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Ultrawide spectral broadening and compression of single extremely short pulses in the visible
uv-vuv, and middle infrared by high-order stimulated Raman scattering

V. P. Kalosha and J. Herrmann
Max Born Institute for Nonlinear Optics and Short Pulse Spectroscopy, Max-Born-Straße 2a, 12489 Berlin, Germany

~Received 30 January 2003; published 28 August 2003!

We present the results of a comprehensive analytical and numerical study of ultrawide spectral broadening
and compression of isolated extremely short visible, uv-vuv and middle infrared~MIR! pulses by high-order
stimulated Raman scattering in hollow waveguides. Spectral and temporal characteristics of the output pulses
and the mechanism of pulse compression using dispersion of the gas filling and output glass window are
investigated without the slowly varying envelope approximation. Physical limitations due to phase mismatch,
velocity walk off, and pump-pulse depletion as well as improvements through the use of pump-pulse sequences
and dispersion control are studied. It is shown that phase-locked pulses as short as;2 fs in the visible and
uv-vuv, and 6.5 fs in the MIR can be generated by coherent scattering in impulsively excited Raman media
without the necessity of external phase control. Using pump-pulse sequences, shortest durations in the range of
about 1 fs for visible and uv-vuv probe pulses are predicted.
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I. INTRODUCTION

In the last decade ultrafast laser technology has been
veloped rapidly and successfully applied to a large variety
fields, especially for time-resolved studies of fast-evolvi
fundamental physical and chemical processes. Three m
ingredients of this technological advance are connected
the development of Kerr-lens mode-locked solid-state las
chirped pulse amplification and extracavity compress
techniques@1,2#. The traditional method for pulse compre
sion is based on the Kerr nonlinearity in waveguides to p
duce spectral broadening by self-phase modulation~SPM!
and subsequent chirp compensation by anomalous dispe
in carefully designed linear optical elements such as pr
pairs, chirped mirrors, or spatial light modulators. Puls
down to 5 fs were generated using single-mode fibers@3# and
4.5 fs by hollow fibers filled with a noble gas@4#. Though the
theoretical limit of the bandwidth which can be achieved
this method allows still shorter pulses@5,6#, the experimental
results obtained to date by this method are difficult to i
prove practically due to problems in chirp compensat
over an extremely broad spectrum and the onset of insta
ties for too high input intensities due to plasma generation
ionization. Note that the method of pulse compression
SPM is only applicable in the near-IR and optical range.

There is also a great interest in an efficient pulse comp
sion method in uv and vuv as well as in middle infrar
~MIR! for ultrafast time-resolved measurements in mate
science, chemistry, and biology, where the methods kno
up to now suffer from low efficiency and too long puls
durations. Numerous applications demand methods for
generation of shorter pulses in optical as well in uv-vuv a
MIR and also in the soft x-ray spectral range. Recently, t
complementary approaches were studied to push the dur
of pulses to shorter limits in different spectral ranges a
with different characteristics. On the one hand, high-or
harmonic generation of fs pulses@7,8# was shown to be
source of trains of attosecond x-ray pulses separated by
1050-2947/2003/68~2!/023812~24!/$20.00 68 0238
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of the laser period@9–12#. Reference@13# predicted that
single x-ray attosecond pulses required in most applicati
can be generated from few-cycle laser pulses. Using a
measurement technique recently, attosecond trains@14# as
well as single attosecond x-ray pulses@15# have been dem-
onstrated. Based on this progress, first time-resolved spe
scopic measurements in the attosecond domain have
reported in Ref.@16#.

In a second approach, high-order stimulated Raman s
tering ~HSRS! was studied with the aim to generate ultr
broadband spectra with high conversion efficiency suffici
for subfemtosecond pulses. Two different schemes were c
sidered for extremely short pulse generation. Reference@17#
theoretically predicted that high-repetition trains of subfe
tosecond pulses can be obtained using adiabatic excitatio
the medium by a properly detuned two-color cw field. R
cently this technique was experimentally demonstrated
Ref. @18#.

In another much promising scheme, impulsive excitat
by ultrashort pulses and a pump-probe arrangement is u
to compress a probe pulse by the Raman medium excite
the pump pulse. Using such an arrangement in Refs.@19,20#,
the first experimental demonstration of pulse compression
HSRS was reported with the generation of a train of 6
pulses. A mechanism for the generation of single compres
pulses by HSRS for probe pulses shorter than the perio
Raman oscillations was first proposed and theoretically s
ied in Refs.@21,22#, predicting compression of single pulse
without additional chirp control caused by the material d
persion of the medium itself. This regime was used to p
duce the shortest single optical pulses with a duration of
fs in SF6 @23#. There exist a number of additional studies
pulse compression by HSRS. The use of strong-field ali
ment combined with shaped-pulse optimization for efficie
rotational wave-packet excitation was proposed in Ref.@24#.
Probe-pulse compression by rotational wave packets in C2
was demonstrated in Ref.@25#. The regime of adiabatic two
color excitation was studied in Refs.@26–28#, and in Refs.
@29–31# a combination of the adiabatic regime with th
©2003 The American Physical Society12-1
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V. P. KALOSHA AND J. HERRMANN PHYSICAL REVIEW A68, 023812 ~2003!
pump-probe regime was considered. Before, pulse comp
sion by HSRS was discussed in Ref.@32#, using the assump
tion that all spectral lines generated by HSRS have eq
phases. However, it was found in Ref.@21# that the Raman
lines are not phase locked but different lines show ph
jumps of p. There exist also other proposals to use ph
locking by multicomponent Raman solitons@33# or to com-
press pulses by the use of plasma wakefields@34#.

Optical excitation of coherent molecular vibrations or r
tations via stimulated Raman scattering has mainly been
ried out in one of the three ways. The original method co
sists of focusing of an intense pump field with carr
frequencyvpu into a Raman medium where, due to the tw
photon stimulated process, a Stokes wave with freque
vpu2V is generated, growing out from spontaneous Ram
emission whereV is the Raman frequency shift~see, e.g.,
Refs. @35,36#!. This process may be observed if the las
intensity exceeds a certain threshold. Anti-Stokes radia
often appears on a cone determined by the phase-matc
condition. The second method which is possible in a col
ear setup is to excite the Raman medium by two tunable l
outputs with frequenciesvpu andvpu2V ~two-color excita-
tion! @37#, which are adjusted to match the Raman freque
V. Coherent Raman excitation can also be achieved usi
third method, the impulsive technique@38,39#, in which a
single ultrashort pulse with duration shorter than the Ram
oscillation periodTR52p/V initiates the coherent vibra
tional or rotational motion. Then the spectral width excee
the Raman shift and stimulated Raman scattering oc
through mixing among frequency components contain
within the pulse bandwidth. In the impulsive regime the
brational amplitudes of Raman excitation can be increa
by using synchronized pulse sequences@40#.

The last two methods do not involve a laser intens
threshold and for appropriate conditions they can be used
the aim of pulse compression to extremely short duratio
because multiple Raman lines are generated in collinea
rection after a certain propagation length by HSRS. The p
cess of HSRS has been known for many years@41,42#. If
only a single long pump beam is launched into the mediu
multiple nonphasematched Stokes lines arise in collinear
rection as a cascaded process where the lower-order S
lines undergo a rapid depletion to drive the next order in
line sequence@35,36#. This means that in this case all th
energy is essentially contained in the highest Stokes or
An early theoretical study of HSRS in the framework of t
slowly varying envelope approximation~SVEA! is presented
in Ref. @43# which shows a distribution of the spectral line
described by Bessel functions. In the case of two-color e
tation with a pump and a first Stokes pulse of compara
intensities, a large number of Stokes and anti-Stokes lines
generated in collinear direction spanning the range from
to uv @26,37,44–48#. Theoretical studies of this regime we
published in Refs.@43,49–52#. Multiple Raman lines have
also been observed in the impulsive pump-probe reg
@53,54#. In Refs.@21,22# we predicted that for probe pulse
with a duration smaller than the period of Raman osci
tions, the HSRS spectrum becomes continuous with ul
broadband width.
02381
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The present paper extends our previous pap
@21,22,55,56# and contains the results of a comprehens
investigation of pulse compression by HSRS studying
number of additional issues. In Sec. II, the basic propaga
equation is derived for the description of ultra-broad HS
without standard approximations as the use of SVEA an
Taylor expansion for the dispersion. In Sec. III, the spec
character of HSRS is investigated by analytical solutions
the basic equations. The derived exact analytical solution
the reduce Maxwell equation shows that the interesting f
tures of ultrawide spectral broadening by HSRS cannot
described with the help of the SVEA. In Sec. III B, analytic
expressions for the spectral phases, the spectrum, and
ultimate shortest pulse durations are derived from the a
lytical solution. This allows one to reveal the main physic
specifics of phase-amplitude modulation and pulse comp
sion by HSRS, as the behavior of the spectral phases,
accessible bandwidths, the possibility to compress pulse
normal dispersion simply by a piece of glass, but also
anomalous dispersion, and specific features for a probe-p
delay near the out-of-phase point of Raman oscillatio
where the Fourier-transformed field is real but changes
sign, i.e., the spectral phase jumps from zero top inside the
spectrum. The possibility to compress such pulses with ph
jumps by smooth normal dispersion demonstrates a kind
pulse compression not known up to now in ultrafast opt
by separation of the pulse into a short bandwidth-limited a
a long phase-modulated pulse. Compression of chirped p
pulses, the generation of trains for probe pulses much lon
than TR, the partial influence of phase mismatch, walk-o
effects, and the limit of small Raman modulation describ
by the SVEA are discussed in Secs. III D, III E, III F, an
III G, respectively. In Sec. IV, numerical solutions are pr
sented for pulse compression in the optical range, wh
takes into account the full influence of dispersion and
change of the pump by HSRS during propagation in the
man medium. In particular, the influence of dispersion
studied and optimum conditions are found with compress
up to 1.7 fs in SF6. Choosing the same parameters as in R
@23# the results show good agreement with correspond
experimental observations. In Sec, IV B, the pump regi
with a sequence of pulses is considered with the aim to
crease the Raman amplitude, and pulse compression in
optical range up to about 1 fs is predicted. In Sec. V,
compression of extremely short uv-vuv pulses with the u
of pulse sequences and dispersion control by pressure
mization and in Sec. VI, that of MIR pulses are studie
Using such optimization we predict compression of init
70-fs pulses at wavelengths from 400 nm to 160 nm to ab
1 fs and at 4mm to about 6.5 fs inpara-H2.

II. THEORETICAL FUNDAMENTALS

The standard theoretical method in nonlinear optics is
slowly varying envelope approximation~SVEA!, in which
the rapidly varying part of the electric fieldE(r ,t) propagat-
ing in the z direction is separated from the slowly varyin
envelopeA(r ,t) with the help of the following ansatz~see,
e.g., Ref.@35#!:
2-2
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ULTRAWIDE SPECTRAL BROADENING AND . . . PHYSICAL REVIEW A68, 023812 ~2003!
E~r ,t !5
1

2
A~r ,t !exp@ iv0t2k~v0!z#1c.c., ~1!

wherev0 is the input carrier frequency,k(v)5vn(v)/c is
the wave number, andn(v) is the frequency-depending re
fractive index. In the SVEA the slowly varying envelope
assumed to satisfy the conditions

U]A

]t U!v0uAu, ~2a!

U]A

]zU!k~v0!uAu. ~2b!

Equation~2a! is fulfilled only if the spectral width of a pulse
Dv is much smaller than the carrier frequencyv0 of the
pulse:Dv!v0. It allows one to neglect higher-order term
in the Taylor expansion ofk(v) aroundv0. In general, it is
obvious that the approximation~2a! ~SVEA in time! and the
Taylor expansion are no longer valid for radiation with ultr
wide spectra, such as pulses with duration approaching
optical cycle, while the approximation~2b! ~SVEA in space!
is much less restrictive. Therefore, the SVEA in time can
be used for conditions studied here.

Nonlinear pulse propagation without special prerequis
of the SVEA can be studied by the numerical solution
Maxwell equations by the finite-difference time-doma
method@57# along with solutions for the material equation
~see Refs.@5,58,59# and references therein!. However, the
large numerical effort of this approach, which directly r
solves high optical oscillations of the field, both in time a
space, limits possible propagation lengths to a few mm
several papers various improved approximated equat
have been derived, which allow the theoretical descript
beyond the validity of the standard approach@2,60,61#. In the
following, we give a systematic derivation of a more gene
first-order unidirectional propagation equation in thre
dimensions~3D!, without the use of the SVEA in time an
the Taylor expansion of the linear refractive index whi
includes vectorial effects and is valid both for isotropic a
anisotropic media without spatial dispersion. This equat
generalizes the previously derived equations into the n
paraxial and extremely nonlinear region from which the b
sic equations of Refs.@60,61# can be derived by straightfor
ward approximations.

The propagation of the optical pulses in nonlinear me
is described by the following wave equation@62#:

S ]2

]z2
1D'D E2“~“•E!2

1

c2

]2E

]t2
5m0

]2P

]t2
, ~3!

and Gauss’s law

“•E52
1

e0
“•P, ~4!

whereD' is the transverse Laplacian andP5PL1PNL is the
medium polarization with linear nonresonant contributio
PL and nonlinear or resonant~as, e.g., given by the Rama
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effect! contributionsPNL . Thez direction is marked out here
because we suppose later a predominant propagation in
direction but without the assumption of the paraxial appro
mation. Substituting the Fourier-transformed field

E~k' ,z,v!5E
2`

`

E~r ,t !exp~ ik'r'2 ivt !dr'dt ~5!

and analogous expression for the polarizationP(r ,t) into Eq.
~3!, for the transverse component of the electric fieldE'

5$Ex ,Ey%, we can rewrite the wave equation in the form

S ]2

]z2
1hj

2D Ej~k' ,z,v!50 ~6!

with

hj
2~k' ,z,v!5

v2

c2
2k'

2 1
ik j ¹̃•E1m0v2Pj

Ej
. ~7!

Here ¹̃•E52 ik'E'1]Ez /]z, j 5$x,y% and the
Fourier-transformed linear polarization PL(k' ,z,v)
5e0x̂(v)E(k' ,z,v), wherex̂(v) is the linear susceptibil-
ity tensor of the anisotropic medium. Equations~6! and ~7!
obviously describe coupling of different components of t
electric field due to the linear and nonlinear polarizations
well as due to the vector character of Maxwell equatio
related to the“•E term in Eq.~3!. Because of the two latte
factors a mixture of different components of the electric fie
arises even in an isotropic medium.

In most typical situations the condition

]hj /]z!hj
2 ~8!

is satisfied even if the condition~2b! is not fulfilled. There-
fore, the separation]2/]z21hj

25(]/]z2 ih j )(]/]z1 ih j ) is
possible. The electric field can be split into a forwardE1 and
a backward E2 propagating parts: E(k' ,z,v)
5E1(k' ,z,v)1E2(k' ,z,v). Let us consider a pulse
propagating only in forward direction along thez axis, Ej

1

}exp@ik(v0)z#Ej
(0)(k' ,z,v), and neglect waves propagatin

backward. This requires that the linear refractive index i
smooth, slowly changing function of thez coordinate. There-
fore, from Eq.~6! we have

]Ej
1

]z
5 ih jEj

1 , ~9!

where the backward wave in expression~7! is neglected.
From Eq.~4! we have

]Ez
1

]z
5 ik'•E'

12
1

e0
S 2 ik'P'

11
]Pz

1

]z D . ~10!

Note that the right-hand side termhjEj
1 in Eq. ~9! has no

singularity forEj
1→0.

Equations~9! and ~10! are first-order evolution equation
in 3D without SVEA, paraxial approximation or perturbativ
2-3
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inclusion of vectorial effects, and valid for isotropic and a
isotropic media with an arbitrary functional form for the no
linear polarization. They can be solved numerically as
boundary problem by the split-step operator method@63#.
They take into account a possible extremely broad ba
width, sharp temporal features, and nonaxial effects in sp
time coupling, higher-order nonlinear and dispersive and a
vectorial and anisotropic effects. Note that the SVEA w
paraxial approximation for the transverse momentum and
glect of vectorial effects fails to describe accurately se
focusing in dispersive media long before the temporal str
ture reaches the time of an optical cycle@64–66#.

Equations~9! reduce tremendously the numerical effort
solving the exact three-dimensional Maxwell equations.
general, the full three-dimensional integration of the ex
Maxwell equation for propagation lengths in the range
tens of cm is outside the capacity of computers availa
today. The only approximation here is the assumption
weak backward waves and the requirement expressed b
relation ~8!, both of which are only very weak restriction
The relation~8! can be written as]DnNL(E)/]z!k(v0),
whereDnNL is defined byPNL5«0DnNLE. This is a much
weaker condition than the condition~2b! required for the
approximate evolution equations derived below. The sc
variant of Eqs.~9! was derived by one of the authors in Re
@67#. For the aim of the present work it is not necessary
use the full capacity of Eqs.~9! and~10!; they will be applied
in forthcoming work.

Previously derived evolution equations without SVEA
presented in Refs.@2,61# can be derived from Eqs.~9!. In-
troducing the refractive indexn2(v)511x(v) for an iso-
tropic medium“•E50 and assuming small contribution o
the beam’s nonparaxiality as well as nonlinearity, we expa
the square root in Eq.~7! as

hj'k~v!2
k'

2

2k~v!
1

m0v2~PNL! j

2k~v!Ej
. ~11!

Then we introduce the moving time coordinateh5t2z/c,
make the substitution]/]z→]/]z2]/c]h, and after back
Fourier transformation to the real spatial coordinates fr
Eqs.~9! we obtain the following basic equation@61#:

]E'~r ,v!

]z
5

iv

c
@n~v!21#E'~r ,v!1

i

2k~v!
D'E'~r ,v!

1
im0v2

2k~v!
PNL~r ,v!, ~12!

where, here and below, the superscript ‘‘1’’ is omitted.
In a bulk medium the nonuniform transverse intens

profile of the beam leads to nonuniform phase relations
to diffraction and nonlinear transverse reshaping effe
Pulse compression by SPM or HSRS in a nonlinear b
medium is therefore substantially limited. A possible soluti
of this problem is using hollow fibers filled with a gas
nonlinear medium. This technique was first applied for op
cal pulse compression by self-phase modulation us
hollow-core silica waveguides filled with a noble g
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@2,4,68#. The same technique was also used for impuls
Raman scattering with a Raman-active gas as H2 or SF6
@19,20,53#.

For the description of wave propagation in hollow fibe
the electric field in frequency domain can be separated in
longitudinal and a transverse part E'(r ,v)
5F(r' ,v)Ẽ(z,v), where the transverse distributio
F(r' ,v) is the solution of the Helmholtz equation

@D'1k2~v!#F5b2~v!F, ~13!

with the eigenvalueb(v) for the fundamental mode. The
the longitudinal distributionẼ(z,v) satisfies the equation

]Ẽ

]z
5 i S b2

v

c D Ẽ1
im0v2a

2k~v!
PNL~z,v!. ~14!

Herea5a(v) is the nonlinearity reduction factor dependin
on the nonlinearity of the medium. In the case of third-ord
nonlinear effectsa5*SF4(r')dr' /S1 , S15*SF2(r')dr'

being the effective mode area andS being the cross-section
of the fiber.

Equation~14! is a generalization of the so-calledreduced
Maxwell equation@60# which is valid only for a refractive
index close to unity. The reduced Maxwell equation is o
tained from Eq.~12! by the substitutionn(v)21'@n2(v)
21#/2 and back Fourier transformation into the time d
main:

]E

]z
52

m0c

2

]P

]h
. ~15!

This equation is a useful tool for examining the nonline
effects of ultrabroadband radiation in gaseous media. It w
recently applied for the study of pulse compression and
percontinuum generation by the optical Kerr effect@6# and
by high-order stimulated Raman scattering@21,22# in hollow
waveguides. However, for solids the solutions of this eq
tion differ from the exact Maxwell equation as was shown
Ref. @67#.

The Fourier-transformed linear polarization is given by

PL~z,v!5e0@xb~v!1xg~v!#E~z,v!, ~16!

wherexb is the bulk susceptibility defined by the Sellmey
formulaxb(v)5(,S, /(v,

22v2) with experimentally deter-
mined parametersS, , v, . The solution of Eq.~13! for the
transverse-mode distribution of a dielectric hollow wav
guide with mode diameter much larger than the wavelen
was found by Marcatili and Schmelzer@69#. For the hollow
waveguide with radiusR@l, the waveguide contribution fo
the fundamental EH11 mode is given by xg(v)
5(2.405c/vR)2@11 i (11n2)/(2pRA12n2)#, where n
.1.45 is the ratio between the refractive indices of fus
silica and the internal gas.

For the description of the Raman effect we assume
only two rotational or vibrational levels are excited by th
pump pulse. This assumption is justified if the Raman f
quency is not too small, as, e.g., in H2 or SF6. The Raman
2-4
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polarizationPR5NSp(âr̂)E then can be described by th
two-photon two-level system equations~see, e.g., Ref.@70#!:

S ]

]h
1

1

T2
2 iV D r125

i

2\
@~a112a22!r121a12w#E2,

~17a!

]w

]h
1

w11

T1
5

ia12

2\
~r122r12* !E2, ~17b!

wherer125
1
2 (u1 iv), w5r222r11, r̂ is the density matrix,

â is the two-photon polarizability matrix responsible for th
Raman process and Stark shift,V is the Raman frequenc
shift, N is the density, andT1 andT2 are the relaxation times
Note that the two-level model can not be applied for m
ecules with small rotational frequencies~e.g., for N2 or CO2)
in which a pump pulse induces rotational wave packets w
a nonsinusoidal Raman excitation. In this case different m
els can be used for the theoretical description, as the m
level density matrix or the solutions of the simplified Schr¨-
dinger equation@24#, but the analysis of rotational wave
packet excitation is outside the scope of the present pap

The generation of multiple Stokes and anti-Stok
Raman lines by HSRS is described in many wo
@17,27,28,35,36,43,49–52# in the frequency domain usin
the SVEA and the rotating wave approximation by a spec
decompositionE(z,t)5 1

2 ( lAl(z,t)exp@i(klz2vlt)#1c.c. with
v l5v01 lV, kl5v ln(v l)/c, (l 50,61, . . . ), thepump car-
rier frequencyv0 and the complex slowly varying envelope
Al . Then using the condition~2! from the wave equation~3!
the following coupled equations can be derived:

]Al

]z
1

1

v l

]Al

]t
52

im0cv l

2n~v l !
Pl , ~18!

wherev l5(dkl /dv l)
21 is the group velocity of the spectra

componentv l andPl is the polarization which describes th
interaction of different spectral componentsv l and is given
by

Pl5
1

2
N@a12~ r̃12e

iD l 11zAl 111 r̃12* e2 iD l zAl 21!

1~a11r111a22r22!Al #, ~19!

whereD l5kl2kl 21 is the phase mismatch in the axial dire
tion andr̃125r12exp@2i(v02vS)h#. For the slowly varying
density matrix elementr̃12 the following equation can be
found from Eq.~17a!:

]r̃12

]h
1S iD1

1

T2
D r̃125 iQw, ~20!

with D5v02vS2V1(a222a11)( l uAl u2/8\, Q
5a12( lAlAl 21* exp(iDlz)/8\.

To compare Eq.~18! in SVEA with the reduced Maxwel
equation~15!, we substitute the same spectral decomposit
for the field into Eq.~15! and come to the following result:
02381
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]Al

]z
1S 1

v l
1bl D ]Al

]t
1al 11

]Al 11

]t
1al*

]Al 21

]t

52
im0cv l

2n~v l !
Pl , ~21!

where al 115 1
4 m0cNa12r̃12exp(iDl11z)/n(vl) and bl

5 1
4 m0cN(a11r111a22r22)/n(v l). The comparison with Eq

~18! shows that in the left-hand side term of Eq.~21!, the
third and fourth terms describe an additional coupling b
tween different spectral componentsAl . As will be shown in
Sec. III G, these terms are of crucial importance in the c
of a moderate or large Raman gain or a large numbe
sidebands.

In the case of short-pulse impulsive excitation in a pum
probe regime, the evolution of the pump and the probe pu
can be described more simply in the temporal range
single equations for the amplitudes. Using SVEA, the eq
tion for the probe pulse is given by

]Apr

]z
1

1

v
]Apr

]t
52 i

m0cvprNa12

4n~vpr!
r̃12Apr , ~22!

where r̃12 is determined by Eq.~20! with A0 as the pump
pulse andAl50 for lÞ0. However, the validity of Eq.~22!
is also substantially limited to the range of a small spec
broadening and cannot be used for the purposes of
present manuscript.

In the following, we solve the more general evolution E
~15!, which is valid for ultrawide spectral broadening with
width exceeding the carrier frequency and takes into acco
all spectral components in a single equation, but also ph
mismatch, walk off, high-order dispersion, and pump-pu
depletion. The price for this significant advantage is the n
essarily higher resolution of the temporal grid in the scale
the carrier frequency, while in the SVEA equations~18! the
resolution is in the scale of the pulse duration. On the ot
hand, using the split-step Fourier method the necessary
tial resolution for the numerical solution of the wave equ
tion ~15! can be chosen much larger than with the fini
difference time-domain method.

III. ANALYTICAL SOLUTION FOR THE IMPULSIVE
PUMP-PROBE REGIME

A. General solution

First, we derive an analytical solution of Eqs.~15! and
~17a! for the impulsive regime where a short pump pul
with duration

tpu,TR52p/V ~23!

excites the Raman medium and a delayed weaker pr
pulse is amplitude and phase modulated due to the lo
living molecular excitation of the foregoing pump pulse~see
Fig. 1!. Then the probe-pulse propagation is in a linear
gime with polarization

PR5Na12u~z,h!Epr~z,h!, ~24!
2-5
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whereu(z,h) depends only on the pump pulse. For rath
general situations the medium response for the probe p
can be presented approximately by the following gene
separation ansatz:

u~z,h!5u0~z!a~h!, ~25!

whereu0 is the amplitude of Raman excitation.
The specific form of the functiona(h) is different for the

case of two contributing Raman levels excited impulsiv
by a short pump pulse, a pulse sequence or two-color l
pulses from that of rotational wave packets with the exc
tion of many lines~see, e.g., Refs.@24,25#! with nonsinusoi-
dal excitation, but the solution given below can be used
both cases. In the case of a two-level Raman medium,
functionsu0(z) anda(h) can be calculated in a simple wa
if relaxation, population changing, and Stark effect can
neglected. Then Eqs.~17! for the density matrix is simplified
to the equation

S ]

]h
2 iV D r1252

ia12

2\
Epu

2 . ~26!

The solution of Eq.~26! for u52Rer12 is given by

u~z,h!5u0~z,h!sin@Vh1c~z,h!#, ~27!

with

u05
a12

\
@b1

2~z,h!1b2
2~z,h!#1/2,

c52arctanS b2

b1
D ,

b15E
2`

h
Epu

2 ~z,h8!cosVh8dh8,

b25E
2`

h
Epu

2 ~z,h8!sinVh8dh8.

FIG. 1. Schematic diagram of an impulsive pump-probe reg
for pulse compression using high-order stimulated Raman sca
ing in a gas-filled hollow waveguide. The periodic response of
molecular system in hollow waveguide is shown, where the p
tions of the input probe pulse at the out-of-phase point, minimu
in-phase point, and maximum are indicated bya, b, c, andd, re-
spectively.
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As can be shown by numerical solutions~see Sec. IV!, for
the considered regimesb1!b2 and the phasec(z,h) is
small. For a pump-probe delay much larger than the pum
pulse durationtpu, we have the separation ansatz~25!.

In a gaseous medium the main mechanism of the ultr
ide spectral broadening and pulse compression can be un
stood with the neglect of linear dispersion. Then the pro
gation equation~15! for the probe pulseEpr(z,h) is

]Epr

]z
52gu0~z!

]

]h
@a~h!Epr#, ~28!

where g5 1
2 m0cNa12. The first-order partial differentia

equation~28! can be solved using the equations of its ch
acteristics@71# given by

dz

dj
51, ~29a!

dh

dj
5gu0~z!a~h!, ~29b!

dEpr

dj
52gu0~z!

da

dh
Epr . ~29c!

The solution of Eqs.~29a! and ~29b! is

z5j1z0 , ~30a!

E
h0

h dh8

a~h8!
5gE

z0

z

u0~z8!dz8, ~30b!

and Eq.~29c! can be transformed to

dEpr

dh
52

1

a~h!

da

dh
Epr, ~31!

with the solution

Epr5Epr~h0!
a~h0!

a~h!
. ~32!

Using the initial conditions forj50, z050, h05s, E0
5Epr(s), wheres is the parameter of the characteristic line
andEpr(h) is the input probe-pulse field atz50, we find the
solution of Eq.~28! as follows:

Epr~z,h!5Epr~s!
a~s!

a~h!
, ~33a!

E
h

s dh8

a~h8!
5gE

0

z

u0~z8!dz8. ~33b!

From Eqs.~25! and ~27! and for ub1u!ub2u we havea(h)
5sinVh and the solution for the probe pulse is as follow
@21,55#:

Epr~z,h!5Epr~s2tm!
sinVs

sinVh
, ~34!

e
r-

e
i-
,
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ULTRAWIDE SPECTRAL BROADENING AND . . . PHYSICAL REVIEW A68, 023812 ~2003!
where Epr(h)5Apr(h)cosVprh and the initial probe-pulse
envelope is chosen here to be the Gaussian:Apr(h)
5Aprexp(22ln 2h2/tpr

2 ), tpr andvpr are the duration@inten-
sity full width at half maximum~FWHM!# and the carrier
frequency, respectively,tm is the time of the peak position o
the input pulse with respect to one of the out-of-phase po
h50 ~Fig. 1!. From Eq.~33b! we obtain

s~z,h!5
2

V
arctanFGtanS Vh

2 D G , ~35!

where the amplification parameter G(z)
5exp@gV*0

zu0(z8)dz8#. This parameter increases expone
tially with the Stokes shiftV. On the other hand, for the
impulsive regime the conditiontpu,TR has to be satisfied
Sinceu0 increases with the pulse duration, a smaller value
V can be compensated by a larger duration of the pu
pulse with the same intensity.G(z) is determined by the
change of the pump pulse during propagation, which sign
cantly influences the amplitude-phase modulation for
probe pulse~see Sec. III B!. Equations~33! take into account
the decrease of the Raman amplitudeu0(z) and generalize a
solution given in Refs.@21,22# for constantu0. The decrease
of u0 limits the maximum possible value ofG(z) for a given
pump-pulse energy. This leads to one of the main limitatio
of shortest accessible durations by HSRS. The specific
pendence ofu0(z) on distance can be calculated numerica
as will be done in Sec. IV~see Fig. 12 below!.

Here we estimate the optimum pump parameters
maximum possibleG(z). The Raman amplitudeu0 at z50
for a Gaussian pump pulse can be found from Eq.~27! as

u05
Apa12tpu

4\Aln 2
A0

2 exp~2V2tpu
2 /16 ln 2!, ~36!

whereA0 is the pump-pulse amplitude. Therefore,u0 has a
maximum for the pump-pulse input duration

topt5A2ln 2TR/p. ~37!

Due to the interaction with the medium the pump pulse
depleted and the amplitude of the Raman excitation is
creased. With the help of Eqs.~15!, ~27!, and~37!, the next-
order approximation to Eq.~36! is found as follows:

u0~z!5u0~12sz!, ~38!

wheres5Apga12VtpuA0
2/8\Aln 2. This gives the amplifi-

cation parameter

G~z!5exp@Vgu0~z2sz2/2!#, ~39!

which reaches the maximum possible valueGmax'2 inde-
pendent of pump and medium parameters at distanceLopt
51/s. However,Lopt depends on the pump energy and t
medium. HereGmax is slightly underestimated because E
~39! is valid only for small distances.

The fluence which provides the maximum possible R
man amplitudeu051 and the population differencew50 is
02381
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Jmax'1.6
c«0\

a12
. ~40!

For typical Raman mediaJmax'4 J/cm2 which corresponds
to a pump energy 0.6 mJ for a beam radius 70mm and the
typical Raman polarizabilitya12;10241 Cm2/V.

B. Amplitude-phase modulation and compression of a short
probe pulse

In the method for the compression of single pulses
HSRS@21–23#, the temporally delayed probe pulse with d
ration

tpr,TR ~41!

coherently interacts with the impulsively excited Raman m
dium. The analytical solution@Eqs.~34! and~35!# allows an
understanding of the main physical features of the spec
broadening and phase-amplitude modulation of the pr
pulse. In Figs. 2–5 this solution is presented for differe
parameters. But first, for better transparency we derive
plicit expressions for the Fourier-transformed fieldEpr(v) in
asymptotic approximation valid for the input probe pul
shorter than the period of the Raman oscillations@55#.

The solution~34! is determined by the functions(h) and
the amplitude modulation factorM (h)5sinVs/sinVh. Both
define the character of phase-amplitude modulation of
probe pulse by the Raman-active molecular modulator
are presented in Fig. 2~a!. The functions(h) ~curve 1! oscil-
lates periodically around the straight lines5h and has the
steepest slope at the out-of-phase pointsto5 lTR ( l 50,
61, . . . ), where the main contribution to the phase mod
lation arises. In the vicinity ofh5to , the expansions'to
1G(h2to)2G«(h2to)

3/3 can be applied where«5(G2

21)V2/4. Near the in-phase pointst i5( l 1 1
2 )TR, the func-

tion s(h) has the smallest slope wheres't i1(h2t i) /G
1«(h2t i)

3/3G3. Then from Eq.~34! the main qualitative
properties of the temporal pulse characteristics can be im
diately seen, such as compression to a duration

t'tpr /G, ~42!

a change of the instantaneous frequency spanning from

vmin'vpr /G ~43!

to

vmax'Gvpr . ~44!

The instantaneous frequency near the peak of the probe p
is

v~h!'Gvpr@12«~h2to2tm!2# ~45!

and has a linear and a quadratic chirp depending of the
sition of the input pulsetm in respect of the out-of-phas
pointsto of the Raman oscillations. At the out-of-phase po
this chirp is purely quadratic. The peak amplitude and
pulse energy are increased by the factorG and the pulse peak
2-7
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is shifted towards the out-of-phase pointto50 as tm(z)
'tm/G due to the Raman-induced refractive index modu
tion.

By the change of the variables and using the relat
a(s)/a(h)5]s/]h, the Fourier-transformed field can b
presented in the form

Epr~v!5E
2`

`

Apr~s2tm!exp@ ivpr~s2tm!2 ivh#ds,

~46!

where h5h(s) is the inverse function of Eq.~35!. In the
vicinity of the out-of-phase point,h(s) can be approximated
by h'to1(s2to)/G1«(s2to)

3/3G3. Then, to find the
Fourier-transformed field~46! we use the stationary-poin
method and obtain

FIG. 2. Temporal and spectral characteristics of the solution,
~34!, for the out-of-phase position:~a! 1, functions(h), 2, ampli-
tude modulation factorM (h)5sinVs/sinVh; ~b! 1, input probe
pulse; 2, output pulse forG5e1; dashed line, molecular oscilla
tions; ~c! solid line, spectrum of the probe pulse; dashed, appro
mation Eq.~50!; dotted, input spectrum;~d! spectral phase of the
output pulse; dashed, phase as defined by Eq.~49!. The input pulse
duration is 15 fs, wavelength is 790 nm, period of the molecu
oscillation is 43 fs (SF6).
02381
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Epr~v!5
C

A3 «v
@Apr* ~s01tm!Ai ~x!1Apr~s02tm!Ai* ~x!#,

~47!

where Ai(x)5Ap*0
` exp(ixs1is3/3)ds, s0

25G2(Gvpr2v)/
«v, x5(v2Gvpr)/A3 «v, and C5G exp(2ivtm)/Ap. The
expression~47! can be simplified by the asymptotics o
Ai( x) @72#:

Ai ~x!5H exp@2 iwa~v!#/~2x!1/4 for v,Gvpr,

exp~22x3/2/3!/2x1/41 iAp/x for v.Gvpr ,
~48!

where

wa~v!5
2

3
~Gvpr2v!3/2/A«v2

p

4
. ~49!

Let us now discuss the analytical solution~34! and the
approximate expression~47! for different pump-probe de-
lays. We consider the properties of the output probe for f
characteristic delays when the peak of the input probe p
has a position near~a! the out-of-phase point,~b! the mini-
mum, ~c! the in-phase point, and~d! the maximum with re-
spect to the Raman oscillations~see Fig. 1!.

(a) Out-of-phase delay tm50. In Fig. 2~b! the solution is
presented for a 15-fs Gaussian input probe pulse~curve 1!

q.

i-

r

FIG. 3. Compression of the probe pulse in the out-of-phase
sition: ~a! 1, probe pulse propagated in the Raman excited med
described by Eq.~34!; 2, pulse after the phase compensation w
wc(v)520.9v2; 3, pulse after the phase compensation w
wc(v)50.9v2; 4, pulse after ideal compression and~b! residual
phasew res(v) for wc(v)520.9v2 ~solid! and for phase compen
sation by a 18-mm-thick SiO2 plate~dashed!. All parameters are as
in Fig. 2.
2-8
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ULTRAWIDE SPECTRAL BROADENING AND . . . PHYSICAL REVIEW A68, 023812 ~2003!
together with the Raman oscillationsu(h) for G52.7 and
TR543 fs (SF6). The output pulse~curve 2! is compressed
to 4.4 fs, in agreement with the estimate~42!. The pulse
spectrum is significantly broadened and blue shifted w
sign changes inside the spectrum. This specific behavior
be understood from the asymptotic expressions forEpr(v).
For tm50 the field ~47! is real and forv,Gvpr can be
written as

Epr~v!5
CApr~s0!coswa~v!

@«v~Gvpr2v!#1/4
. ~50!

Equation~50! rather precisely agrees with the numerica
calculated value of the solution~34! @compare correspondin
solid and dashed lines in Fig. 2~c!#. The spectral fieldEpr(v)
changes its sign at frequencies wherewa(v)5( l 1 1

2 )p( l
50,1, . . . ) and thespectral phase presented in Fig. 2~d! by
solid line shows jumps top. The dashed line in Fig. 2~d!
showswa(v) given by Eq.~49!. The appearance of a jump
like phase modulation is rather unusual in ultrafast optics
first glance, such jumps cannot be compensated by sm
dispersion to achieve pulse compression. However, as
in Fig. 3, after phase compensation by normal group-velo
dispersion ~GVD! characterized by the spectral pha
wc(v)52dv2 with d50.9 fs2, the pulse is compressed t
1.3 fs ~curve 2! and exhibits an asymmetric shape with
longer front. This unexpected behavior can be understood
the basis of Eq.~50! which can be expressed by two compl
components with opposite spectral phases6wa(v) and

FIG. 4. Compression of the pulse in the position of the mi
mum: ~a! 1, output probe pulse described by Eq.~34!; 2, pulse after
the phase compensation withwc(v)520.9v2; 3, pulse after ideal
compression; dotted line, input pulse envelope and~b! thick line,
spectrum of the output pulse; thin, spectral phase; dashed, res
phase forwc(v)520.9v2. All parameters are as in Fig. 2.
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equal amplitudes. The compressor decomposes the pulse
two parts: a short bandwidth-limited pulse arising from t
first component with the phasewa(v) and a second long
phase-modulated pulse arising from the second one with
phase2wa(v). Pulse compression of the same pulse c
also be achieved by a compressor with anomalous disper
wc(v)5dv2 and results also in a 1.3 fs pulse but with
longer edge at the front@Fig. 3 ~a!, curve 3#. From the rep-
resentation of the cos function this rather surprising beha
can be easily understood.

From the bandwidth of the spectrum given by the mi
mum and the maximum frequencies~43! and ~44! of the
pulse, the shortest possible duration accessible after e
phase compensation can be estimated. Fitting of a sh
depending numerical factor in the relationtmin;Dv21 re-
sults in the pulse duration after ideal compression

tmin'4G/vpr~G221!. ~51!

An ideally compressed pulse is presented in Fig. 3 by cu
4. Equation~51! rather precisely predicts its duration of 1
fs. The important conclusion followed from Eq.~51! is that
the ultimately shortest duration of the probe pulse is
versely proportional tovpr and G and independent of the
input probe-pulse duration. However, the largest pulse du
tion for single-pulse compression is limited by the conditi
tpr,TR.

(b) Position in the minimum tm5TR/4. In Fig. 4 the solu-
tion @~34! and ~35!# is presented for the same parameters
in Figs. 2 and 3 but with the delay in the minimum of th
Raman oscillations. The output pulse compressed by pro
gation in the medium has the duration of 5.2 fs~curve 1!, but
shows a different phase modulation with a smooth spec
phase, as shown by the thin line in Fig. 4~b!. The spectrum is

FIG. 5. The same as in Fig. 4 for an input probe pulse in
in-phase position.
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V. P. KALOSHA AND J. HERRMANN PHYSICAL REVIEW A68, 023812 ~2003!
also significantly broadened~thick line! but in a more sym-
metric way. This different behavior can be understood on
basis of the asymptotic expression~47!. For a delay in the
rangeTR/20&tm<TR/4, the first term of Eq.~47! dominates.
The spectral field can be approximated forv,Gvpr as

Epr~v!5
CApr~s02tm!exp@ iwa~v!#

@«v~Gvpr2v!#1/4
. ~52!

For v.Gvpr the spectrum~47! decays exponentially and it
phasewa(v)50. Now the field~52! has a smooth spectra
phase~49! which does not depend on the pulse duration a
can be compensated by normal dispersive elements
wc(v)52dv2 or by a piece of glass of fitted thickness. Th
spectral phase in Fig. 4~b! ~thin line!, of the exact solution
~34!, agrees well with Eq.~49!. After compensation of this
phase by normal GVD with parameterd51.0 fs2, a short-
ened pulse@curve 2 in Fig. 4~a!# with a duration of 0.9 fs is
obtained. For the duration of the ideally compressed pu
the same expression as Eq.~51! can be derived, which pre
dicts well the duration in curve 3 in Fig. 4~a!. The difference
to the out-of-phase point is mainly the fact that after t
normal dispersive element the compressed pulse does
show a long tail, but the necessary phase of the compre
and the duration of the central output pulse are the sam

(c) In-phase delay tm5TR/2. In Fig. 5 ~a! the solution~34!
is presented by curve 1 for the in-phase delay. Now dur
propagation in the Raman medium the pulse is stretched
split into two parts with maxima arising near neighbori
out-of-phase positionsh50 andh5TR, where the ampli-
tude modulation functionM (h) in Eq. ~34! is the largest and
equalsG. As seen from the carrier oscillations both pa
have opposite chirps. The oscillating Fourier-transform
field presented in Fig. 5~b! is broadened in both red and blu
sides but with higher amplitudes on the red side. The spec
phase of this pulse shows a smooth behavior. If the pu
passes through a piece of glass with normal dispersion,
first pulse with negative chirp is compressed into a subcy
pulse with duration 0.4 fs, while the duration of the seco
phase-modulated pulse is increased. An optical element
anomalous dispersion acts in opposite way; now the sec
pulse is compressed, while the first is prolonged. Note
for a delay near the in-phase position the asymptotic exp
sion ~47! is not valid.

(d) Position in the maximum tm52TR/4. In this case the
spectrum is the same as in Fig. 4, but the sign of the spe
phase is opposite. This pulse can be compressed by an
cal element with anomalous dispersion. This fact is
plained by the asymptotic expression~47!. For a delay in the
region 2TR/4<tm&TR/20, the second term of Eq.~47!
dominates and has a spectral phase2wa(v). As will be
shown in Sec. VI, this property can be used as a sim
method for phase compensation in the MIR spectral regi

Let us summarize the results in this section for differe
delays. Near the minimum of the Raman oscillations
pulse has a smooth spectral phase given by Eq.~49!, which
can be compensated only by normal dispersion. Near
maximum the pulse has the smooth phase2wa(v) which
02381
e

d
ith

e

ot
or

g
nd

d

al
e

he
le
d
ith
nd
at
s-

ral
pti-
-

le
.
t
e

e

can be compensated only by anomalous dispersion. Nea
out-of-phase point the spectral field is real and the ph
shows jumps ofp. Now a compressor with normal as well a
anomalous dispersion with phases6wa(v) decomposes the
pulse into a short and a long part with the duration of t
short part given by the Eq.~51!. Near the in-phase point two
pulses with the same amplitude and opposite sign of ch
are generated in the Raman medium. By an optical elem
with either normal or anomalous dispersion, one of the pu
is compressed while the other is suppressed.

C. Frequency-resolved pump-probe characterization

It is worth determining how the unusual features of pha
amplitude modulation given by Eq.~34! can be measured in
real experiments. The full characterization of sho
frequency-modulated pulses is provided by heterodyne
tecting of the instantaneous third-order nonlinear respons
a frequency-resolved pump-probe~FRPP! geometry@73,74#.
In FRPP the registered signal is described by

S~v,t!}ReFEpr* ~v!E UEpr~h1t!U2Epr~h!exp~ ivh!dh G ,
~53!

arising from the interaction of two probe-pulse replicas, d
layed by the timet. The cross-correlation function~53!, in
dependence on frequency and delay allows one to rec
struct the amplitude and the phase of the pulseEpr .

Figure 6 presents FRPP patterns of the initial pulse~a!,
the output probe pulse in the position of the out-of-pha
point ~b!, and in the minimum~c! for G52 and other param-
eters as in Fig. 2. These traces reflect typical features co
sponding to the character of the phase-amplitude modula
of the pulses presented in Figs. 2 and 4. In particular, for
out-of-phase input position the phase jumps ofp take place
just at the crests of positive and negative segments of
FRPP pattern in Fig. 6~b!. Two branches of this pattern with
opposite slopes correspond to the parts of the pulse foh
,0 and h.0 with opposite frequency modulation. Th
main part of the FRPP pattern in the case of the input-pu
position in the minimum@Fig. 6~c!# has a slope which cor
responds to a dominating contribution of the linear chirp@see
Eq. ~45!#. These FRPP patterns allow one to retrieve
features of the frequency modulation of the pulses by HS
in real measurements.

D. Chirped input probe pulses

In some typical situations the experimentally available
put probe pulses are not transform limited. As an exam
the probe pulses in the visible, uv, or MIR generated
optical parametric amplification are usually phase modula
due to dispersion or SPM in the nonlinear crystal. The a
lytical solution@Eqs.~34! and~35!# is also valid for a genera
phase-modulated input probe pulse, where now for the in
field the expressionEpr(h)5Apr(h)cos@vprh1f(h)# has to
be substituted withf(h) describing the input phase modu
lation. In Fig. 7 the results are presented for an input ph
modulationf(t)5 1

2 ah2 ~where a is the chirp parameter!
2-10
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ULTRAWIDE SPECTRAL BROADENING AND . . . PHYSICAL REVIEW A68, 023812 ~2003!
for an input pulse durationtpr515 fs at 790 nm and Rama
parametersG5e1 andTR543 fs in dependence on the chir
parametera. The corresponding bandwidth-limited duratio
t5tpr /@11(atpr

2 /8 ln 2)2#1/2 characterizing the bandwidth o
the chirped input pulse is presented by curve 1. Curv
shows the pulse duration after the propagation through
Raman medium and curve 3 the duration after the comp
sion by ideal chirp compensation. The duration of the pu
after the Raman medium and after chirp compensation d
not depend on the input chirp parametera. This can be
understood using the asymptotic approximation fors(h).

FIG. 6. Frequency-resolved pump-probe traces of the pr
pulse Eq.~34! for ~a! input, ~b! out-of-phase position, and~c! mini-
mum position, and for duration 15 fs, wavelength 790mm, G52,
TR543 fs.
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Then the output chirp is given byv(t)'Gv0@12«(t
2tm)2#1aG2(t2tm), where the contribution arising from
the third term proportional toa is much smaller than the
second one. This means that a chirp of the input probe p
or a larger input bandwidth does not lead to a larger spec
broadening in comparison with an unchirped input pu
with the same duration. This result is consistent with the f
following from Eq. ~51! that the ultimate duration of an un
chirped probe pulse after compression does not depend
the input-pulse duration.

E. Phase-amplitude modulation of a long probe pulse

If the initial probe pulse is long in comparison with th
period of Raman excitationTR or a continuous wave~cw!,
the solution Eq.~34! takes the form

Epr
(cw)~z,h!5AprcosVprs

sinVs

sinVh
, ~54!

wheres(z,h) is defined in Eq.~35!. For simplicity we as-
sume a rectangular shape for the input probe with pulse
ration t5(2M11)TR (M integer!. In Fig. 8 ~a! a certain
time interval of the solution~54! for M525 is shown by
curve 1 together with the Raman oscillations~dashed line!.
During propagation through the Raman-excited medium
long input probe transforms into a train of compressed pu
located at out-of-phase pointsto5 lTR with the repetition rate
TR and the envelope given by the factor sinVs/sinVh. The
individual pulses have phase modulation described by
dependences(h).

The Fourier-transformed field of the trainEpr
(cw)(v)

5Apr*2t/2
t/2 cosVprs exp(2ivh)ds can be found by the sepa

ration of the integration region to the segments (l 2 1
2 )TR

,s,( l 1 1
2 )TR, whereby each segment belongs to an in

vidual pulse in the train. Then one can obtain the spectrum
follows:

Epr
(cw)~v!5E(1)~v!

sinF S M1
1

2D ~v2vpr!TRG
sinF1

2
~v2vpr!TRG , ~55!

e

FIG. 7. Influence of the chirp on probe-pulse compression: c
responding bandwidth-limited duration of the chirped input pu
~curve 1!, duration of the pulse after propagation in the Ram
medium ~curve 2!, and duration of the ideally compressed outp
probe pulse~curve 3! versus chirp parameter. The parameters are
in Fig. 2.
2-11
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V. P. KALOSHA AND J. HERRMANN PHYSICAL REVIEW A68, 023812 ~2003!
where the spectrum of the individual pulses is given
E(1)(v)5Apr*2TR/2

TR/2 cosVprs exp@2ivh(s)#ds. In analogy

with Sec. III B @see Eq.~50!#, E(1)(v) can be approximated
by

E(1)~v!5
CAprcoswa~v!

@«v~Gvpr2v!#1/4
. ~56!

If the input probe is a cw field, in the limitM→` the ratio in
the right-hand side of Eq.~55! describes sharp spikes wit
amplitudes 2M11 at 1

2 (v2vpr)TR5 lp, or at the spectra
location of the Raman linesv l5vpr1 lV. For finiteM these
spikes have a finite width;1/M .

In Fig. 8~b! the spectrum of the long pulse is presented
G5e1, demonstrating a large number of separated Ram
lines with an envelope given byE(1)(v). The spectral field
~55! is real, but shows sign changes. An important conc
sion followed from Eq.~55! is that the envelope of the mu
tiple separated Raman lines and the spectral phases
jumps from 0 top within the spectrum follow the sam
behavior as for a short input pulse withtpr,TR @compare
with Fig. 2 and Eq.~50!#. This means that the envelope
the spectral lines and the spectral phase modulation is d
mined by the individual pulses formed during propagat
within the train. The latter is only weakly depending on t
duration of the initial long probe pulse.

Therefore, similar to the case of a short input pulse w
tpr,TR and a delaytm5to , the individual pulses in the train
can be compressed by optical elements with normal

FIG. 8. Compression of a long probe pulse:~a! 1, temporal
shape followed from Eq.~34!; 2, compression by group-velocit
dispersion withd50.9 fs2; dashed line, polarization of the medium
and ~b! spectral lines and spectral phase of the long probe pu
dashed line, spectrum of a single pulse within the train~multiplied
by the number of the pulses in the train!. The parameters are as i
Fig. 2.
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anomalous dispersion. The compression of each individ
pulse in the train is shown in Fig. 8~a! ~curve 2! for a chirp
compensator withd520.9 fs2. As can be seen, the com
pressor decomposes each individual pulse into a s
bandwidth-limited and a long phase modulated part, in an
ogy with Fig. 3 for a short input at out-of-phase initial pos
tion. The ultimate shortest duration of the individual pulses
also given by the same relation~51! as for short input pulses
Note that for the case of small Raman excitation lnG!1 and
tpr@TR , the compression of the pulses in the train by ext
nal group-velocity dispersion was discussed in Ref.@17# for
the adiabatic regime and measured in Refs.@19,23# for the
pump-probe regime.

F. Phase mismatch and walk-off effects due to dispersion

If pump and probe pulses have different input frequenc
the difference in the phase and group velocities of b
pulses due to dispersion results in phase mismatch
probe-pulse walk off in respect of the Raman excitation a
their interaction becomes less effective. This effect can
described approximately with the neglect of the differen
between phase and group velocities and the decrease o
Raman amplitudeu0 during propagation, taking into accoun
only the difference of the input-pulse velocities. Using a sh
of the moving timeh→h2npuz/c, the evolution equation
~15! for the probe pulse takes the following form:

S ]

]z
2D

]

]h DEpr52
m0c

2

]PR

]h
, ~57!

with D5@n(vpu)2n(vpr)#/c. Comparing with Eq.~28! we
see that the general solution Eq.~33! can be used also for thi
situation witha(h)5u0sinVh2k, wherek5D/gu0. Sub-
stituting the latter into Eq.~33b! we find the relation impli-
citly defining s(z,h):

ln
k tan~Vs/2!1A12k221

k tan~Vs/2!2A12k221

5 ln G̃
k tan~Vh/2!1A12k221

k tan~Vh/2!2A12k221
, ~58!

where G̃(z)5exp@Vgu0A12k2z# while the output probe
field is given by

Epr~z,h!5Epr~s!
sinVs2k

sinVh2k
. ~59!

For k.1 the connection between the logarithmic functi
with complex argument with the trigonometric functions h
to be used.

It is interesting that the solution@Eqs.~58! and ~59!# de-
pend on the linear dispersion parameterD only through the
ratio k which expresses a combined influence of the refr
tive index change both by linear dispersion and the Ram
effect. As discussed in Sec. III B, the Raman effect leads
shift of the pulse maximum towards the out-of-phase po
tion and therefore walk off is influenced not only by line

e;
2-12
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ULTRAWIDE SPECTRAL BROADENING AND . . . PHYSICAL REVIEW A68, 023812 ~2003!
dispersion but also by the Raman parameters, which expl
the specific dependence of the solution@Eqs.~58! and ~59!#
on k.

To analyze the solution@Eqs.~58! and~59!#, in Fig. 9, for
a waveguide filled with SF6, we have presented by curve
the probe-pulse duration after exact phase compensatio
dependence on the waveguide length for a pump at 790
and a probe at 395 nm~a! and 158 nm~b!. The probe-pulse
duration after ideal compression characterizes the spe
width due to spectral broadening by the Raman modulat
i.e., the shortest accessible duration by this meth
and is calculated from the FWHM of the fieldEc(h)
5*2`

` exp(ivh)uEpr(v)udv, where Epr(v) is the Fourier-
transformed field obtained from Eq.~59!. For a comparison
we also present the probe-pulse duration after exact p
compensation with the neglect of the linear dispersion
scribed by the solution Eqs.~34! and~35! ~curves 1! and the
pulse duration obtained from the numerical solution of
full model described by Eqs.~15!–~17!, which takes into
account the full influence of dispersion and pump-pu
changes during propagation~curves 3!. More details of the
numerical simulations are presented in Sec. IV. The inten
of the 20-fs pump pulse is 50 TW/cm2 and for the chosen
waveguide and medium dispersion parameters we h
found numerically that the excitation amplitudeu0(z50)
'0.2 and the characteristic parameterk'24 and215 for
curves 2 in Figs. 9~a! and 9~b!, respectively.

The curves 1 and 2 in Fig. 9~a! are almost identical and
show only a very small deviation from the result of the ex
model presented by curve 3. For the considered parame
in the optical range, the influence of the dispersion is ob
ously weak and the solution@Eqs. ~58! and ~59!# does not
give a better description compared with Eqs.~34! and ~35!,

FIG. 9. Influence of phase mismatch and walk off: the durat
of the probe pulse after exact phase compensation is presented
sus distance for a probe pulse wavelength 395 nm~a! and 158 nm
~b! in a hollow waveguide with radiusR570 mm filled by SF6 at
0.3 atm. Curve 1 is obtained from Eqs.~34! and~35!, curve 2 from
Eqs.~58! and~59!, and curve 3 from the numerical solution of Eq
~15! and~17!. The pump pulse at 790 nm has the duration 20 fs a
intensity of 50 TW/cm2 and the input probe-pulse duration is 20 f
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but both give an excellent description of the probe-pu
phase-amplitude modulation. For a vuv probe at 158 nm
solution @Eqs. ~58! and ~59!# presented by curve 2 give th
same duration as the solution@Eqs.~34! and~35!# for a small
propagation length, but a large difference to curve 1 an
periodic behavior for longer propagation, which is typical f
nonphasematched nonlinear interaction processes. How
curve 3 obtained by the exact numerical solution also sign
cantly differs from curve 2. Obviously, in the uv-vuv spectr
region the difference in phase and group velocities, the sp
tral changes during propagation, the decreasing Raman
plitude u0(z) with propagation, and second and high-ord
dispersion effects play a significant role in the ultrawi
spectral broadening process for longer propagation leng
These effects have to be studied numerically, as will be d
below in Secs. IV–VI. On the other hand, the smallest pu
duration after ideal compression or the largest bandwidth
curve 3 of Fig. 9~b! is achieved already after propagation
about 10 cm. At this distance the curves 1 and 2 comple
agree and show no significant deviation from curve 3. N
that this distance has to be chosen in real compression
periments, because at longer propagation length the puls
split into subpulses with different signs of the chirp, whic
cannot be compensated by normal dispersive elements.
means that for optimum propagation lengths the simpler
lution, from Eqs.~34! and~35! instead of Eqs.~58! and~59!,
can also be used in the uv-vuv region for a realistic desc
tion of the main physical properties of the probe pulse, bu
full numerical simulation is necessary in order to find the
optimum conditions with a reduced influence of dispers
using pressure optimization.

G. Comparison with the slowly varying envelope
approximation for small Raman conversion

Let us derive from Eqs.~34! and~35! approximate expres
sions for a probe pulse in the Raman-excited medium in
case of a small conversion efficiency lnG!1, and compare
the above results with corresponding expressions with
use of SVEA. For this limiting case, from Eq.~35! we find

s'h1G̃ sinVh, whereG̃(z)5g*0
zu0(z)dz, and obtain

Epr~z,h!5Apr~h2tm!cosVpr~h2tm1G̃sinVh!. ~60!

This is a frequency-modulated pulse without temporal am
tude modulation and this means that it does not beco
shorter during propagation. With the use of the relati
exp(ix sinVh)5(lJl(x)exp(ilVh) @72#, the Fourier-
transformed field is given by

Epr~v!5 (
l 52`

`

JlApr~vpr1 lV2v!exp@ i ~ lV2v!tm#,

~61!

whereJl5Jl(G̃vpr) are the Bessel functions andApr(v) is
the Fourier-transformed pulse envelope. If the input pulse
long with durationtpr@TR, the different terms in Eq.~61!
describe discrete high-order Raman components which
symmetric in respect of the input carrier frequency~it is sup-
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V. P. KALOSHA AND J. HERRMANN PHYSICAL REVIEW A68, 023812 ~2003!
posed thatG̃vpr,2.405). Independent from the delaytm the
components have the same phase in anti-Stokes side
change their sign periodically withl on the Stokes side
owing toJ2 l5(21)lJl @Fig. 10~a!#. Therefore, at the Stoke
side the spectral phase jumps between 0 top ~dashed line!.

For a short probe pulse withtpr,TR, the Raman compo
nents given by Eq.~61! are broadened and merged into
continuous spectrum with a shape which is defined by th
amplitudes and the phases. If the probe pulse is in the
of-phase point, only the Stokes components show s
changes and therefore, due to destructive interference
spectrum is shifted to the anti-Stokes side analogous a
Fig. 2 for a large Raman conversion. If the probe pulse is
phase with molecular oscillations, only the spectral com
nents on the anti-Stokes side change the sign and the spe
phases jump from 0 top. Therefore, the spectrum is shifte
to the Stokes side~compare Fig. 5!. However, as shown

above, with increasingG̃ these simple relations between th
Raman components and their phases are violated and
solution Eqs.~34! and ~35! should be used instead of Eq
~60! and ~61! to characterize ultrawide spectral broadeni
by HSRS.

An analogous Bessel-like distribution of the spectrum c
be obtained for the regime of two-color excitation when tw
cw input-pump fields with frequenciesvpu and vS5vpu
2V with amplitudesA0 and AS, respectively, excite the
medium and are influenced by the interaction with Ram
oscillations and produce a comb of Raman lines. For
regime, in analogy with Eq.~60!, we find from Eqs.~34! and
~35! the field

E~z,h!5A0cosVpu@h1G̃ sin~Vh1c!#

1AScosVS@h1G̃sin~Vh1c!#, ~62!

where c is the phase resulted from Eq.~27! for a2Þ0.
Analogous to Eq.~61!, the Fourier-transformed field~62!
presents a comb of Raman lines located at frequenciev l
5vpu1 lV. In the spectral representation it can be written
E(z,h)5( lEl(z)exp(ivlh) with

FIG. 10. Spectrum~solid line! and spectral phase~dashed! of a
long probe pulse for small Raman excitation. Duration is 150
G51.14, and other parameters are as in Fig. 2.
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El~z!5A0Jl~ G̃vpu!exp~ i l c!1ASJl 11~ G̃vS!exp@ i ~ l 11!c#.
~63!

The phase relations between different spectral compon
depend on the phasec and show a similar behavior as show
in Fig. 10 for the special valuec50.

Results analogous to Eqs.~62! and~63! have been derived
earlier in Refs.@17,43#, starting from the basic Eq.~18! using
the SVEA and neglecting phase mismatchD l50. The
Bessel-like distribution of the spectral intensity followe
from Eq.~61! for the case of a pump-probe regime with sho
input pump and long probe pulses was studied in Ref.@53#.
However, it should be noted that the phases of the differ
Raman lines are not locked as assumed in this paper
shows, as shown above, jumps ofp. Obviously, the case o
two-color excitation described by Eqs.~62! and~63! as well
as the case of the pump-probe regime described by Eqs.~60!
and ~61! leads to analogous formulas. These results are
tained with the use of SVEA and are consistent only if t
condition ~2a! or lnG!1 is fulfilled, i.e., for small spectra
broadening. However, for ultrabroadband spectral broad
ing a large modulation factor lnG.0.5 is required, therefore
a theoretical analysis without the use of SVEA is necess
as done in Refs.@21,22# and discussed in detail in the pre
ceding sections.

IV. COMPRESSION OF VISIBLE PULSES:
NUMERICAL RESULTS

A. Impulsive excitation by single pump pulses

In order to find analytical solutions in most parts of Se
III, the influence of linear dispersion was neglected. In S
tion III F dispersion was discussed by taking into account
different velocities of the input pulses but neglecting t
change of the pump pulse and the decrease of the Ra
amplitude during propagation. We have seen that disper
does not play a significant role in the optical range for cert
optimized parameters. However, whether dispersion play
major role or can be neglected sensitively depends on
chosen spectral range and other parameters. In genera
locity walk off causes physical limitations of the shorte
pulse durations due to the shift of the position of pulse ma
mum to the in-phase point, which typically leads to a pu
splitting after a certain propagation length. Besides, disp
sion is the reason for an additional contribution to the sp
tral phases. Normal GVD of the gas filling leads to the co
pression of the pulse during propagation if the delay is in
rangeTR/20&tm,TR/2 in the same way as the glass windo
acts beyond the waveguide. The unfavorable influence of
walk-off effect can be reduced by dispersion control us
the contribution of the waveguide to dispersion given by E
~16! and optimizing the pressure. In Fig. 11 the group de
and the GVD parameter in dependence on the frequenc
presented for a waveguide with different gas pressure
radius. For SF6 pressure 1 atm and waveguide radius 70mm,
the delay time between a pump pulse at 800 nm and a p
pulse at 400 nm is;100 fs after 1 m, but this value can b
reduced to;15 fs for a lower pressure 0.3 atm. The GV
parameter at 0.3 atm is significantly smaller than for 1 atm

,
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the whole optical domain and is anomalous for the pump
normal for the probe. On the other hand, a lower press
leads to a smaller modulation parameterG and therefore the
optimum pressure can only be found numerically, using
solution of the propagation problem with different pressu
and radii. In addition to dispersion of the linear refractio
the Raman-induced refractive index change influences
position of the probe pulse and leads to a shift toward
out-of-phase position. Note that dispersion control
waveguides has been used previously for four-wave mix
in Ref. @75# and was theoretically studied for SPM-induc
pulse compression in Ref.@61# and for multiple Raman line
generation in Ref.@54#.

To analyze the full influence of dispersion with phase m
match, walk off, GVD as well as higher-order dispersi
effects, and the change of the pump pulse we have so
numerically the full basic equations given in Eqs.~15!–~17!.
We study pulse propagation in a waveguide filled with S6
with a1251.3310241 Cm2/V, C150.7 fs22, and v1
531.9 fs21 @76,77#.

The Raman amplitude and the pump-pulse change w
propagation~Figs. 12 and 13, respectively!. The Raman am-
plitude decreases more strongly for a higher input-pump
tensity ~curve 2! while the change is smaller for a lowe
intensity ~curve 1!. The decrease ofu0 is explained by the
change of the pump pulse@compare Figs. 13~a!,~b!#, because
part of the pulse energy is stored in the medium and th
fore the energy of the pump pulse is reduced during pro
gation. In addition, as presented in Fig. 13~c! the spectrum of
the pulse is shifted to smaller frequencies, since the Ra
modulation created by the pump pulse itself arises mainl
the in-phase position@see Eq.~27!#.

In Fig. 14 the shape and the spectrum of a 20-fs, 395
input probe pulse is presented after propagation through6
for a distance 1 m, a pressure 0.3 atm, a waveguide ra
70 mm, and for four characteristic positions to the inp
probe pulse in respect of the Raman oscillations. The tem

FIG. 11. Group delay~a! and group-velocity dispersion~b! vs
frequency in a hollow waveguide filled by SF6 for distanceL
51 m, waveguide radius 70~solid lines! and 150mm ~dashed!,
and gas pressure as indicated.
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ral shapes are presented in the left and the spectra in the
sections. For a probe-pulse position in the minimum of R
man oscillations with delaytm5TR/4, the spectrum is almos
symmetrical and has the widthDv'3.5 fs21 @Figs.
14~a!,~b!#. It shows a behavior analogous to that described
the analytical formula in Eq.~52! with a quasioscillating be-
havior. In difference to the analytical results, now the sp
tral phase is compensated by normal dispersion of the
dium itself and the changes of the output-pulse phase
much smaller thanp in a rather large spectral interval@Fig.
14~b!, dashed curves#. Therefore, an extremely short puls
with duration of 1.7 fs is formed during propagation in th
Raman medium itself, close to the bandwidth-limited valu
For the out-of-phase delaytm50 @Figs. 14~c!,~d!#, the maxi-

FIG. 12. Amplitude of the Raman excitation for a pump inte
sity I 0515 TW/cm2 ~1!, 50 TW/cm2 ~2!, and for a sequence of 10
~3! and 15~4! pulses with the intensity 20 TW/cm2 in SF6 ~dashed
curve! and molecularpara-H2 ~solid! at pressure 0.3 atm and lengt
1 m. Initial pump-pulse durationtpu520 fs, wavelengthlpu

5790 nm, and hollow waveguide radiusR570 mm.

FIG. 13. Change of the pump pulse in the hollow wavegu
filled with SF6 gas:~a! initial pump pulse~solid line! and medium
polarization~dashed!; ~b! pump pulse~solid! and medium polariza-
tion ~dashed! at z51 m; and~c! initial ~dotted! and output~solid!
spectrum. The initial pump-pulse intensity isI 0550 TW/cm2 and
other parameters are as in Fig. 12.
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mum of the spectrum is significantly enhanced on the b
side and the spectrum shows zeros located near the pos
predicted by Eq.~50!. In this case the temporal shape sho
a short bandwidth-limited pulse with duration of 1.8 fs and
long phase-modulated part. This agrees with the scenari
pulse compression near the out-of-phase position as
scribed in Sec. III B. The Raman medium now acts as ph
modulator, which broadens the spectrum and causes p
jumps of p within the spectrum, and as compressor w
normal GVD, which decomposes the pulse into a bandwid
limited short and a phase-modulated long part. For an in
probe delay at the maximum of Raman oscillations, we fi
the opposite behavior@Figs. 14~e!,~f!# compared with the po-
sition in the minimum, as the chirps, both due to the medi
dispersion and the Raman modulation, have the same
This explains the temporal shape in Fig. 14~e! with a long
front. For the case of the in-phase delaytm5TR/2 presented
in Figs. 14~g!,~h!, the Raman amplitude modulation splits th
pulse into two parts with approximately the same peaks
located at neighboring out-of-phase points. However, the
ditional normal GVD of the medium compresses the fro
part of the pulse and leads to a suppression of the tail m
mum as seen in Fig. 14~g!. This is analogous to what wa
found by the analytical solution in Fig. 5 and is explained
the negative sign of the frequency chirp in the time ran
TR/20&h,TR/2 ~when blue frequencies precede red! and
the positive sign for2TR/2,h&TR/20.

The results in Fig. 14 are obtained for a rather high int
sity, but still below the ionization threshold. With decreasi
pump-pulse intensity the probe spectrum is narrower and

FIG. 14. Numerically calculated temporal shapes~left column!
and spectral characteristics~right! for a 20-fs input probe pulse a
395 mm in a hollow waveguide filled with SF6. The spectra and
spectral phases are plotted by solid and dashed lines, respect
The input position shown by arrows is in the minimum~a!,~b!, the
out-of-phase point~c!,~d!, the maximum~e!,~f!, and the in-phase
point ~g!,~h!. Dashed lines present the Raman oscillations at
waveguide input~e! and the output~g!. The pump intensity is
50 TW/cm2 and other parameters are as in Fig. 12.
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duration longer. As an example, in Fig. 15 the results
presented for a 20-fs pump pulse at 790 nm with an inten
of 15 TW/cm2. For two different locations at minimum o
the Raman oscillations@upper sections in Fig. 15~a,b!# and at
the out-of-phase point~lower sections!, a 20-fs input probe
pulse at 395 nm is broadened to a width of 1.2 fs21. The
spectral phases presented by the dotted line in Fig. 1~b!
demonstrate that the pulse is still significantly phase mo
lated. Therefore, after propagation the duration of 9.5 or 1
fs is longer than the corresponding bandwidth-limited val
However, normal GVD of a 82-mm fused silica plate com-
presses this pulse to a duration of 3.7 fs or 4.0 fs at
minimum and out-of phase position, respectively. The
rameters chosen in Fig. 15 are the same as in the experim
in Ref. @23# , if an effective reduction factor is taken int
account due to the transverse-mode distribution in the wa
guide. The predicted pulse duration and the spectral w
are in good agreement with the measured duration 3.8 fs
the spectrum between 350 and 460 nm.

In order to justify the above given interpretation conce
ing the influence of dispersion, in Fig. 16 we compare
results of two simulations with~curves 1! and without
~curves 2! dispersion for the probe pulse. The temporal sha
of the pump pulse is more strongly influenced by the ad

ely.

e
FIG. 15. Temporal~a! and spectral~b! characteristics for com-

parison with the experimental measurements reported in Ref.@23#.
The upper parts refer to the minimum and the lower parts to
out-of-phase position of the input probe. In~a! the pulse shapes
after propagation~curves 1,3! and after compression by 86-mm
SiO2 plate~2,4! are presented. In~b! spectra~solid lines! and spec-
tral phases~dashed!, initial probe spectrum~dotted!, and glass plate
phase with the opposite sign~thin! are shown. The intensity of the
pump pulse is 15 TW/cm2 and other input pump and probe param
eters are as in Fig. 14.
2-16
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ULTRAWIDE SPECTRAL BROADENING AND . . . PHYSICAL REVIEW A68, 023812 ~2003!
tion of dispersion, while the spectral changes with redshif
maxima are similar in both cases. With inclusion of disp
sion the spectrum of the probe pulse shown in Fig. 16~b! is
somewhat narrower, while the pulse duration of 1.8 fs
significantly smaller than in the case without dispersio
which yields a 9.7-fs pulse after the Raman medium. T
spectral phases shown by dashed lines in Fig. 16~b! explain
this large difference in the temporal behavior. Without d
persion the spectral phase shows the jumplike behavior t
cal for the out-of-phase delay as described by Eq.~50!. With
inclusion of dispersion of the Raman medium, the change
the spectral phase of the output probe pulse@Fig. 16 ~b!,
curve 1# is much smaller thanp almost in the whole spec
trum. This explains the decomposition of the pulse into
short central part and a long wing for the out-of-phase ini
position and demonstrates the simultaneous action of p
modulation by HSRS and phase compensation due to lin
dispersion of the gas filling.

From the results presented in Figs. 14 –16 the conclus
can be drawn that in the optical range the effects of ph
mismatch and walk-off effect are relatively weak and disp
sion introduces mainly an additional spectral phase wh
can be used for compensation of the Raman-induced spe
phase. This fact is supported by Fig. 17, where the temp
shapes and spectra of the output probe pulses are pres
for different pressures but the same product of pressure
length of the waveguide. For the input probe position we
the minimum of the Raman excitation. As seen, the spect
and pulse duration of the probe pulses do not change sig
cantly for different pressures but with the same pressu
length product.

The above described weak influence of the walk-off eff
in the optical frequency domain allows an approximate r

FIG. 16. Influence of the medium and hollow fiber dispersion
the temporal~a! and spectral~b! characteristics of the probe puls
1, with material and waveguide dispersion; 2, without. Dotted lin
show the envelopes and spectra of the input probe pulse. The
tion of the probe pulse at distance 1 m is 1.8~1! and 9.7 fs~2!. The
intensity of the pump pulse is 50 TW/cm2 and other parameters ar
as in Fig. 14.
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caling of the optimum parameters. If dispersion is not tak
into account, the propagation problem in the Raman-exc
medium depends mainly on dimensionless parame
m0ca12NL/tpr anda12A0

2tpu/\, Vtpu andVtpr . Therefore,
for optimum conditions a smaller propagation lengthL re-
quires a correspondingly higher pressure. However, this
lation is not valid in general. In particular, for probe pulses
the uv-vuv spectral region, the influence of dispersion
comes stronger and has to be considered carefully, as sh
in Sec. V.

B. Impulsive excitation by pulse sequences

In order to generate still shorter pulses, a larger modu
tion factor G has to be realized over a short propagati
distance before walk off and higher-order dispersion effe
cause pulse splitting during propagation in the Ram
excited medium. By increasing the pump intensity the a
plification parameterG can be increased, but the highest i
tensity is limited by the ionization threshold. A possib
method to increaseG but avoid ionization is the excitation o
the Raman medium by a pulse sequence synchronized to
Raman period and with intensities of the individual puls
below the ionization threshold@40#. With the well-developed
technique for shaping of ultrashort pulses by spatial lig
modulators, the generation of pulse sequences is a fea
experimental method.

The Raman amplitudeu0(z50) for pumping by a se-
quence ofM11 pulses with the field strength

Epu~h!5A0(
l 50

M

expF22 ln 2S h2 lTS

tpu
D 2Gcosvpuh,

~64!

s
ra-

FIG. 17. Influence of the SF6 pressure on temporal~a! and spec-
tral ~b! characteristics of the probe pulse for the same press
length product: 1, pressure 1 atm, distance 0.3 m, 2, 0.5 atm, 60
3, 0.3 atm, 100 cm. All input pump and probe pulse parameters
as in Fig. 14. In all three cases the output duration is the ou
probe pulse is 1.7 fs.
2-17
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with separation timeTS and pulse durationtpu,TR, can be
found from Eq.~27! as follows:

u05
Apa12tpu

4\Aln 2
A0

2 expS 2
V2tpu

2

16 ln 2D

3

sin
1

2
~M11!VTS

sin
1

2
VTS

cos
1

2
MVTS. ~65!

If the repetition rate is matched to the rotational or vib
tional periodTS5TR, the amplitude of the Raman oscilla
tion u0 is maximum and for the optimal pump-pulse durati
Eq. ~37! u05a12A0

2TR(M11)/A(8p\. However, after
propagation of a certain distance the Raman polarization
duced by the foregoing pulses reacts on the latest pulses
can change their shape and position which in turn re-acts
the polarization and decreases its amplitude.

We studied this problem numerically by the solution
the basic Eqs.~15!–~17! for a sequence of 15 pump pulse
each with intensity of 20 TW/cm2 and duration of 20 fs a
790 mm and a separation timeTS5TR594 fs for molecular
para-H2 at pressure 0.3 atm and with the Raman polariza
ity a1251.3310241 Cm2/V and Sellmeyer coefficientsC1
50.07 fs22, v1520.0 fs21, C250.06 fs22, and v
525.7 fs21 @77,78#.

In Fig. 18 the envelope of the pump pulses~solid curves!
is presented together with the Raman responseu(t) ~dotted!
at the inputz50 @Fig. 18~a!# and at distancez51 m @Fig.
18~b!. As can be seen, at the inputz50 during the first seven
pump pulses, the Raman response continuously incre
proportionally to the total energy of these pulses. Howev
the last pulses do not increase the Raman amplitude but
to a reduction ofu0 due to saturation of the two-level syste
described by Eqs.~17!. The reasonable number of pum
pulses is about seven with the total fluence of about 3 J/c2,

FIG. 18. Envelope of a pump-pulse sequence of 15 20-fs,
TW/cm2, 790-nm pulses~solid line! and Raman excitation~dashed!
at the input~a! and at distancez51 m ~b! in H2 at pressure 0.3 atm
and for waveguide radius 70mm.
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in satisfactory agreement with analytical estimation in E
~40!. After propagation of 1 m in H2 the last pulses in Fig.
18~b! are strongly influenced and significantly compress
by the Raman response of the foregoing pump pulses, w
leads to short peaks with synchronized repetition timeTR

near the maximum of the Raman oscillations and in additi
longer weaker pulses located near the out-of-phase positi
Therefore,u0 at the output is smaller than atz50 but it
reaches a quasisteady state without change during the
pulses due to the opposite action of the short central pu
and the longer intermediate pulses. The decomposition
every individual pulse in case of Fig. 18~b! can be explained
by the fact that the Raman response is mainly in phase w
the pump pulses itself@see Eq.~27!#, therefore every pump
pulse is split into two parts with comparable energies as
plained by the analytical solution presented in Fig. 5. T
action of dispersion leads to compression of one of them
prolongation of the other part. The shorter parts of the pu
pulse are located in the maxima of the Raman oscillatio
because the positive chirp of the pulses in these position
compensated by the anomalous dispersion for the redsh
pump pulses. The separation time of the split pulses does
match the Raman period, therefore it interferes, in part,
structively.

Pump-pulse depletion and the splitting of the individu
pulses in the train explains the dependence of the Ra
amplitudeu0 on the propagation distance and the number
pulses presented by curves 3 and 4 in Fig. 12. The amp
cation parameter atz51 m for curves 1 and 2 is aboutG
'2.3 which is in correspondence with the estimate by E
~39!. We checked numerically also how accurately the s
chronization conditionTs5TR has to be fulfilled, and found
out that a shift of the repetition time by 2% does not infl
ence the excitation remarkably and the pump-pulse sync
nism is not destroyed during propagation. In the case o
random change of the repetition time or a jitter the limit f
allowed deviations is less severe.

In Fig. 19 we present two examples of probe pulses a
propagation through a waveguide filled withpara-H2 and
pumped by a sequence of 10 pump pulses at 790 nm
duration of 20 fs and intensity of 20 TW/cm2. The probe
pulse at 790 nm@Fig. 19~a,b!# with an initial probe timing in
the out-of-phase point is phase modulated after propaga
of 1 m through the waveguide@Fig. 19~a!#, as can be seen
from the spectral phase in@Fig. 19~b!#, and has a duration o
4.4 fs. A plate of glass with fitted thickness can compress
pulse to 1.9 fs. The spectral phase of the glass with oppo
sign is close to the phase of the pulse in the main part of
spectrum@dashed and thin lines in Fig. 19~b!, respectively#.
In contrast, a probe pulse at 395 nm@Fig. 19~c,d!# is almost
bandwidth-limited after the optimum distance of 65 cm
where the pulse duration is 1.1 fs. The compression her
only due to the dispersion of the gas filling without an ad
tional glass plate. The intensity of the individual pulses in t
sequence in Fig. 19 is about the same as in Fig. 15 for pu
ing by a single pulse. For the probe pulse after the Ram
medium we obtained a pulse duration of 11.2 fs which
shortened to 4 fs after a glass plate. In comparison, we
from Fig. 19 that a sequence of ten pump pulses lead

-
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ULTRAWIDE SPECTRAL BROADENING AND . . . PHYSICAL REVIEW A68, 023812 ~2003!
compression to 1.1 fs. This demonstrates the advantag
this pump regime for pulse compression.

V. COMPRESSION OF uv-vuv PULSES

Ultrashort uv-vuv pulses are of great interest for ultraf
time-resolved measurements of atoms, molecules, and s
in physics, chemistry, biology, and material sciences~see,
e.g., Refs.@79–81# and references therein!. The standard
technique to generate ultrashort pulses in the uv-vuv reg
applies mainly nonlinear optical techniques for frequen
conversion. By use of crystalline media with second-or
nonlinearity, femtosecond pulse up-conversion has b
achieved in wavelengths in the range of 265–166 nm~see,
e.g., Refs.@82–84#!, but in this method the shortest possib
durations are severely limited by walk-off and phase mat
ing limitations. Another method is the use of near-reson
frequency conversion in gases~see, e.g., Refs.@85–89#.
Nonresonant frequency conversion by use of gaseous no
ear media in hollow waveguides with generation of 8 fs
270 nm has been demonstrated in Ref.@75#. Using cascaded
four-wave mixing in hollow waveguides, the generat
wavelengths were shifted up to 160–200 nm@90#. However,
all methods known up to date suffer from low efficiency
too long pulse durations which are typically in the range
or larger than 100 fs. Therefore, a feasible physical met
for pulse compression in uv-vuv would be highly desirab
In the present section we show that pulse compression
HSRS in the pump-probe regime can be extended into
wavelength range of UV/VUV with extremely short outp
pulses in the range of 1 fs, starting with input probes wit
duration of 70–100 fs, which is accessible by the kno
methods.

FIG. 19. Temporal~a!,~c! and spectral~b!,~d! characteristics of
the probe pulse forpara-H2 at 0.3 atm, pumped by the sequence
ten 20-fs, 20-TW/cm2, 790-nm pulses and for input pulse of dur
tion 30 fs at 790~a!,~b! and 395~c!,~d! mm. ~a! Probe pulse at
distance 1 m and after compression by a SiO2 plate of thickness
54 mm; ~b! spectrum~thick line!, spectral phase~dashed!, and
phase of the glass plate~thin!; ~c! probe pulse at distance 65 cm
and ~d! pulse spectrum~thick line! and spectral phase~dashed!.
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The analytical description of uv-vuv pulse compression
identical with that in the optical range given in Sec. III.
difference to the optical region in uv/vuv dispersion h
stronger influence and leads to pulse splitting at 1 atm
ready at short propagation lengths when the spectrum is
not broad enough. This requires one to reduce phase
match and walk off by dispersion control of the waveguid
using an optimized pressure. As a result of such optimiza
we found that for too low a pressure the pulse compress
and the spectral broadening is small because of the red
Raman polarization, while with too high a pressure the b
contribution to dispersion increases and the effective spec
width remains relatively small because after a certain pro
gation length pulse splitting occurs.

In Fig. 20~a! the evolution of the duration of a 100-fs
175-nm input probe pulse with propagation inpara-H2 at 0.3
atm and a waveguide radius of 70mm excited by a single
15-TW/cm2 pump pulse with different durations is show
The pulse duration of the same pulses after an ideal comp
sion with exact phase compensation is plotted by das
lines. The compression is optimum for a pump-pulse du
tion of about 30 fs; this agrees with the formula for optimu
pulse compression given in Eq.~37!. As seen in Fig. 20~a! in
curve 3 the ideal compressed pulse has a duration of 4.
Almost the same result with an output duration of 4.6 fs c
be obtained by a real compression using a 90-mm fused
silica plate. In order to obtain still shorter pulses one has
realize a higher Raman conversion over a short distance
fore walk-off effects become critical. As shown in Sec. IV B
a possible way to realize this goal is to use a pump arran
ment with synchronized pulse sequences. In Fig. 20~b! the
evolution of the pulse duration with propagation in H2 at 0.3
atm is shown for 100-fs probe pulses with central wav

f
FIG. 20. Probe-pulse duration vs distance~solid curves! and

corresponding bandwidth-limited duration~dashed! for input dura-
tion 100 fs at 175 nm and for pumping~a! by one 15-TW/cm2 pulse
with duration 90~1!, 70 ~2!, and 30 fs~3! and ~b! by four 20-fs
pulses each of intensity 12.5~1! and 50 TW/cm2 ~2! at 790 nm.
Other parameters are as in Fig. 18.
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V. P. KALOSHA AND J. HERRMANN PHYSICAL REVIEW A68, 023812 ~2003!
length at 175 nm. The waveguide is excited by four 790-n
20-fs pump pulses with an intensity of 12.5 TW/cm2 ~curves
1! and 50 TW/cm2 ~curves 2! and a separation time equal th
Raman period. The solid lines 2 are interrupted at th
lengths where multiple pulses occur due to dispersion.

In Fig. 21 the corresponding evolution of the probe-pu
shape@Fig. 21~a!# and spectrum@Fig. 21~b!# is shown for the
the sequence of four synchronized 50-TW/cm2 pulses. After
25 cm the spectrum is significantly broadened and is
tended from 230 nm to 145 nm and the temporal sh
shows a compression up to 1.6-fs duration. Note that
probe pulse at distance 25 cm is almost bandwidth limi
and the compression occurs due to the normal dispersio
the gas filling only. In Fig. 21~a! two side peaks are formed
temporally shifted from the main pulse by6TR, because the
input-pulse duration is already in the range ofTR. For a
probe input with a duration shorter than about 70 fs such s
peaks do not occur.

In Fig. 22 the shape@Fig. 22~a!# and the spectrum@Fig.
22~b!# of a vuv 100-fs pulse at 175 nm are shown for t
case of four synchronized pump pulses with the lower int
sity of 12.5 TW/cm2 at distance 25 cm. In this case the spe
trum is extended from 160 to 200 nm and the pulse after
Raman medium is compressed to 31.4 fs@curve 1 in Fig.
22~a!# and has a negative chirp as shown by the dashed
in Fig. 22~b!. After compression by a plate of SiO2 with a
thickness of 20mm the probe pulse is compressed to 2.5

With an increased number of ten pump pulses with o
20-TW/cm2 intensity, we have predicted compression

FIG. 21. Evolution of temporal shape~a! and spectrum~b! of
100-fs input-probe pulse at 175 nm for pumping by four 20
pulses, each of intensity 50 TW/cm2 at 790 nm.
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70-fs input probe pulse at 197 nm and 158 nm to 1.28 fs
1.40 fs, respectively@55#. Thus, the given examples demo
strate the specific features of pulse compression in uv-vuv
HSRS with shortest accessible pulse durations in the rang
1 fs.

Besides pulse compression the enormous bandwidth
the probe pulse after propagation through the hollow wa
guide can be used for the generation of tunable uv-v
pulses with moderate durations. As an example, using sim
a spectral filter as, e.g., a multilayered dielectric mirror t
spectrum in Fig. 21 can be selected such that without a
tional chirp compensation bandwidth-limited pulses with
duration of 10–15 fs and central wavelengths tunable fr
250 to 150 nm can be generated.

VI. COMPRESSION OF MID-INFRARED PULSES

Ultrashort pulses in the MIR are required for the inves
gation of elementary physical and chemical processes in c
densed matter~see, e.g., Refs.@91–94# and references
therein!. In most of such studies optical parametric ampli
cation ~OPA! is used to generate MIR idler pulses with
typical duration of 100–200 fs. The shortest pulses in MIR
3 –4 mm reported up to now have a duration of about 50
consisting of five cycles~see, e.g., Ref.@95#!. Numerous ap-
plications demand MIR laser sources with still shorter du
tions and therefore the development of a feasible pulse c
pression method for this spectral range is of high importan

In the present section we show that the method of pu
compression by the application of HSRS has also a g
potential in the MIR spectral range. We solve Eqs.~15!–~17!
numerically to study the propagation of pump and pro
pulses in hollow waveguides filled by molecularpara-
hydrogen with a period of molecular oscillationsTR594 fs
at 1 atm. In Fig. 23 MIR pulse compression is shown fo

FIG. 22. ~a! Temporal shape of a 100-fs, 175-nm vuv pulse af
propagation of 25 cm~1! and after compression by 20-mm SiO2

plate~2!, and~b! spectrum and phase of the output probe pulse
pump by four 20-fs pulses of intensity 12.5 TW/cm2 at 790 nm.
2-20
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ULTRAWIDE SPECTRAL BROADENING AND . . . PHYSICAL REVIEW A68, 023812 ~2003!
20-fs, 20-TW/cm2 pump pulse at 790 nm. The input prob
pulse which can be generated, for instance, by OPA ha
duration oftpr570 fs at 4mm. Material dispersion was de
scribed by the Sellmeyer formula. The waveguide dispers
plays a special destructive role in the MIR, whereby pu
splitting prevents a compression to short durations. Howe
with larger waveguide radiusR50.5 mm the influence of
walk-off effects due to waveguide dispersion can be sign
cantly reduced.

Figure 23~a! presents the input and output probe puls
after propagation of 1 m along with the Raman oscillations
The input pulse was timed to the maximum of Raman os
lations to ensure positive frequency modulation with red f
quencies preceding the blue desired for compensation
piece of glass which typically has anomalous dispersion
the MIR. The output pulse has a double-peaked struc
with two maxima in the vicinity of two neighboring out-of
phase points and with an intensity FWHM of 23.1 fs. T
spectrum of this pulse is presented in Fig. 23~b!, which
shows a broadening from 2 to 7.5mm for a level of 20 dB
and with a blue shift of the maximal component to the wa
length 2.5mm. For comparison the initial spectrum is show
by the thin line. The output spectrum covers almost two

FIG. 23. Temporal~a! and spectral~b! characteristics of a me
dium infrared pulse inpara-H2: ~a! From top to bottom, tempora
shapes of 70-fs, 4-mm input pulse, output probe pulse at distance
m along with Raman oscillations~dashed!, and output probe pulse
compressed by a 0.3-mm CaF2 plate; and~b! dotted line, input
probe pulse spectrum; thick solid lines, output pulse spectrum
its spectral phase; dashed, the phase of a 0.3-mm CaF2 plate with
opposite sign. Pumping is by a 20-fs, 20-TW/cm2 pulse at 790 nm,
pressure of the molecular H2 is 1 atm, hollow waveguide radius i
0.5 mm.
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taves, allowing the generation of single-cycle MIR puls
However, it is not transform limited, as seen in Fig. 23~b!,
where the spectral phasew(v) of the output probe pulse is
presented by the solid line. Such kind of phase modulat
can be compensated simply by a piece of glass with fit
thickness, which has anomalous dispersion in the MIR. T
glass plate may simultaneously serve as an output window
the hollow waveguide and/or as input window of a vacuu
chamber where the compressed pulse is used for mea
ments. The thin line in Fig. 23~b! shows the phasewc with
opposite sign introduced by a 0.3-mm piece of CaF2, which
is close to the numerically obtained pulse phasew(v) so that
the residual phase is much less thanp in a large part of the
whole spectrum. A pulse compressed by the glass plat
presented in Fig. 23~a! ~lowest curve!, demonstrating the
compression to a single-cycle pulse with a FWHM of 6.5
which is unprecedented in the MIR frequency region.

The analytical solution, as given by Eqs.~34! and~35! for
the parameterG51.88, estimated from the numerically ca
culated amplitudeu0(z) is close to the numerical solutio
presented in Fig. 23~a!, which takes into account the influ
ence of linear dispersion and loss. This shows that for o
mized waveguide radius, the influence of the linear disp
sion in the MIR on the phase-amplitude modulation
obviously negligible.

The explicit expression~47! for the Fourier-transformed
probe field can also be used for the description of the sp
trum and spectral phases in MIR. However, for the para
eters considered in Fig. 23, two maxima at neighbor
out-of phase points occur, therefore in the stationary-ph
method both maxima have to be taken into account in
time integral in Eq.~46!, which yields the following expres-
sion:

Epr~v!5
C

A3 «v
$@e2 i (v2vpr)TRApr* ~s12TR!1Apr* ~s1!#Ai ~x!

1@ei (v2vpr)TRApr~s22TR!1Apr~s2!#Ai* ~x!%.

~66!

Here,s1,25tm7G@(Gvpr2v)/«v#1/2 and other notations are
given in Equation~46!. Equation~66! predicts all features of
the broadened probe spectrum in Fig. 23 fortm52TR/4 and
gives almost an identical plot~not presented here!. For an
input peak position2TR,tm,0, the second term in Eq
~66! dominates and has the spectral phase

w~v!52wa~v!52
2

3
~Gv02v!3/2/A«v1

p

4
~67!

for v,Gvpr and w(v)50 for v.Gvpr . In Eq. ~67! the
asymptotics of the Airy function Eqs.~48! and~49! has been
used. The phase~67! does not depend on the pulse durati
and, as shown in Fig. 23~b! by the dashed line, the differenc
from the numerically calculated phase caused by the neg
of the first term in Eq.~66! is much less thanp.

d
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V. P. KALOSHA AND J. HERRMANN PHYSICAL REVIEW A68, 023812 ~2003!
The ultimately shortest pulse durationtmin , accessible by
ideally complete phase compensation, is given by Eq.~51!,
which predicts rather accurately the duration 6.5 fs of
pulse shown in Fig. 23~a!.

We studied also pulse compression of a 50-fs, 4-mm input
pulse bypara-H2 in the hollow waveguide excited by a syn
chronized sequence of four 20-fs, 12.5-TW/cm2 pump pulses
at 790 nm~Fig. 24!. Curve 1 presents the temporal shape
the pulse with a second weak peak. In Fig. 24~b! the spec-
trum of the probe pulse after propagation of 1 m is presented,
which is extended from about 1mm to 16mm, spanning
more that four octaves. The spectrum shows several max
with a peak near 1mm and a well separated maximum
10 mm. The spectral phase~dashed line! is close to
2wa(2pc/l) given in Eq.~67!. The spectral phase of thi
pulse cannot be compensated simply by a piece of gl
because the dispersion of glass in this spectral range is
normal and anomalous. Curve 2 in Fig. 24~a! shows the
pulse shape after ideal phase compensation and demons
the generation of a quasi-half-cycle pulse in the MIR spec
region with as short FWHM as 2.8 fs. However, in real e
periments such phase compensation by anomalous dispe
from the optical to the MIR spectral region is difficult t
realize. On the other hand, if a part of the spectrum in F
24~b! is cut off by a filter, the remaining spectral part
almost bandwidth limited and yields 10–20 fs MIR pulses
tunable central wavelength between 2 and 10mm. Such
short pulses in the MIR have not been generated to dat
the known methods.

VII. CONCLUSION

We have reported the results of a comprehensive theo
ical study of ultrabroadband phase-amplitude modulat

FIG. 24. Temporal shape~a! and spectral characteristics~b! of
the MIR probe pulse inpara-H2 pumped by four 20-fs, 12.5
TW/cm2 pump pulses at 790 nm: 1, pulse at distance 1 m withfull
width at half maximum ~FWHM! 12.9 fs; 2, corresponding
transformed-limited pulse with FWHM 2.8 fs. Other parameters
as in Fig. 23.
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and pulse compression by Raman-active molecular mod
tors for the impulsive pump-probe regime in spectral ran
reaching from the MIR up to the uv-vuv. Using the analytic
solution~34! and~35! without the preposition of SVEA, the
simple analytical expressions~42! and~52! were derived for
the temporal and spectral characteristics of a probe p
modulated by the impulsively excited Raman mediu
which gives a clear physical understanding of the spec
character of pulse compression by HSRS with remarka
different features as compared to SPM. As discussed in
III B, in different regions of the pump-probe delay smoo
spectral phases with positive or negative chirp arise, wh
can be compensated simply by dispersion of a glass p
with normal dispersion in the optical or uv-vuv or anomalo
dispersion in the MIR for the generation of extremely sh
single pulses. Near the out-of-phase position, phase ju
occur within the spectra and in this case a compressor w
normal as well with anomalous dispersion decomposes
pulse into a short bandwidth-limited and a long weak pha
modulated part.

To find the optimum waveguide, medium and pump p
rameters, and the physical limitations for the shortest pu
durations, the influence of dispersion and pump-pulse dis
tion was studied in different spectral ranges in Secs. IV,
and VI, respectively, by numerical solutions of the ba
equations. It was shown that phase mismatch and walk
due to waveguide and medium dispersion play different ro
in different spectral ranges. In the visible region walk o
effects are still relatively small for not too large wavegui
lengths, while in uv and vuv this effect becomes more cr
cal and leads, in general, to pulse splitting before signific
pulse compression can occur. In Sec. V it was shown that
walk-off effect in uv-vuv can be reduced using the wav
guide contribution to dispersion with optimized pressure. F
a pump intensity just below the ionization threshold the d
ration of visible or uv-vuv pulses can be decreased to ab
2 fs. A possible method to increase the Raman modula
parameter but avoid ionization is the excitation of the Ram
medium by a synchronized sequence of pump pulses, w
was studied in Secs. IV B and V. Using a sequence of fou
ten pulses with a total pulse energy below 0.3 mJ, we h
predicted the shortest duration for visible and uv-vuv pul
of about 1 fs. The enormous bandwidth of the probe pu
can also be used for frequency detuning of uv-vuv pro
pulse with durations 10–15 fs.

In the MIR spectral range the waveguide contribution
dispersion plays, in general, a crucial destructive ro
whereby pulse splitting prevents a compression to short
rations. However, for an optimized larger waveguide rad
this effect can be significantly reduced. With a probe delay
the range of the maximum of the molecular modulations,
Raman-induced spectral phases of the probe pulse ca
compensated by a piece of glass with anomalous disper
in the MIR. As a result we have found that by a single 2
TW/cm2 pump pulse, single-cycle MIR pulses with a dur
tion of 6.5 fs can be generated. Using a sequence of
pump pulses, probe pulses with four-octave broad spe
from 1 to 16mm are predicted and filtered parts of the
spectra can be compressed simply by glass plate to tun

e

2-22



a
lu

R
ho
uv
u

ga
tr

g
nd

or-

ULTRAWIDE SPECTRAL BROADENING AND . . . PHYSICAL REVIEW A68, 023812 ~2003!
single-cycle pulses. Note that the probe-pulse energy in
spectral ranges can be increased up to relatively high va
but still lower than the pump-pulse energy.

Finally, we have shown that pulse compression by HS
is a feasible physical method to generate extremely s
pulses not only in the visible, but also in the MIR and v
spectral range. A possible experimental realization sho
have far-reaching applications for time-resolved investi
tions with an unprecedented time resolution in the spec
n

a,
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er
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ranges from MIR up to vuv and open up new intriguin
research in different fields of physics, chemistry, biology, a
material science.
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