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Raman self-conversion of femtosecond laser pulses and generation of single-cycle radiation

A. Nazarkin and G. Korn
Max-Born-Instut fu¨r Nichtlineare Optik und Kurzzeitspektroskopie, Rudower Chaussee 6, D-12489 Berlin, Germany

~Received 26 March 1998!

Stimulated Raman scattering of light in the regime of laser pulse durations shorter than the period of
Raman-active vibrational mode 2p/VR 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 analyzed.@S1050-2947~98!51207-3#

PACS number~s!: 42.65.Re
ee
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Since the discovery of stimulated Raman scattering~SRS!
this fundamental nonlinear optical phenomenon has b
studied in great detail both for the case of quasistation
interaction @1# and for laser pulses shorter than the vib
tional relaxation time@2#. In the last few years the interactio
of intense femtosecond laser pulses with matter has bee
focus of attention because of the many novel nonline
optical phenomena that have been observed. Approp
methods of theoretical description have been developed@3#.

The purpose of this Rapid Communication is to show t
the SRS with pulses of femtosecond duration differs qual
tively from the well-known~and commonly accepted! physi-
cal picture of SRS. We also demonstrate that the use of
equations for the pulse field, instead of equations for the fi
slowly varying amplitudes and phases~SVAPs!, plays a key
role in the adequate treatment of the processes underl
femtosecond-pulse SRS. The problem is the following: Ty
cal values of the vibrational periodTR52p/VR correspond-
ing to the Stokes frequency shiftVR in many Raman-
scattering media are of the order of 10213– 10214 s. This
means that for laser pulses in the femtosecond region
condition

tp,TR52p/VR ~1!

can be easily met, implying a qualitatively different regim
of SRS. Indeed, in traditional SRS with nano- and picos
ond pulses, the presence of a seeding at the Stokes frequ
~normally, of spontaneous noise! is necessary for the SR
process to develop. The spectrum of a femtosecond p
with a duration~1! initially contains frequency componen
satisfying the conditions of Raman-type resonance~see Fig.
1!. Therefore only one ultrashort pulse is required to initia
the SRS process. The importance of this specific~impulsive!
mechanism of medium excitation for spectroscopy of
ementary processes in matter was first discussed in@4#,
where femtosecond-pulse excitation of coherent opt
phonons in liquids was demonstrated. Here, we point out
the dynamics of a laser pulse under the condition~1! is rather
unusual. In contrast to the nano- and picosecond-pulse
@1,2#, the SRS process with pulses~1! has no intensity
threshold, and one could expect the SRS process to o
until a major part of the pump femtosecond-pulse energ
transformed into vibrational excitation~that would lead to
generation of spectral components far from the input pu
PRA 581050-2947/98/58~1!/61~4!/$15.00
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frequency!. Since the process appears as a continuous s
conversion of the pulse spectrum, the use of the SV
method would imply an analysis of nonlinear interaction
an infinite number of Stokes and anti-Stokes Fourier com
nents of the field. Thus, the problem of femtosecond-pu
SRS cannot be resolved in terms of the traditional theory
SRS @1# based on the SVAP approximation and a fir
principles approach is necessary. Although some aspec
SRS with femtosecond pulses have already been discuss
the literature@4–6#, the analysis was limited by the assum
tion of a relatively small~compared to the pulse carrier fre
quency! change of the pulse spectrum, and by neglect
such competing effects as medium dispersion and electr
nonlinearity, which are often dominant on the femtoseco
time scale@7#.

Starting from general assumptions about linear and n
linear properties of a SRS medium, we investigate the S
process in condition~1! beyond the scope of the SVAP ap
proximation. On the basis of numerical solution of the equ
tions of pulse dynamics we show that the well-known pictu
of cascade generation of discrete Stokes~anti-Stokes! fre-
quency components transforms, on the femtosecond-t
scale, into a continuous self-conversion of laser pulse sp
trum towards lower frequencies. The ultimate form of t
generated laser field represents a single-cycle electrom
netic pulse. The nature of the self-conversion mechan
differs significantly from that of the soliton self-frequenc
shift in fibers @8,9#, where the effect is quasistationary
nature and therefore depends on the structure and widt
the Raman line. The discussed coherent mechanism of

FIG. 1. Schematic diagram of the SRS process:~a! long excita-
tion pulses~traditional version of SRS!; ~b! ultrashort excitation
pulse.
R61 © 1998 The American Physical Society
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is not sensitive to these factors but depends essentially o
the laser-molecule interaction history on the time scale
one molecular vibration.

To analyze this extreme regime of SRS we start from
following physical model. Consider a linearly polarized las
pulse E(z,t)5(2p)22*dk*dvEvk exp i(vt2kz) propagat-
ing in the z direction in an isotropic medium. The puls
evolution is described by the wave equation

]2E
]z22

1

c2

]2E
]t2 5

4p

c2

]2P

]t2 , ~2!

whereP is the field-induced medium polarization, which ca
be written in the following form:

P~ t !5E
0

`

u~1!~t !E~ t2t!dt1E
0

`

dtE
0

`

dt8E
0

`

dt9u~3!

3~t,t8,t9!E~ t2t!E~ t2t2t8!E~ t2t2t82t9!

1PRam. ~3!

The first term (PL) on the right-hand side of Eq.~3! de-
scribes the linear part of the medium response, the sec
one (Pelectr) is due to the third-order processes in the medi
except for the Raman process; the response functionsu (1)

andu (3) lead, in the frequency domain, to the medium fir
order (x (1)) and third-order (x (3)) polarizability. The last
termPRam5N(]a/]Q)QE accounts for the Raman contribu
tion of molecules of an effective concentrationN. This form
of PRam implies that the field spectral components are
from electronic transitions. In this case the expectation va
Q of the normal mode operator of the molecule obeys
equation

]2Q

]t2 1
2

T2

]Q

]t
1VR

2Q5
1

2M

]a

]Q
E2. ~4!

The model equation~first introduced in@1#! represents a lin-
ear oscillator with a reduced massM , a natural frequency
VR , and a relaxation timeT2 , driven by the force quadratic
in the field E. For simplicity we consider isotropic Rama
transitions, so that the tensor (]a/]Q), which stands for the
change of the molecule linear polarizability with respect
the vibrational coordinateQ, is reduced to a scalar quantit
(]a/]Q) @2#. If the excited vibrational level population i
much less than unity, we arrive at Eq.~4!. We assume tha
the molecule is not active in infrared~IR! absorption and its
electronic frequenciesvmn5(Em2En)/\ ~lying typically in
the vacuum ultraviolet region! are sufficiently high compared
to the pulse characteristic frequencyv. In this case the linea
part (PL) of the response~3! can be approximated by

PL~ t !5x~0!E2 1
2 xvv~0!

]2E
]t2 , ~5!

wherex~0! is the medium linear polarizabilityx(v) in the
limit v→0, andxvv(0)5(]2x/]v2)v50 . The second term
in Eq. ~5! describes the positive medium dispersion. T
small ratio (v/vmn) also implies that the nonlinear part o
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the electronic response (Pelectr) follows adiabatically the
value of the pulse field. This allows the following approx
mation:

Pelectr~ t !5xe
~3!~0!E3, ~6!

wherexe
(3)(0) denotes the third-order electronic susceptib

ity in the low-frequency limit.
First we obtain a qualitative insight into the lase

molecule interaction under condition~1! and consider the
SRS process in the limittp!2p/VR . In this case terms
VR

2Q and (1/T2) ]Q/]t in the material Eq.~4! can be ne-
glected in comparison to]2Q/]t2. Assuming that the lase
pulse appears at the momentt50 and is nonzero within the
time interval 0,t,tp , we find that during the laser
molecule interaction (0,t,tp) the vibrational coordinate
changes as

Q~ t !'
1

2M

]a

]Q E
0

t

dt8E
0

t8
dt9E2~ t9! ~7a!

and shows a very slow response to the field. After the in
action, e.g., fort@tp , the nuclear coordinate exhibits free
damping oscillations

Q~ t !'
2p

McVR

]a

]Q
W exp~2t/T2!sin~ṼRt !, ~7b!

where W5(cn/4p)*2`
` E2dt is the pulse energy,n5@1

14px(0)#1/2 and ṼR
25VR

22(1/T2)2. The displacement of
the nuclear coordinate~7a! during the laser pulse action i
seen to be much smaller@;(tp /TR)# than the amplitude of
subsequent free oscillations~7b!. In fact, the molecule ac-
quires some initial velocity of vibrational motion, but its co
ordinate has no time to change.

For a quasimonochromatic field of a frequencyv@VR ,
the initial stage of short pulse (tp!TR) evolution can be
treated as a self-phase modulation process. By passin
Eqs.~2!–~6! to the ‘‘slow’’ amplitudeE5uEu exp(iw) of the
field and using Eq.~7a!, we find that the centrum of the

spectrumÃ5*
2`
` (v1ẇ)uEu2dt/*

2`
` uEu2dt moves towards

lower frequencies:

dÃ/dz52bvW. ~8!

The inertial character of the SRS process is manifested
the fact that the shift~8! is determined by the pulse energyW
rather than its intensity. In Eq.~8! the energy W is
expressed in units of the laser energyw0
5@2\VRMc2n2#1/2@2p(]a/]Q)#21 required to transmit to
the molecule the energy of one vibrational quantumhVR .
The reciprocal ZSRS5b21 of the constant b
52pN(]a/]Q)@\VR /Mc2n2#1/2 can be treated as the Ra
man self-conversion length.

Consider now the pulse evolution at propagation distan
where the change of the pulse spectrum and the energ
significant. It is convenient to introduce the parameter,

g5xe
~3!Y N~]a/]Q!2

MVR
2 , ~9!

which characterizes the ratio of the third-order electro
contribution to the impulsive Raman contribution. The val
of parameterg can be measured experimentally@7,9# and
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estimated from the value of Raman gain. In different ma
rials g varies in a wide range: in optical fibersg'4 @9#; in
molecular gasesg;1 @7#; for some liquids~e.g., CS2) the
relative contribution of the third-order electronic response
estimated to be onlyg;0.1 @10#.

In Figs. 2~a,b! are shown the results of the numerical so
tion of the full system of equations~2!–~6! for the pulse
electric fieldE in the case of a dominating SRS process~g
50.25!. As can be seen, the pulse evolution is characteri
by the monotonic downshift of the center of the pulse sp
trum and by the energy depletion due to medium excitati
Interestingly, at propagation distances where the pulse
tral frequency becomes as low as the pulse spectral w
(Dvp;1/tp), the laser field represents in fact a single-cy
electromagnetic pulse. Therefore, the SRS process unde
condition~1! provides a mechanism of laser field ‘‘rectifica
tion.’’ For the rectification process to be efficient conditio
~1! has to be held over all the interaction distance. T
means that the characteristic rectification lengthZ0 has to be
smaller than the group-velocity dispersion lengthZD . Sur-
prisingly, however, in the discussed situation of a norma
dispersive SRS medium, the dispersion in combination w
the Raman nonlinearity has a stabilizing effect on the pu
shape@Fig. 2~a!#. This is due to the fact that the SRS proce
under condition~1! is inertial in nature; therefore the puls
instant frequency decreases from the pulse leading to
trailing edge. In a positively dispersive medium the lowe

FIG. 2. Evolution of a femtosecond laser pulse in a SRS m
dium ~the case of small electronic contribution,g50.25!: the laser
field temporal distribution~a! and spectrum~b! at different propa-
gation lengthsZ. The field is normalized byE05(w0VR/2pc)1/2;
the distance byZSRS5b21. The input pulse parameters aretpv
524, tpVR51.5, andW(0)50.1. For a SRS medium withVR

;103 cm21, (]a/]Q);10215 cm2, M;10222 g, and N
51021 cm23, the normalization units areE553107 V/cm and
ZSRS50.1ZD50.2 cm.
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frequency components travel faster than the high
frequency components, and this results in an additional p
temporal compression, allowing effective interaction ov
the propagation lengths that are substantially longer than
dispersion spreading lengthZD .

Let us estimate the efficiency of laser energy transform
tion into the single-cycle pulse. By inserting solution~7a!
into wave equation~2!, one can find that the pulse energyW
changes as

dW/dz52bW2. ~10!

If we now turn to Eq.~8! and consider the pulse frequencyv
and the energyW on the right-hand side of Eq.~8! to be
functions of the propagation lengthz with v(z)'Ã(z) and
W(z) determined by Eq.~10!, we readily find that the pulse
‘‘effective Ã(z) frequency’’ is always proportional to the
pulse energyW(z):

Ã~z!/Ã~0!5W~z!/W~0!51/@11bW~0!z#, ~11!

whereÃ~0! is the input laser frequencyv. From Eq.~11! it
follows that the efficiency of the laser energy transformat
into the single-cycle pulse withÃ;1/tp is of the order of
h;(tpv)21 and for tp;10214 s andv;1015 s21 can be
as high as several percent. The remarkable fact that du
the interaction the photon numberW(z)/hÃ(z) is kept con-
stant suggests that in the discussed interaction regime a
cessive Stokes ‘‘processing’’ of the field photons occurs.

In the case ofg>1 the pulse dynamics differs signifi
cantly, because of the influence of Kerr self-phase modu
tion and the contribution of the third-order sum-frequen
generation process. We have found, however, that an ef
tive down-conversion process and a single-cycle pulse g
eration can be realized for a femtosecond pulse trave
with a certain time delay after the first~pump! pulse and
interacting with the vibrational mode coherently excited
the pump pulse. The initial stage of the process can be a
lyzed using the SVAP method. Let an intense pump pu
with the complex amplitudeE15uE1uexp(iw1) and frequency
v1 be followed, with a delayDt.tp , by an injection pulse
E25uE2uexp(iw2) of frequencyv2 . Assuming that the injec-
tion pulse only slightly disturbs the molecular free vibr
tional motion ~7b! produced by the pump pulse andT2
@TR , for the change of the injection pulse central frequen
Ã2 we have

dÃ2

dz
522bv2W1exp~2Dt/T2!cos~VRDt!. ~12!

From Eq.~12! it follows that the injection pulse experience
a continuous shift of its central frequency proportional to t
pump pulse energyW1 . Depending on the value of the dela
time Dt, the shift can be both negative~down-conversion!
and positive signed~up-conversion!. Particularly, the effi-
ciency of injection pulse down-conversion reaches its ma
mum if the delay time is a multiple of the molecular oscill
tion period; e.g., Dt52pVR

21k (k51,2,3, . . . ). The
corresponding value of the injection pulse downshift is se
to differ from that of the pump pulse~8! by the factor
2(v2 /v1) on the order of 1. Therefore, for a sufficient
weak injection pulseE2 , the fast electronic contribution
;(E2)3 will be small compared to the contribution;E2Q
due to SRS on the coherent vibrationsQ excited by the in-

-
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tense pump pulseE1 . These qualitative arguments are su
ported completely by our numerical results@Figs. 3~a,b!#,
which demonstrate the propagation dynamics of an inte
pump and a weaker injection pulse for the case ofg52 and a
delay timeDt53TR . The evolution of the two pulses in th
SRS medium differs dramatically. While the pump pulse
the SRS medium shows a significant superbroadening o
spectrum both to the red and to the blue, the second p
interacting with the impulsively excited molecular vibratio
experiences predominantly a spectral shift towards lower
quencies that leads to a generation of a single-cycle IR pu

Let us estimate the laser pulse parameters required
experimental observation of the discussed effects in a h
pressure gas of homonuclear diatomic molecules. From

FIG. 3. Dynamics of SRS in the delayed-pulse propagation
gime ~the case of large electronic contribution,g52!. The field
temporal distribution~a! and spectrum~b! at different propagation
lengthsZ. The dashed line shows the temporal dynamics of
normal coordinateQ. The injection pulse field and spectrum a
shown with arrows. The input pulse parameters aretp1v1528,
tp1VR51.5, tp2v2521, tp2VR51.3, W1(0)50.2, and W2(0)
50.05.
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~11! it follows that the lengthZ0 of laser frequency rectifi-
cation down to the single-cycle pulse@with Ã(Z0);1/tp] is
aboutZ0;(vtp)/@bW(0)#. Assuming molecular frequenc
VR;1000 cm21 (TR'30 fs), effective mass M
;10222 g, polarizability (]a/]Q);10215 cm2, for a laser
pulse withtp510 fs, photon energy\v51 eV, and fluence
I 510 TW/cm2, the characteristic length of single-cyc
pulse formation can be found to beZ0'100 cm/atm. The
value of group-velocity dispersion of the IR laser pulse in
gas of molecules with a typical energy of electronic tran
tion I e;10 eV can be roughly estimated bykvv
;0.1 fs2/cm per 1 atm pressure. Thus, for a pressurep
530 atm the single-cycle pulse is formed at a propagat
distanceZ0'3 cm, which is still short compared to th
pulse dispersion lengthZD'30 cm. The field strength in the
generated single-cycle pulse is aboutE;107 V/cm. These
estimations show that the femtosecond-pulse SRS is inte
ing from the viewpoint of generation of intense IR electr
magnetic transients. Unlike the existing THz technique ba
on far infrared~FIR! generation in quadratic crystals@11#,
the discussed frequency conversion mechanism require
phase matching at all, because there is a continuous
transformation of the laser pulse spectrum rather than a g
eration of discrete frequencies. We also note that some
dence for the predicted features of the femtosecond-p
SRS was observed in our recent experiment@12#.

In conclusion, we have shown that SRS with puls
shorter than the period of vibrational motion leads to a phy
cal picture qualitatively different from the traditional on
the stimulated Raman effect appears as a continuous
transformation of the pulse spectrum towards lower frequ
cies. The ultimate wave form of the generated field rep
sents a FIR pulse containing only one oscillation period
the electromagnetic wave. The specifics of SRS has b
revealed by treating the Raman process beyond the scop
the SVAP approximation. Because of the universality
Raman-type nonlinearity, the predicted features of S
should be observable in a wide class of nonlinear materi
including gases, liquids, solids, and plasmas. The discus
mechanism may also be interesting as an alternative
proach to the generation of femtosecond-pulse tunable
radiation down to single-cycle electromagnetic transients
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Professor T. Elsaesser for support and fruitful discussio
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W. Zinth.

-

e

P
@1# N. Bloembergen, Am. J. Phys.35, 989 ~1967!.
@2# A. Laubereau and W. Kaiser, Rev. Mod. Phys.50, 607

~1978!.
@3# E. M. Belenov and A. V. Nazarkin, JETP Lett.51, 288~1990!;

A. E. Kaplan, S. Straub, and P. L. Shkolnikov, Opt. Lett.22,
405 ~1997!; T. Brabec and F. Krausz, Phys. Rev. Lett.78,
3282 ~1997!.

@4# Y. X. Yan, E. B. Gamble, and K. Nelson, J. Chem. Phys.83,
5391 ~1985!.

@5# J. Herrmann and A. Nazarkin, Opt. Lett.19, 2065~1994!.
@6# E. M. Belenov, A. V. Nazarkin, and I. P. Prokopovich, JET
Lett. 55, 218 ~1992!.

@7# Ultrashort Laser Pulses,edited by W. Kaiser~Springer, Ber-
lin, 1993!.

@8# J. P. Gordon, Opt. Lett.11, 662 ~1986!.
@9# R. H. Stolenet al., J. Opt. Soc. Am. B6, 1159~1989!.

@10# R. W. Hellwarth, Prog. Quantum Electron.5, 1 ~1977!; 76,
2682 ~1996!.

@11# D. A. Auston and M. C. Nuss, IEEE J. Quantum Electron.24,
184 ~1988!.

@12# G. Korn, A. Nazarkin, and O. Du¨hr ~unpublished!.


