortunately, the conversion efficiency is rather small, espereported that more than 40 rotational Raman lines are gener-
cially for higher-order harmonics which form a plateau re-ated by using a picosecond and femtosecond Ti:sapphire la-
gion, and, as a result, it may be difficult to generate a stronger[16—18 and a femtosecond KrF excimer laga®] as a
ultrashort optical pulse by Fourier synthesis of the obtainedump source and hydrogen gas as the Raman medium. The
emission lines. One suggestion to overcome this problerulse duration calculated by Fourier synthesis of the emis-
involves the removal of the fundamental and low-order harsion lines is reported to be 0.4 fs.
monics by a metal filter. This approach, however, reduces For the generation of ultrashort optical pulses by Fourier
the total pulse energy, making the generation of the highsynthesis, all the emission lines are assumed to be phase
intensity optical pulse difficult. It has also been pointed outlocked. It is well known that the emission lines generated by
that the phase difference between two harmonics is comFWRM are “phase matched” as written by
pletely random in the plateau region, which is related to the

2npum[kpump: nseerkseed+ nsignaksignal: (1)
*FAX: 81-92-632-5209. whereKpymp, Kseea andKgigng are the wave vectors for the
Electronic address: imasaka@cstf.kyushu-u.ac.jp pump beam, the see(®tokes beam, and the signal beam
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FIG. 1. Spectral profile used in Fourier synthesis of multifre- ,.Q. 100 |
quency laser emission. The emission lines are assumed to have [ 80 +
equal intensitiegamplitudg, and a frequency separation of 587 < 60 |
cm™* which corresponds to the energy of rotational transition from ~ 40 | (C)
v=0,J=1 tov=0, J=3 for hydrogen. b 20 |
-; 0
(e.g., the anti-Stokes or the second Stokes gengraspec- 5
tively, andnpymp, Nseess @NdNggng are the refractive indices E 120
of the Raman medium at the wavelengths of the pump, seed, o 100
and signal beams, respectively. This equation predicts that 80 |
the time for traveling a specified distance fdt,2,, i.e., the 60 (d)
sum of the wave vectors for the pump beams would be iden- 40 1
tical to that forkseeqt Ksignal, i-€., the sum of the wave vec- 20 7
tors for the seed and the signal beams. This phase-matching 0 : . :
requirement has already been experimentally verified: a ring- -100 -50 0 50 100
shaped pattern has been observed for the anti-Stokes beam 120
due to a small phase mismatchif@0—22. The speeds of 123 |

light are different for these emissions, since the refractive
indices are different at the respective emission lines. As a 60 1 (e)
result, Eq. (1) is valid only when the refractive index 407
changes in a linear manner against the frequency of light in 20
the Raman medium. Hydrogen gas is alm@sit not com- 0 ‘ ‘ '
pletely) the case and explains why a ring shape is observed -106 -50 0 50 100
for the anti-Stokes beam. Thus this phenomenon strongly .

suggests that all the “phases” of the waves would be Tlme (fS)
“matched.” However, it provides no further explicit evi- ) _ _
dence concerning the relationship between the phases of the F!C- 2. Laser pulse train calculated by Fourier synthesis of the
emissions generated by FWRM. Raman lines indicated in Fig. 1. All Raman emissions are assumed

‘o . 0 be phase locked at the focal poiat0) and to trave3 m prior
ate\{jvr;)i,npnvl:/npg&m:r? deg?ealé};(:gﬁ;epdhnglzlg;eléne; :l:?)fg;r][io detection. Phase distortion compensati@hnone,(b) first order
. L . only, (c)first to second ordergd) first to third orders,(e) total
second optical pulse can be generated. Since a wide fr%’istortions.
guency domain, i.e., from the far-ultraviolet to the near-
infrared region, is involved in the generation of a
subfemtosecond pulse, GVD may not always be negligiblelocking or mode locking in FWRM(2) Ultrashort optical
even for the case of hydrogen gas used as a Raman mediuptllses can be generated by compensating the second-order
Thus, phase distortion must be correctly compensated in ogispersion in hydrogen because of the low densimall
der to generate ultrashort pulses. The magnitude of the phaslkspersion, which is in contrast to the case of solid optics
distortion in hydrogen, however, has not yet been discussedith high densitieglarge dispersion Since the wavelength
in detail. region of the rotational lines already generated by FWRM
In this paper, we report on two subjectd) The emis- extends over a range of more than 700 (89—-993 nmj,
sions generated by FWRM are phase locked. This is verifietvhich is capable of generating laser pulses of 0.AL#%18,
by computer simulation based on the model currently used ithese results strongly suggest the potential advantage of
studies of FWRM for the generation of high-order RamanFWRM in the generation of ultrashort optical pulses which

lines. In other words, phase matching is equivalent to phasmight break the 1-fs barrier.
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andc is the velocity of light in the vacuunt,is the time, and
n(w;) is the refractive index of the medium wheiig = w;
+jwg:ws and wg are the angular frequency of the funda-
mental beam and the Raman shift frequency, respectively.
The first exponential term represents the propagation of the
wave in the vacuum and the second term originates from the
phase shift induced by the dispersion of the medium. In this
study, a series of coupled complex differential equations are
assumed to describe the respective SRS or FWRM emissions
propagating in the direction aq 21,22
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where g is the gain, and the superscript™ denotes the
complex conjugate. In this study, a time-independent treat-
(b) (© ment is used to simplify the calculation by assuming that the
pulse width of the fundamental beam is sufficiently Ideg-

FIG. 3. Magnified views of the laser pulse train indicated in Fig. : . :
2(a). (b) and(c) are expanded views of the baseline and peak parts? entially a continuous wayeTherefore, temporal separation

: . . of the pump and generated pulses arising from a beam
in (a), respectively. Ten wavggundamental and nine Raman com- Ikoff ind d by di . faR di .
ponent$ are drawn below the synthesized wave. walkofl Induced Dy dISpersion of a kaman medium IS ne-

glected. This assumption is valid for long pulgesl ps. In
Il. THEORY other words, this walkoff effect is no longer negligible for
' pulses shorter than 1 ps. For such short pulses, the efficiency
The total electric field consisting of all the frequency for the generation of the rotational lines is much less than
components generated by SRS and FWR}z), can be that predicted from the theory. This point is not discussed in
expressed by detail in this study, because the discussion of the absolute
efficiency is not the subject of this study. In the above equa-
tion, the collisional term, i.e., efp-(t—t')/T,}, in the origi-

Time (fs) Time (fs)

E(2)=2 Ej(2exd —i(kiz—o)] nal paper is neglected, since the time domain concerned in
] . .
this study (less than several picoseconds much shorter
xexp —i[n(wj)—1]k;z}, (2)  than the dephasing tinB, (several hundred picoseconds for

10 atm of hydrogen The effect of dispersion is taken into
where E;(2) is the electric field for theth component at account in the exponential terms. The paramétes given
distancez (j=—1,—2, ... for theStokes, O for the funda- by
mental, +1, +2,... for the anti-Stokes componenisk;
= w;/c is the wave vector where; is the angular frequency Amj=An—A4j, (4a)

TABLE |. Phase delay of stimulated Raman emission. S: Stokes component. AS: Anti-Stokes com-
ponent. d: Phase delay; the delay for wave transmission in hydrogen from that in vacuum. c.d.: Compen-
sated phase delay. r.d.: Residual phase delay<(d-¢.d.). Unit: radian.

First order Second order Third order

Raman

emission d c.d. r.d. c.d. r.d. c.d. r.d.
S4 884.3 882.0 2.1450 884.4 —0.1025 884.4 —0.0092
S3 936.9 936.0 0.8674 936.9 0.0148 936.9 —0.0103
S2 989.7 989.9 —0.1650 989.7 0.0694 989.7 —0.0105
S1 1043.0 1044.0 —0.9376 1043.0 0.0758 1043.0 -0.0103
F 1096.0 1098.0 —1.4360 1096.0 0.0489 1096.0 -—0.0103
AS1 1150.0 1152.0 —1.6440 1150.0 0.0035 1150.0 -0.0109
AS2 1204.0 1205.0 -1.1310 1204.0 —0.0450 1204.0 —0.0120
AS3 1258.0 1259.0 -0.3779 1258.0 —0.0813 1258.0 —-0.0137
AS4 1313.0 1313.0 0.7267 1313.0 -—0.0896 1313.0 —0.0154

AS5 1368.0 1367.0 2.1990 1368.0 0.0541 1368.0 —0.0167
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(b)
. . : sure of hydrogen is 1 atm; the confocal parametgis 0.6
FIG. 4. Schematic eXplanat.'On OT energy ﬂow.m FWRM. Ph",isem; the length of the Raman cell is 3 m; the initial field
difference between the emissions interacting with each oflagr; amplitudes of the fundamental beam and the background
0= mf2, (b) m/2=. (1) First term,(2) second term in EQ:3). emission are assumed to be 2.00°! and 1.0< 107 %, re-
_ _ spectively; the gairg is 3.0x 10 8 which has been deter-
Ai=kin(w;) —ki—in(w;-y). 4D mined to give an intensity distribution of the Raman lines
. . . similar to that obtained experimentall6,17. The refrac-
The paramet_ef:j,m is d.ete.rmmed by geometry and is given tive index of 1-atm hydrogen is given tig3]
by the following equation:

" - 0.919 9% 107
o (“’i“’iﬂ“’mz“’m—l) , 5) n(w) = 1= 1613050 10°1— (w;/2m)
hm TrZoC(l—l-Zz/ZO)(wj-l-wm)
0.753 79< 107
wherez, is the confocal distance. In this work, the laser is * 1.668 13« 1031—(wj/27T)' ©)

assumed to be a plane wave to simplify the calculation, and, _ _ _
as a result, the dispersion to a radial direction is neglectedhe evolutions of the high-order Stokes and anti-Stokes Ra-

Gain reduction by beam expansion is taken into account bynan lines were calculated by computer simulation using the
the confocal parameter shown in E§). The laser beam is Runge-Kutta-Fehlberg algorithm. In this paper, the disper-
assumed to be focused a0, at which the gain is maxi- sion of the cell window is neglected.

mum. The first term in Eq3) represents the evolution &

from E;, 4, in which all the pairs of terms which affect IV. RESULTS AND DISCUSSION

FWRM are summarized. The second term in E).repre-

sents the transfer of energy iy _,. These energy transfers
decrease with an increase in phase mismatching, which is In the first step, high-order rotational lines are assumed to
determined by Eq(4). In this study, ten rotational Raman have equal intensities, i.e., a flat intensity distribution, as
lines are assumed to be generated, je.-4—+5. Thus, a shown in Fig. 1; nine emission lines are assumed to be gen-
series of nine coupled complex differential equations requirerated by passing the beam through a 3-m Raman cell. As
solving; the additional one is for the fundamental beamrecognized from Eqs(2) and(3), emissions are coherently
These equations are capable of describing the complete evphased az=0. The temporal shape of the pulée pulse

lution of the emission lines generated by FWRM. train) is calculated by Fourier synthesis of the emission lines.
The dispersion of hydrogen is taken into account, as indi-

cated in Egs(3) and(4). When the dispersion was neglected,
the pulse train consisted of 5-fs pulses which were repetitive
The parameters used in the numerical calculation are agt an interval of 57 fs. Due to dispersion in hydrogen, ul-
sumed to be similar to those obtained experimentally insofatrashort pulses are stretched to 23 fs, as shown in Faj. 2
as is possible: the pump laser wavelength is 800 mp ( When the first-order dispersion is compensated, only the
=2.35%x 10'°rad/s) which corresponds to the gain maximumpulse train is phase shifted, while the pulse widths remain
of a Ti:sapphire laser; the rotational Raman shift frequencyinchanged, as shown in Fig(k2 On the other hand, as
of hydrogen is 587 cmt (wgr=1.11x 10"*rad/s); the pres- shown in Fig. Zc), the pulse widths can be reduced to 5 fs by

A. Fourier synthesis for the generation of ultrashort pulses

Ill. NUMERICAL CONDITIONS
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FIG. 6. Generation of ultrashort laser puls@—(c) Temporal shapgd), (e) spectral shape; distan¢a: (a), (d) 1 m; (b), (e) 2 m; (c),
(f) 3 m. All the Raman waves are assumed to be phase locked at the focal peibj.(

compensating the second-order dispersion. No further pulgeortion of the phase shift, which is obtained by subtracting
shortening is observed even when higher-order dispersiortbe linear portion of the dispersion, is not negligibly small.
are compensated, as shown in Fig&d)2and Ze). In this  These results suggest that the phase shifts of the emission
case, the pulse width is apparently determined by the frelines may be completely random and that no sharp pulse
quency domain of the emission lines (587¢chx9 train is produced. This speculation apparently disagrees with
=5283cmY), and thus further pulse shortening becomesthe calculated result, i.e., a pulse train consisting of 23-fs
difficult without increasing the number of rotational lines pulses is obtained in Fig.(&. Therefore, an explanation is
generated. required for why a sharp pulse train is observable. In other
Figure 3a) shows an expanded view of Fig(a®, each  words, it is necessary to explaith) why the rotational lines
wave of the Raman component is drawn at the bottom of thare increased even when the phase is drastically chaioged
figure. Figures @) and 3c) are further expanded views of frequently flipped from O tom); (2) why the phases of the
the parts corresponding to the baseline and the peak in Figmission lines are locked even though they appear to be ran-
3(a), respectively. At the baseline, the phase of the emissiodom. A qualitative explanation is given in Fig. 4. From Eq.
lines is nearly random, and, as a result, the intensity is can3), it is possible to extract four major terms for respective
celed to nearly zero. On the other hand, the waves are ratheummations, in which thej 1) component is assumed to
in phased in the vicinity of the peak. These results indicatde the pump beam, since the other terms provide only minor
that the regularity of the phases remains, even at a distan@®ntributions in the generation of tiig component, i.e., the
of 3 m from the beam waist. Stokes beam, in the initial stage of the process because of
their small intensities. For the first summation

B. Effect of dispersion E L E*.E (m=j+1), E .,E*.E (m=j+2)
Table | shows the total phase shifts which occur when the AR e ('7)
beam traved 3 m in theRaman cell. It should be noted that

the dispersion is much larger thanr.2Even the nonlinear For the second summation
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FIG. 9. Fourier synthesis of rotational Raman ling$.and(d) are expanded views ¢8) and(b), respectively. Wavelengtiia) 811 nm,
(b) 800 nm. In this calculation, 11 rotational lines are assumed to be generated simultaneously. See the caption of Table | for definition of
phase delay.

E,_,E*,E. (m=j+1), E _,E¥ E (m=j+2). >7,. These considerations explain why the energy continues
j—1=j+1b ' j—1=j+2bj+1 . . X
(8)  to flow to high-order rotational lines evert & m from the
beam waist, although the phase shift is much larger #@n

In the time domain from 0 taw/2 [Fig. 4@)], the energy is It should.be noted thgt a phase slh.ift qfﬁoes not indupe
transferred to the first Stokes beam mainly from the pumgny appreciable effect in the ampllflcatlon_ of the rotational
beam but also from the first anti-Stokes begmt ). At the line, so long as the dispersion is linear against the frequency;
same time, the energy moves away from the first Stokethe next(2z-shifted pump wave is used to amplify the Ra-
beam mainly to the fundamentgbump beam and also to man wave. Thus strong enhancement may occur periodically
the second Stokeg £ 1) and the first anti-Stokes beam. In at phase shifts of-2n, 0, 2nm, 4nmr,... (n, integey for

the succeeding time period which ranges framf2 to 37/2  the first Stokes, the fundamental, the first anti-Stokes, the
[Fig. 4(b)], the energy moves back from the first Stokessecond anti-Stokes beams ., respectively. Thus the in-
beam mainly to the fundamental beam and also to the firgphase components of the rotational lines are amplified effi-
anti-Stokes beam. At the same time, the energy is transferreglently even at many cycles from the beam waist so long as
into the first Stokes beam mainly from the pump beam buthe dispersion is linear. It should also be noted that the linear
also from the second Stokes and the first anti-Stokes beamgart of the dispersion induces no appreciable effect in pulse
The enhancement of the first Stokes beam occurs again frobroadening and gives only phase shifts. This explains why
372 to 2w. As a result, the energy flows from the pump the pulse width cannot be compressed by compensating the
beam to high-order Stokes and anti-Stokes beams, which cdinst-order(linear part of dispersion, as shown in Fig(i.

be attributed to the high intensity of the pump beam and th&Vhen the nonlinear part of the dispersion is not negligible,
low intensity (noise level of the other beams. This cycle of such a completely periodic change is not expected and the
energy transfer is repeated several hundred times over tt@mplification then becomes nonspecific to the in-phased
3-m path. It is noted that the in-phase components areomponents and inefficient. In this case, the phases are dis-
strongly enhanced in the vicinity a= 0, and the phase shift torted, and, as a result, the laser pulse is considerably broad-
becomes distinctive a>0. The energy transfer is efficient ened. When the nonlinear part of the dispersion is compen-
at z<zg, but the gain is still larger than unity even at sated, e.g., using a chirped mirror, it is possible to compress
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FIG. 10. Fourier synthesis of vibrational emission lin@s.and(d) are expanded views ¢&) and(b), respectively. Wavelengtlia) 802
nm, (b) 800 nm. In this calculation, 11 vibrational lines are assumed to be generated.

the laser pulse, as shown in Figic® The pulse width is propagate 3 m inhydrogen, causing a temporal shift in the
transform limited and is determined by the spectral bandpulse train.
width of the laser, i.e., the number of rotational lines. As a Because of the small nonlinear dispersion of hydrogen,
result, further shortening of the pulse width is difficult, un- the nonlinear phase shift can be easily compensated to form
less the spectral bandwidth is expanded by increasing thg transform-limited pulse using optics with small negative
number of rotational lines. Thus the capability of generatingnonlinear dispersion. Figure 7 shows the calculated results.
ultrashort pulses by FWRM can be attributed to a small non_pe pulse width is 13 fs when the dispersion is not compen-
linearity of dispersion in hydrogen in the spectral regiongateq. This value remained unchanged, even when the first-
from 648 nm(fifth anti-Stokes to 985 nm(fourth Stokes order dispersion was compensated, as described. The laser
pulse is compressed to 10 fs by compensating the second-
C. Evolution of rotational lines and generation order dispersion. Significant pulse shortening was not ob-
of ultrashort pulses served, even when the higher-order nonlinear dispersion was
compensated. The limited capability in pulse shortening can
be attributed to the nonflat intensity distribution of the Ra-
man components, i.e., the limited spectral bandwidth of the
emission lines.

In practice, it is difficult to obtain high-order rotational
Raman lines with a flat intensity distribution as indicated in
Fig. 1. By solving Eq.(3), it is possible to calculate the
intensity distribution of the high-order Stokes and anti-
Stokes lines at a specified distance from the beam waist. An
example is shown in Fig. 5. All the Raman components grow
rapidly within the confocal distancez{<0.6 m) and moder- Two types of femtosecond lasers, i.e., a Ti:sapphire laser
ately at the end of the Raman cell. This tendency can b&800 nm and a KrF excimer lasef248 nnj, are commer-
attributed to the consumption of the pump energy resultingially available and are used in many applications. The gain
from the growth of the Raman lines, to the geometry of theof Raman scattering is proportional to the frequency of the
gradually expanding pump beam, and to the high-o(de?) emission line generated. Therefore, an ultraviolet pump laser
distortion of the phases for the Raman lines. is generally useful for more efficient generation and amplifi-

The pulse shortening process is presented in Fig. 6, whichation of the Raman emission. This characteristic is espe-
also shows the spectral shapes obtained. A bell-shaped integially important when the other nonlinear optical phenomena
sity distribution is obtained at the end of the Raman cell. Assuch as self-focusingSF) and SPM are competitive to the
the Raman lines are enhanced by FWRM, the pulse traiRaman and FWRM processgk7,18,24. Moreover, a wider
becomes sharp. In addition, the background level is reducefilequency domain is available in the ultraviolet, which is
to zero. The dispersion also increases as the pulse tragssential for the generation of several tens of attosecond

D. Effect of spectral region
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FIG. 11. Evolution of rotational Raman lines obtained by using a two-color pump beam. The gain is red@ethi®.4x 10-2% (c),
(d) 1.0x1072%, Scales of abscisséa), (c) 3 m; (b), (d) 0.1 m.

pulses. However, the dispersion is substantially increased at (q—587.03/q=(r—1)/r, 9
shorter wavelengths, especially below 300 nm, which in-

creases the phase mismatching and reduces the amplification

gain. At the same time, a large dispersion makes compens@ereq is the frequency of the laser beam anis an inte-
tion of the phase distortion difficult. Figure 8 shows the evo-gor |n the spectral region of the Ti:sapphire laser, the pump
lution of the Raman lines, in which the gain, e.g., pressure Ogeam (811.2 nm and the Stokes bearf851.9 nm travel

hydrogen, is adjusted to give similar values for phase delay. 7.04um every 21 and 20 waves, respectively. It should be
In both the cases, the Raman lines are sufficiently enhanceﬁoted that an ArE excimer Iaser’emitting at 193.5 nm can
|_nd|cat|ng that both approaches can b(_a used for thg 9ENeI156 be used for the present purpose because of coincidence
tion of ultrashort pulses. In the calculation, competition with

other phenomena, such as the generation of the vibration lth the optimum wavelengti193.6 nm. A similar calcu-
lines, which is more efficient in the ultraviolet, has not been tion is performed using Eq10) for parahydrogen whose

taken into account. Moreover, the beam quality of the exci—Raman shift frequency is 354.37 ¢

mer laser is generally poor, which substantially increases the
other nonlinear effects such as SF/SPM and suppresses the
SRS/FWRM processes. For these reasons, a Ti:sapphire laser
appears to be the laser of choice, although detailed experi-
mental studies will be required to verify this conclusion.

(q—354.39/q=(r—1)/r. (10)

In this case, the wavelength of the Ti:sapphire laser requires
adjusting to 806.3 nm. The emitting wavelength of the ArF
laser again coincides with the optimum wavelengt83.3
For the efficient amplification of Raman lines, the phasesim).

of the pump beam and the Raman beam should be precisely The effect of wavelength mismatching is shown in Fig. 9.
superimposed at  56.82-fs=(1/587.03cm*x2.9979  When the wavelength is exactly adjusted to 811.2 nm, all the
x 10%m/s) intervals. For example, the waves of the Raman waves are in phased at the maximum of the peak. On
Stokes beam should travel the same distance asrthd)  the other hand, when the wavelength is shifted to 800 nm, alll
waves of the fundamental beam. Since the Raman shift freRaman waves are in phased at a time slightly different from
quency is 587.03 citt, the frequencies are given by the peak, i.e., the phase-locked point. The effect of wave-

E. Optimum laser wavelengths
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length mismatching is small, when the pulse consists of sewies of the rotational lines are very rapidly and strongly en-
eral cycles of waves. However, this effect becomes seriousanced fromz=0, which is in contrast to the case of a one-
when a shorter pulse, e.g., monocycle pulse, is generatedolor pump bean{Fig. 5. Thus a two-color pump beam is
Figure 10 shows the calculated result, in which the generadesirable, in order to minimize the hydrogen pressure and the
tion of 11 vibrational lines is assumed. Since the wavelengtlinteraction length for reduction of phase distortion, which
range extends from the far-UV to the mid-IR, a monocyclemight be especially important for the generation of ultrashort
pulse can be generated. A symmetrical monocycle pulse igulses less than 1 fs.

obtained only when the wavelength is exactly adjusted to the

optimum wavelength of 802.2 nm. When the wavelength is G. Phase locking in four-wave Raman mixing

not optimized(800 nm), two cycles of waves appear, thus

providing a stretched pulse. This wavelength matching is . - Y
probably an important consideration in transient SRS an rder rotational R?ma'.‘ emissions, whose phases are initially
FWRM in the femtosecond regime but is less important mopked a12=.0, as is evident from Eq$2) and(3). Although .
the nanosecond SRS and FWRM processes because of njis model is currently used in studies of SRS and FWRM, it
lecular collisions. IS necessary to investigate the validity of this assumption
(phase locking az=0). Figures 12 and 13 show the evolu-
tion of the rotational lines calculated by slightly changing the
phases of the rotational lines a&0. The efficiency in the
amplification of the rotational lines is apparently reduced by
High-order rotational lines are enhanced from a noisdncreasing the phase shifts. In other words, only the noise
level. A large gaine.g., high hydrogen pressurand a long components which are coherently phased with the fundamen-
interaction length are desirable for evolution of the rotationaltal beam atz=0 can be drastically amplified through
line, but these factors also increase the nonlinear phase shFWRM. Such an efficient amplification of the in-phase com-
in hydrogen. Such problems can be solved by employing @onents may be explained by the fact that the noise whose
two-color pump beam to enhance FWRM. Figure 11 showphase is exactly identical to the pump beanzat is most
the evolution of the rotational lines obtained using a two-efficiently enhanced exclusively as the first Stokes beam.
color pump beam whose frequencies are separated by 5&nce the first Stokes beam is generated, the waves of the
cm L. Even when the gain and the interaction length arepump and the first Stokes beams have maxima at 11®-
assumed to be smaller by a factor of about 100, the intensmm/587 cm?) um intervals. Therefore, other Stokes and

A pulse train is obtained by Fourier synthesis of high-

F. A two-color pump beam for the enhancement
of four-wave Raman mixing
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FIG. 13. Evolution of rotational Raman lines. The phase shift between the fundamental and Stokes beams is assumed tozbe zero at
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anti-Stokes Raman components with maxima at these pointsay be identical even in other coherent nonlinear processes
are efficiently amplified. However, the wave having maximasuch as second harmonic generatiéhand sum/difference
at slightly different positions from these phase-locked pointfrequency mixing.
is only inefficiently amplified. This provides an explanation
for why in-phase components are exclusively enhanced. V. CONCLUSION

A similar calculation is performed for the experiment us-
ing a two-color pump beam and the result is shown in Fig. In this study, high-order rotational Raman lines are
14. In this case, phase-locked points are determined by thgfrongly enhanced by FWRM and coherently phased in hy-
phases of the two pump waves beforehand. When no phaskiogen, producing an ultrashort pulse train separated by 57
shift exists between the two pump beams and the generatdsl. The pulse is broadened by the phase shift which occurs as
beams, the intensities of the rotational lines are very rapidlya result of nonlinear dispersion in hydrogen. The pulse is
increased, reaching nearly the same values, especially f@ompressed by compensating the second-order term for non-
Stokes beams. With an increase in phase shift, the rotationhearity, e.g., by the optics with a small negative dispersion,
lines grow more inefficientlyN.B., the logarithmic scale for since the nonlinear part of the dispersion is small for gaseous
the ordinate This tendency becomes more distinct whenhydrogen, especially in the near-infrared region.
competition between the amplifications of the in-phased and For the generation of subfemtosecond pulses by Fourier
nonphased components is taken into account. These consislynthesis of the Raman components, a wider frequency do-
erations again indicate that Raman waves generated hyain is required, which is accomplished by increasing the
FWRM are exactly phase locked at the above periodimumber of rotational lines. In fact, high-order rotational Ra-
points. man lines ranging from the fourth-order Stok@85 nn) to

As described in the Introduction, the requirement of phaselOth-order anti-Stoke@78 nnj lines have already been gen-
matching is well known in FWRM but phase lockifgr  erated experimentally even by using a chirp&don-
mode locking in FWRM is not very clear. The calculations transform-limited 800-fs pulse in our previous research, in-
performed in this study indicate that phase matching idicating the potential generation of 0.4-fs pul$&g]. Thus
equivalent to phase locking or mode locking in FWRM. In the gain assumed in this study is rather conservatiVea
other words, the pump and generated beams are in phasddy gain was, in practice, chosen in order to reduce the num-
otherwise the efficiency in the generation of the Ramarber of rotational lines in the calculation to reduce the time
emission through FWRM becomes very low. This situationrequired for computer simulatiort2) a low gain, which re-
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FIG. 14. Evolution of rotational Raman lines obtained by using a two-color pump beam. Gairt@.4% phase shift(a) O, (b) 0.3,
(c) 0.6, (d) 0.97.

quires high hydrogen pressure for sufficient amplification,should be completely removed. In order to overcome this
and a long path length are also used to enhance the effect pfoblem, injection of the hydrogen gas into a windowless gas
dispersion in hydrogen and to discuss the problems arisinghannel placed in a vacuum chamber may be required. In this
from these limitations. Thus, it may be possible to generatease, all experiments, including the measurements of the la-
subfemtosecond laser pulses by straightforward extension akr pulse width, should be performed in a vacuum chamber.
this approach, based on FWRM. Another problem may be the appreciakileot completely
There are, however, several problems which need to baegligible dispersion of pressurized hydrogen. When a pi-
addressed in order to generate subfemtosecond opticabsecond pulsé.g., 1 psis used as a pump beam, a comb-
pulses. First, the effect of dispersions induced by the Ramashaped pulse train would be observable. When a femtosec-
cell windows and even by ambient air is very serious andnd pulse(e.g., <100-fs pulsgis used to generate a single

TABLE II. First, second, and third derivatives of phase for various optical media. Wavelength: 800
nm. The data for calculations were obtained from R28] for sapphire and fused silica and from Refs.
[26] and[27] for H, and air, respectively.

Phase First Second Third
Medium (rad) (rad f9 (rad f9) (rad f$)
Sapphiré —6.912x 10 —2.971x 10 —290.2 —210.6
Sapphir& —6.881x 10* —2.958< 10* —283.1 —207.0
Fused silich —5.707x 10* —2.447x 10 —-180.8 —-137.5
H, —2.356x 107 —1.001x 107 —4.315 —1.998
Air® —2.356x 10’ —1.001x 10’ —64.04 -29.71

3 mm; ordinary wave.

b5 mm; extraordinary wave.

‘5 mm.

0.1 atm(the gain increases by a factor of about 100 using a two-color pump beam, allowing the hydrogen
pressure to be reduced to 0.1 &trd m.

€1 atm (atmospheric pressure3 m.
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ultrashort pulse, a walkoff between the pump and generateitl is very difficult to completely compensate the nonlinear
beams may reduce the interaction length and then decreapart. Generally speaking, nonlinearity may increase with in-
the efficiency for the generation of rotational emission. Thuscreasing magnitude of dispersion. The dispersion of hydro-
low hydrogen pressure and short Raman medierg., by gen is two orders of magnitude smaller than those of solid
using a gas injection techniguare preferential, as long as optics such as a quartz glass, thus allowing more accurate
many rotational lines can be generated. Therefore, use @ompensation of the nonlinear dispersisee Table ).
efficient FWRM rather than SRS is generally preferable.These considerations point out the potential advantage of the
This problem might also be solved by the generation of Rapresent method based on FWRM in hydrogen for the genera-
man solitons in a periodic nonlinear optical field for quasi-tion of subfemtosecond optical pulses.

phase-matching, which may be induced by periodic phase-

locked points in the propagating beam. But, in any case, the ACKNOWLEDGMENT
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