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Raman self-conversion of femtosecond laser pulses and generation of single-cycle radiation
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Stimulated Raman scattering of light in the regime of laser pulse durations shorter than the period of
Raman-active vibrational moden2(}y is investigated. Using full equations for the field and the medium
polarization, we obtain an insight into the stage of frequency conversion where the slowly varying amplitude
approximation is inapplicable. It is found that the laser pulse experiences a continuous downshift of its
spectrum, resulting in the formation of an intense single-cycle electromagnetic pulse. The role of the competing
processes is analyzeld51050-294{@8)51207-3

PACS numbds): 42.65.Re

Since the discovery of stimulated Raman scatte(8i@9  frequency. Since the process appears as a continuous self-
this fundamental nonlinear optical phenomenon has beeoonversion of the pulse spectrum, the use of the SVAP
studied in great detail both for the case of quasistationarynethod would imply an analysis of nonlinear interaction of
interaction[1] and for laser pulses shorter than the vibra-an infinite number of Stokes and anti-Stokes Fourier compo-
tional relaxation timg2]. In the last few years the interaction nents of the field. Thus, the problem of femtosecond-pulse
of intense femtosecond laser pulses with matter has been tI8RS cannot be resolved in terms of the traditional theory of
focus of attention because of the many novel nonlinearSRS [1] based on the SVAP approximation and a first-
optical phenomena that have been observed. Appropriatgrinciples approach is necessary. Although some aspects of
methods of theoretical description have been devel¢ped SRS with femtosecond pulses have already been discussed in

The purpose of this Rapid Communication is to show thathe literaturegf4—6], the analysis was limited by the assump-
the SRS with pulses of femtosecond duration differs qualitation of a relatively smallcompared to the pulse carrier fre-
tively from the well-known(and commonly acceptegghysi- quency change of the pulse spectrum, and by neglecting
cal picture of SRS. We also demonstrate that the use of fubuch competing effects as medium dispersion and electronic
equations for the pulse field, instead of equations for the fielchonlinearity, which are often dominant on the femtosecond
slowly varying amplitudes and phaseé®VAPS, plays a key time scalg7].
role in the adequate treatment of the processes underlying Starting from general assumptions about linear and non-
femtosecond-pulse SRS. The problem is the following: Typidinear properties of a SRS medium, we investigate the SRS
cal values of the vibrational periobk= 27/ g correspond- process in conditioril) beyond the scope of the SVAP ap-
ing to the Stokes frequency shiflg in many Raman- proximation. On the basis of numerical solution of the equa-
scattering media are of the order of #6-10"'* s. This tions of pulse dynamics we show that the well-known picture
means that for laser pulses in the femtosecond region thef cascade generation of discrete Stokesti-Stokes fre-
condition quency components transforms, on the femtosecond-time

scale, into a continuous self-conversion of laser pulse spec-
Tp<Tr=2m/Qg (1)  trum towards lower frequencies. The ultimate form of the
generated laser field represents a single-cycle electromag-
can be eas”y met, |mp|y|ng a qualitative|y different regime netic pulse. The nature of the self-conversion mechanism
of SRS. Indeed, in traditional SRS with nano- and picosecdiffers significantly from that of the soliton self-frequency
ond pulses, the presence of a seeding at the Stokes frequeri@ift in fibers[8,9], where the effect is quasistationary in
(normally, of spontaneous nojsés necessary for the SRS hature and therefore depends on the structure and width of
process to develop' The Spectrum Of a femtosecond pu|§ée Raman line. The discussed coherent mechanism of SRS
with a duration(1) initially contains frequency components
satisfying the conditions of Raman-type resonafsze Fig. (a) (b)
1). Therefore only one ultrashort pulse is required to initiate
the SRS process. The importance of this spe(ifinpulsive
mechanism of medium excitation for spectroscopy of el- A A

ementary processes in matter was first discussef4jn
where femtosecond-pulse excitation of coherent optical ® ® ® ®

.. K . L s L s
phonons in liquids was demonstrated. Here, we point out that
the dynamics of a laser pulse under the conditirs rather A vi1/z
unusual. In contrast to the nano- and picosecond-pulse SRS 1o - Ta

[1,2], the SRS process with puls€4) has no intensity
threshold, and one could expect the SRS process to occur
until a major part of the pump femtosecond-pulse energy is FIG. 1. Schematic diagram of the SRS procéasiong excita-
transformed into vibrational excitatiofthat would lead to tion pulses(traditional version of SRS (b) ultrashort excitation
generation of spectral components far from the input pulseulse.
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is not sensitive to these factors but depends essentially on alte electronic responseP..) follows adiabatically the
the laser-molecule interaction history on the time scale of/alue of the pulse field. This allows the following approxi-
one molecular vibration. mation:

To analyze this extreme regime of SRS we start from the 3) 3
following physical model. Consider a linearly polarized laser Pelea 1) =xe (0)&7, (6)
pulge 5(Z,t)=(277). qukfd“’.Ewk ex'p|(wt—!<z) propagat- Wherexff)(O) denotes the third-order electronic susceptibil-
ing m_the_z d|rec_t|on in an isotropic me_dlum. The pulse ity in the low-frequency limit.
evolution is described by the wave equation First we obtain a qualitative insight into the laser-
molecule interaction under conditiofi) and consider the
SRS process in the limit,<27/Qg. In this case terms
QﬁQ and (1T,) dQ/dt in the material Eq(4) can be ne-
glected in comparison t6°Q/4dt?. Assuming that the laser
whereP is the field-induced medium polarization, which can pulse appears at the momert0 and is nonzero within the

92 1 9% Am 9%P
2R a 2

be written in the following form: time interval O<t<7'p, we find that during the laser-
molecule interaction (&t<7,) the vibrational coordinate
o i w o changes as
P(t):f 0(1)(7)5(I—T)d7+f drf dT’J' dr¢®
0 o JoJo 1 e tolt'ft'dt"gz t") (7a)
Q=57 5 |, a4t |, dUEx

X(r, 7', "Et—nEt—7—7)EA—7—7"—7")
4p &) and shows a very slow response to the field. After the inter-
Ram action, e.g., fot> 7, the nuclear coordinate exhibits freely

The first term @) on the right-hand side of Eq3) de- damping oscillations

scribes the linear part of the medium response, the second 27 da L~

one (Pejecy) is due to the third-order processes in the medium Q(t)~ McQg 9Q W exp(—t/To)sin(Qgt),  (70)
except for the Raman process; the response functibhs

and 6 lead, in the frequency domain, to the medium first-Where W= (cn/4m)[” £°dt is the pulse energyn=[1
order (y)) and third-order £®)) polarizability. The last +4mx(0)]"? and Q3=Q%—(1/T,)2. The displacement of
term Prari= N(da/9Q)QE accounts for the Raman contribu- the nuclear coordinaté7a during the laser pulse action is
tion of molecules of an effective concentratibin This form  seen to be much smallgr-(7,/Tg)] than the amplitude of
of Pram implies that the field spectral components are farsubsequent free oscillation@h). In fact, the molecule ac-
from electronic transitions. In this case the expectation valugUirés some initial velocity of vibrational motion, but its co-

Q of the normal mode operator of the molecule obeys th¢Prdinate has no time to change.
equation For a quasimonochromatic field of a frequensy Qg,

the initial stage of short pulser{(<Tg) evolution can be
2Q 2 40 1 da treated as a self-phase modulation process. By passing in
Z 020 "— ¢ (4)  EQs.(2)—(6) to the “slow” amplitudeE=|E| exp(¢) of the
2 T, ot R 2MaQ i - i
2 Q field and using Eq(7a), we find that the centrum of the

The model equatioffirst introduced i 1]) represents a lin- spectrumw = [~_(w+ ¢)|E|?d7/ [ |E|*dT moves towards
ear oscillator with a reduced mads, a natural frequency |ower frequencies:

Qg, and a relaxation tim&,, driven by the force quadratic

in the field £&. For simplicity we consider isotropic Raman dw/dz=—BoW. ®

transitions, so that the tensafd/JQ), which stands for the - The inertial character of the SRS process is manifested by
change of the molecule linear polarizability with respect tothe fact that the shiftg) is determined by the pulse energy

the vibrational coordinat®, is reduced to a scalar quantity rather than its intensity. In Eq(8) the energyW is
(daldQ) [2]. If the excited vibrational level population is expressed in units of the laser energyw,
much less than unity, we arrive at E@). We assume that =[270zMc?n?1¥27(da/dQ)] ! required to transmit to
the molecule is not active in infrarg¢R) absorption and its  the molecule the energy of one vibrational quantofiy.
electronic frequencie®,,= (E,—E,)/% (lying typically in ~ The reciprocal Zsrs=B ! of the constant B

the vacuum ultraviolet regiorare sufficiently high compared =27N(da/dQ)[%Qxr/Mc’n?]¥2 can be treated as the Ra-
to the pulse characteristic frequen@yIn this case the linear man self-conversion length.

part (P.) of the respons€3) can be approximated by Consider now the pulse evolution at propagation distances
where the change of the pulse spectrum and the energy is
) 92E significant. It is convenient to introduce the parameter,
PL(t)=x(0)E=3X0e(0) ==, 5
LO=X(0)E= 3x0u(0) — 5 (3)/ N9/ 30)2 o
Y=X 02
° MQZ

where x(0) is the medium linear polarizability (w) in the
limit w—0, andy,,,(0)=(d%x/dw?),—o. The second term which characterizes the ratio of the third-order electronic
in Eq. (5) describes the positive medium dispersion. Thecontribution to the impulsive Raman contribution. The value
small ratio @/wp,,) also implies that the nonlinear part of of parametery can be measured experimentall§,9] and
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dium (the case of small electronic contributiop=0.25: the laser
field temporal distributior(a) and spectrunib) at different propa-
gation lengthsZ. The field is normalized by,= (WoQr/27c)Y?;

the distance byZsre=8"1. The input pulse parameters argo

=24, 1,Qg=1.5, andW(0)=0.1. For a SRS medium witl)¢

~10° ecmY,  (0al9Q)~10"'® cm?, M~10"22g, and N

=10%* cm3, the normalization units ar€=5x10" V/cm and
Zsps=0.125,=0.2 cm.

rials y varies in a wide range: in optical fibesg=4 [9]; in
molecular gaseg~1 [7]; for some liquids(e.g.,CS,) the

estimated to be only~0.1[10].

tion of the full system of equation&)—(6) for the pulse
electric field€ in the case of a dominating SRS procéss

trum and by the energy depletion due to medium excitation.
Interestingly, at propagation distances where the pulse cen-
tral frequency becomes as low as the pulse spectral width dz

RAMAN SELF-CONVERSION OF FEMTOSECOND LASE. ..

frequency components travel
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faster than the higher-

frequency components, and this results in an additional pulse
temporal compression, allowing effective interaction over
the propagation lengths that are substantially longer than the

dispersion spreading lengity, .

Let us estimate the efficiency of laser energy transforma-
tion into the single-cycle pulse. By inserting soluti¢ra)
into wave equatior2), one can find that the pulse energy

changes as

dW/dz=— BW2.

(10

If we now turn to Eq«(8) and consider the pulse frequenoy
and the energyV on the right-hand side of Eq8) to be
functions of the propagation lengthwith w(z)~w(z) and
W(z) determined by Eq(10), we readily find that the pulse
“effective w(z) frequency” is always proportional to the

pulse energy\V(z):

w(z)/w(0)=W(z)/W(0)=1[1+ BW(0)z],

(11)

wherew(0) is the input laser frequenay. From Eq.(11) it
follows that the efficiency of the laser energy transformation
into the single-cycle pulse withs ~1/7, is of the order of

_ _ n~(7pw)~* and for 7,~10"** s andw~10" s™* can be

FIG. 2. Evolution of a femtosecond laser pulse in a SRS megs high as several percent. The remarkable fact that during
the interaction the photon numb¥f(z)/hw(z) is kept con-
stant suggests that in the discussed interaction regime a suc-
cessive Stokes “processing” of the field photons occurs.

In the case ofy=1 the pulse dynamics differs signifi-
cantly, because of the influence of Kerr self-phase modula-
tion and the contribution of the third-order sum-frequency
generation process. We have found, however, that an effec-
tive down-conversion process and a single-cycle pulse gen-
eration can be realized for a femtosecond pulse traveling
estimated from the value of Raman gain. In different matewith a certain time delay after the firgpump pulse and
interacting with the vibrational mode coherently excited by
the pump pulse. The initial stage of the process can be ana-
relative contribution of the third-order electronic response idyzed using the SVAP method. Let an intense pump pulse
with the complex amplitud&, =|E;|exp(¢,) and frequency
_ . w1 be followed, with a delayA 7> 7,,, by an injection pulse
In Figs. Za,b are shown the results of the numerical solu-E,=|E,|expl,) of frequencyw,. Assuming that the injec-
tion pulse only slightly disturbs the molecular free vibra-
tional motion (7b) produced by the pump pulse an,
=0.25. As can be seen, the pulse evolution is characterizeg>Ty, for the change of the injection pulse central frequency
by the monotonic downshift of the center of the pulse specw, we have

dmz

=—2Bw,Wiexp(—A7/T,)co QrAT).

(12

(Awp~1imy), t_he laser field represents in fact a smgle-cycIeFrom Eq.(12) it follows that the injection pulse experiences
electromagnetic pulse. Therefore, the SRS process under the,ontinyous shift of its central frequency proportional to the
’ o o ~%” pump pulse energW, . Depending on the value of the delay
tion.” For the rectification process to be efficient condition e A, the shift can be both negativdown-conversion

(1) has to be held over all the interaction distance. Thisang positive signedup-conversion Particularly, the effi-
ciency of injection pulse down-conversion reaches its maxi-
mum if the delay time is a multiple of the molecular oscilla-

condition(1) provides a mechanism of laser field “rectifica-

means that the characteristic rectification lengghas to be
smaller than the group-velocity dispersion len@h. Sur-

prisingly, however, in the discussed situation of a normallytion period; e.g., ArzZa-rQ,;lk (k=1,2,3...).

The

dispersive SRS medium, the dispersion in combination witheorresponding value of the injection pulse downshift is seen
the Raman nonlinearity has a stabilizing effect on the pulsgo differ from that of the pump pulsé8) by the factor
shapgFig. 2(@]. This is due to the fact that the SRS process2(w,/w,) on the order of 1. Therefore, for a sufficiently
under condition(1) is inertial in nature; therefore the pulse weak injection pulses,, the fast electronic contribution
instant frequency decreases from the pulse leading to its-(&,)2 will be small compared to the contributior £,Q
trailing edge. In a positively dispersive medium the lower-due to SRS on the coherent vibratioQsexcited by the in-
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(12) it follows that the lengthz, of laser frequency rectifi-
cation down to the single-cycle pulb&ith o (Z,)~ 1/7,] is
aboutZy~ (w,)/[ BW(0)]. Assuming m_olecular frequency
Qg~1000 cm?! (Tg=30 fs), effectve mass M
~10 % g, polarizability @a/9Q)~10"1% cn?, for a laser
pulse with7,=10 fs, photon energfiw=1 eV, and fluence
=10 TWi/cn?, the characteristic length of single-cycle
pulse formation can be found to t&~100 cm/atm. The
value of group-velocity dispersion of the IR laser pulse in a
: gas of molecules with a typical energy of electronic transi-
RETARDED TIME , (t-zIv)Q, tion 1,~10 eV can be roughly estimated b,,
] - y L ~0.1 f&/cm per 1 atm pressure. Thus, for a presspre
=30 atm the single-cycle pulse is formed at a propagation
2z distanceZy~3 cm, which is still short compared to the
- (b) » mm pulse dispersion lengthy~30 cm. The field strength in the
L generated single-cycle pulse is abdut 10’ V/cm. These
N estimations show that the femtosecond-pulse SRS is interest-
ing from the viewpoint of generation of intense IR electro-
magnetic transients. Unlike the existing THz technique based
on far infrared(FIR) generation in quadratic crystal&1],
the discussed frequency conversion mechanism requires no
o M FREQUENCY , 0/ phase matching gt all,ybecause there is a continu?)us self-
0 10 20 transformation of the laser pulse spectrum rather than a gen-
eration of discrete frequencies. We also note that some evi-
FIG. 3. Dynamics of SRS in the delayed-pulse propagation redence for the predicted features of the femtosecond-pulse
gime (the case of large electronic contributiop=2). The field SRS was observed in our recent experinfdam.
temporal distribution@) and spectrunib) at different propagation In conclusion, we have shown that SRS with pulses
lengthsZ. The dashed line shows the temporal dynamics of theshorter than the period of vibrational motion leads to a physi-
normal coordinateQ. The injection pulse field and spectrum are ca| picture qualitatively different from the traditional one:
shown with arrows. The input pulse parameters ggw,=28,  the stimulated Raman effect appears as a continuous self-
ZplQR:l'S' Tpaw2 =21, Tplr=1.3, W1(0)=0.2, and W(0)  ransformation of the pulse spectrum towards lower frequen-
=0.05. cies. The ultimate wave form of the generated field repre-
sents a FIR pulse containing only one oscillation period of
tense pump pulsé€;. These qualitative arguments are sup-the electromagnetic wave. The specifics of SRS has been
ported completely by our numerical resu[tBigs. 3a,b], revealed by treating the Raman process beyond the scope of
which demonstrate the propagation dynamics of an intenshe SVAP approximation. Because of the universality of
pump and a weaker injection pulse for the casgeR anda Raman-type nonlinearity, the predicted features of SRS
delay timeA 7=3Tg. The evolution of the two pulses in the should be observable in a wide class of nonlinear materials,
SRS medium differs dramatically. While the pump pulse inincluding gases, liquids, solids, and plasmas. The discussed
the SRS medium shows a significant superbroadening of itg1echanism may also be interesting as an alternative ap-
spectrum both to the red and to the blue, the second pulg&oach to the generation of femtosecond-pulse tunable IR
interacting with the impulsively excited molecular vibrations radiation down to single-cycle electromagnetic transients.
experiences predominantly a spectral shift towards lower fre-
guencies that leads to a generation of a single-cycle IR pulse. We gratefully acknowledge Professor I. V. Hertel and
Let us estimate the laser pulse parameters required fdProfessor T. Elsaesser for support and fruitful discussions.
experimental observation of the discussed effects in a highwe also acknowledge stimulating discussions with Professor
pressure gas of homonuclear diatomic molecules. From EqV. Zinth.
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