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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-Strafl3e 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 inf(déRl) 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 sh@tfasn 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 of the laser period9-12. Reference[13] predicted that
single x-ray attosecond pulses required in most applications
In the last decade ultrafast laser technology has been dean be generated from few-cycle laser pulses. Using a new
veloped rapidly and successfully applied to a large variety omeasurement technique recently, attosecond trigin$ as
fields, especially for time-resolved studies of fast-evolvingwell as single attosecond x-ray puldds]| have been dem-
fundamental physical and chemical processes. Three maRnstrated. Based on this progress, first time-resolved spectro-
ingredients of this technological advance are connected witBCOPIC measurements in the attosecond domain have been
the development of Kerr-lens mode-locked solid-state laserd€Ported in Ref[16]. _ ,
chirped pulse amplification and extracavity compression !N @ second approach, high-order stimulated Raman scat-

techniqueqd1,2]. The traditional method for pulse compres- LeringéHSdRS W?S Stl_f{giiq xvith the aim t(;f_g_enerate f‘f*_'tfa't
sion is based on the Kerr nonlinearity in waveguides to pro- roadband spectra with high conversion €fliciency sufticien

duce spectral broadening by self-phase modulat®RM) for subfemtosecond pulses. Two different schemes were con-

and subsequent chirp compensation by anomalous dispersis'ndered for extremely short pulse generation. Refer¢hzk

. fullvy desianed I tical el i h : eoretically predicted that high-repetition trains of subfem-
N caretully designed finear optical €.€ments SUCh as pisi,qqqonqg pulses can be obtained using adiabatic excitation of
pairs, chirped mirrors, or spatial light modulators. Pulse

) , ) Sthe medium by a properly detuned two-color cw field. Re-
down to 5 fs were generated using single-mode fib&fand  conyy this technique was experimentally demonstrated in
4.5 fs by hollow fibers filled with a noble gé4]. Though the et [18].

this method allows still shorter pulsﬁ,ﬁ], the experimental by u|trashort pu'ses and a pump_probe arrangement is used
results obtained to date by this method are difficult to im-to compress a probe pu|se by the Raman medium excited by
prove practically due to problems in chirp compensationthe pump pulse. Using such an arrangement in R&g520,
over an extremely broad spectrum and the onset of instabilithe first experimental demonstration of pulse compression by
ties for too high input intensities due to plasma generation byHSRS was reported with the generation of a train of 6-fs
ionization. Note that the method of pulse compression bypulses. A mechanism for the generation of single compressed
SPM is only applicable in the near-IR and optical range. pulses by HSRS for probe pulses shorter than the period of
There is also a great interest in an efficient pulse compresRaman oscillations was first proposed and theoretically stud-
sion method in uv and vuv as well as in middle infraredied in Refs.[21,22, predicting compression of single pulses
(MIR) for ultrafast time-resolved measurements in materiawithout additional chirp control caused by the material dis-
science, chemistry, and biology, where the methods knowpersion of the medium itself. This regime was used to pro-
up to now suffer from low efficiency and too long pulse duce the shortest single optical pulses with a duration of 3.8
durations. Numerous applications demand methods for ths in SFg [23]. There exist a number of additional studies of
generation of shorter pulses in optical as well in uv-vuv andpulse compression by HSRS. The use of strong-field align-
MIR and also in the soft x-ray spectral range. Recently, twament combined with shaped-pulse optimization for efficient
complementary approaches were studied to push the durationtational wave-packet excitation was proposed in Rf].
of pulses to shorter limits in different spectral ranges andProbe-pulse compression by rotational wave packets ip CO
with different characteristics. On the one hand, high-ordewas demonstrated in R4R5]. The regime of adiabatic two-
harmonic generation of fs pulsd3,8] was shown to be color excitation was studied in Refil26—2§, and in Refs.
source of trains of attosecond x-ray pulses separated by hdl29—-31] a combination of the adiabatic regime with the
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pump-probe regime was considered. Before, pulse compres- The present paper extends our previous papers
sion by HSRS was discussed in Rgg2], using the assump- [21,22,55,56 and contains the results of a comprehensive
tion that all spectral lines generated by HSRS have equahvestigation of pulse compression by HSRS studying a
phases. However, it was found in Rg21] that the Raman number of additional issues. In Sec. Il, the basic propagation
lines are not phase locked but different lines show phas@quation is derived for the description of ultra-broad HSRS
jumps of . There exist also other proposals to use phasdithout standard approximations as the use of SVEA and a
locking by multicomponent Raman solitof33] or to com-  Taylor expansion for the dispersion. In Sec. lll, the specific
press pulses by the use of plasma wakefigB8. charactgr of HSRS is mvestlgated by analytlcgl soluuo_ns of
Optical excitation of coherent molecular vibrations or ro- the basic equations. The derived exact analytical solution of
tations via stimulated Raman scattering has mainly been cafe reduce Maxwell equation shows that the interesting fea-
ried out in one of the three ways. The original method confures of ultrawide spectral broadening by HSRS cannot be
sists of focusing of an intense pump field with Carrierdescrlbgd with the help of the SVEA. In Sec. Il B, analytical
frequencyw,, into a Raman medium where, due to the two- expressions for the spectral .phases, the_ spectrum, and the
photon stimulated process, a Stokes wave with frequencyltimate shortest pulse durations are derived from the ana-
wp— () is generated, growing out from spontaneous Rama tlca_l _solutlon. This aIIo_ws one to re\{eal the main physical
emission where() is the Raman frequency shifsee, e.g., s_pecmcs of phase-amplitude r_nodulanon and pulse compres-
Refs. [35,36]). This process may be observed if the laserSiOn by HSRS, as the behawor_o_f. the spectral phases, the
intensity exceeds a certain threshold. Anti-Stokes radiatio®ccessible bandwidths, the possibility to compress pulses by
often appears on a cone determined by the phase-matchifgrmal dispersion simply by a piece of glass, but also by
condition. The second method which is possible in a collin-2nomalous dispersion, and specific features for a probe-pulse
ear setup is to excite the Raman medium by two tunable laséfélay near the out-of-phase point of Raman oscillations,
outputs with frequencies,, and w,,— Q (two-color excita- V\{herg the Fourler-transformgd field is real buF changes the
tion) [37], which are adjusted to match the Raman frequency$idn, i-€., the spectral phase jumps from zerartmside the
Q). Coherent Raman excitation can also be achieved using $Pectrum. The possibility to compress such pulses with phase
third method, the impulsive techniqué8,3d, in which a  JUMPS by smoot_h normal dispersion demo_nstrates a klno_l of
single ultrashort pulse with duration shorter than the RamaRUlSe compression not known up to now in ultrafast optics
oscillation periodTg=27/Q initiates the coherent vibra- by separation of the pulse into a short ban_dW|dth—I|.m|ted and
tional or rotational motion. Then the spectral width exceedst '10ng phase-modulated pulse. Compression of chirped probe
the Raman shift and stimulated Raman scattering occurdulses, the generation of trains for probe p_ulses much longer
through mixing among frequency components containedhan T, the part]al_ influence of phase m|smqtch, walk_—off
within the pulse bandwidth. In the impulsive regime the vi- effects, and the I|m|.t of smaII. Raman modulation described
brational amplitudes of Raman excitation can be increaseBY the SVEA are discussed in Secs. IlI D, Il E, 1l F, and
by using synchronized pulse sequenpt. Il G, respectively. In Sec. v, m_JmerlcaI splutlons are pre-
The last two methods do not involve a laser intensitySented for pulse compression in the optical range, which
threshold and for appropriate conditions they can be used fd@kes into account the full influence of dispersion and the
the aim of pulse compression to extremely short durationsShange of the pump by HSRS during propagation in the Ra-
because multiple Raman lines are generated in collinear dMan medium. In particular, the influence of dispersion is
rection after a certain propagation length by HSRS. The prostudled and_optlmum con_dltlons are found with compression
cess of HSRS has been known for many ydas42. If up to 1.7 fs in SE. Choosing the same parameters as in Rgf.
only a single long pump beam is launched into the medium|23] the results show good agreement with corresponding
multiple nonphasematched Stokes lines arise in collinear dXperimental observations. In Sec, IV B, the pump regime
rection as a cascaded process where the lower-order Stok@éh @ sequence of pulses is considered with the aim to in-
lines undergo a rapid depletion to drive the next order in theréase the Raman amplitude, and pulse compression in the
line sequencé35,36. This means that in this case all the OPtical range up to about 1 fs is predicted. In Sec. V, the
energy is essentially contained in the highest Stokes ordefOMmPpression of extremely short uv-vuv pulses with the use
An early theoretical study of HSRS in the framework of the ©f Pulse sequences and dispersion control by pressure opti-
slowly varying envelope approximatidSVEA) is presented Mization and in Sec. VI, that of MIR pulses are studied.
in Ref. [43] which shows a distribution of the spectral lines USing such optimization we predict compression of initial
described by Bessel functions. In the case of two-color exci/0-fs pulses at wavelengths from 400 nm to 160 nm to about
tation with a pump and a first Stokes pulse of comparablé- fs and at 4um to about 6.5 fs irpara-H,.
intensities, a large number of Stokes and anti-Stokes lines are
generated in collinear direction spanning the range from IR
to uv[26,37,44—-48 Theoretical studies of this regime were Il THEORETICAL FUNDAMENTALS
published in Refs[43,49-52. Multiple Raman lines have The standard theoretical method in nonlinear optics is the
also been observed in the impulsive pump-probe regimslowly varying envelope approximatiofS8VEA), in which
[53,54. In Refs.[21,22 we predicted that for probe pulses the rapidly varying part of the electric fiel(r,t) propagat-
with a duration smaller than the period of Raman oscilla-ing in the z direction is separated from the slowly varying
tions, the HSRS spectrum becomes continuous with ultraenvelopeA(r,t) with the help of the following ansatsee,
broadband width. e.g., Ref[35)):
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i effect) contributionsPy, . Thezdirection is marked out here
E(r,0)= A, hexfliwgt —k(wo)z] +c.C., (1) because we suppose later a predominant propagation in this
direction but without the assumption of the paraxial approxi-
where w, is the input carrier frequenck(w)=wn(w)/c is  mation. Substituting the Fourier-transformed field
the wave number, and(w) is the frequency-depending re-
fractive index. In the SVEA the slowly varying envelope is _ |- i ;
assumed to satisfy the conditions yYavng P Btk z0)= fﬁmE(r,t)exp(lklrl lotdr, dt (9

dA and analogous expression for the polarizatgn,t) into Eq.
‘E <wolAl, (28 (3), for the transverse component of the electric field
={Ex.E,}, we can rewrite the wave equation in the form
A
‘E <k(wo)|Al. (2b) 2,
EJrhj Ej(k, ,z,w)=0 (6)
Equation(23) is fulfilled only if the spectral width of a pulse
Aw is much smaller than the carrier frequeney of the  with
pulse:Aw<wg. It allows one to neglect higher-order terms
in the Taylor expansion df(w) aroundwg. In general, it is ) w? ) ikj%'E"'#szPj
obvious that the approximatioi2a) (SVEA in time) and the hi(k, ,.z.w)=——kI+ E. (7)
Taylor expansion are no longer valid for radiation with ultra- ¢ !
wide spectra, such as pulses with duration approaching one ~ ) _
optical cycle, while the approximatidi2b) (SVEA in spacg  Here V-E=—ik, E, +9E,/9z, j={xy} and the
is much less restrictive. Therefore, the SVEA in time cannof-ourier-transformed  linear  polarization P (k. ,z,®)
be used for conditions studied here. =eox(w)E(k, ,z,0), where y(w) is the linear susceptibil-

Nonlinear pulse propagation without special prerequisitesty tensor of the anisotropic medium. Equatioi@ and (7)
of the SVEA can be studied by the numerical solution ofobviously describe coupling of different components of the
Maxwell equations by the finite-difference time-domain electric field due to the linear and nonlinear polarizations as
method[57] along with solutions for the material equations well as due to the vector character of Maxwell equations
(see Refs[5,58,59 and references therginHowever, the related to théV - E term in Eq.(3). Because of the two latter
large numerical effort of this approach, which directly re-factors a mixture of different components of the electric field
solves high optical oscillations of the field, both in time andarises even in an isotropic medium.
space, limits possible propagation lengths to a few mm. In In most typical situations the condition
several papers various improved approximated equations
have been derived, which allow the theoretical description dh;lgz<h? (8
beyond the validity of the standard appro§2t60,61. Inthe o ) -~ ) ]
following, we give a systematic derivation of a more generallS Satisfied even if trzme cg)ndgloﬁ!b) is not fulfilled. There-
first-order unidirectional propagation equation in three-fore, the separation/dz°+hi'=(d/dz—ih;)(d/dz+ih;) is
dimensions(3D), without the use of the SVEA in time and possible. The electric field can be split into a forw&tl and
the Taylor expansion of the linear refractive index which@ backward E™  propagating parts: E(k, ,z,)
includes vectorial effects and is valid both for isotropic and=E " (k. ,z,®)+E (k. ,z,w). Let us consider a pulse
anisotropic media without spatial dispersion. This equatiorPropagating only in forward direction along tlzeaxis, E;"
generalizes the previously derived equations into the nonocexr{ik(wo)z]Ej(O)(kL ,Z,w), and neglect waves propagating
paraxial and extremely nonlinear region from which the ba-backward. This requires that the linear refractive index is a
sic equations of Ref§60,61 can be derived by straightfor- smooth, slowly changing function of ttecoordinate. There-

ward approximations. fore, from Eq.(6) we have
The propagation of the optical pulses in nonlinear media N
is described by the following wave equatif®2]: JE; _ihEt )
gz T
9 1 ¢E 9°P
E"'AL E_V(V'E)_EF:MOF’ (3 where the backward wave in expressiof) is neglected.
From Eqg.(4) we have
and Gauss’s law
IE; — 1 - aP;
W— J'.EJ‘_G_O =1 J_PJ_'F 9z | (10

1
V'E:_e—V-P, (4)
0 Note that the right-hand side terh]Ej+ in Eq. (9) has no
whereA | is the transverse Laplacian aRe- P, + Py, is the  singularity forEJ-*—>0.
medium polarization with linear nonresonant contributions Equations(9) and(10) are first-order evolution equations
P_ and nonlinear or resonafas, e.g., given by the Raman in 3D without SVEA, paraxial approximation or perturbative

023812-3



V. P. KALOSHA AND J. HERRMANN PHYSICAL REVIEW A68, 023812 (2003

inclusion of vectorial effects, and valid for isotropic and an-[2,4,68. The same technique was also used for impulsive
isotropic media with an arbitrary functional form for the non- Raman scattering with a Raman-active gas asoH SF;
linear polarization. They can be solved numerically as g19,20,53.

boundary problem by the split-step operator meti6d]. For the description of wave propagation in hollow fibers
They take into account a possible extremely broad bandthe electric field in frequency domain can be separated into a
width, sharp temporal features, and nonaxial effects in spacdengitudinal and a transverse part E, (r,o)

time coupling, higher-order nonlinear and dispersive and alse- F(r | »)E(z,w), where the transverse distribution
vectorial and anisotropic effects. Note that the SVEA withg(y ) is the solution of the Helmholtz equation

paraxial approximation for the transverse momentum and ne-

glect of vectorial effects fails to describe accurately self- [A, +K*(w)]F=B%(w)F, (13
focusing in dispersive media long before the temporal struc-
ture reaches the time of an optical cy¢6t—66. with the eigenvalug3(w) for the fundamental mode. Then

Equations(9) reduce tremendously the numerical effort in the longitudinal distributiorE(z, ) satisfies the equation
solving the exact three-dimensional Maxwell equations. In

general, the full three-dimensional integration of the exact JE ( o\~ ipow?
=

Maxwell equation for propagation lengths in the range of E:i E+

o
WPNL(Z@)- (14
tens of cm is outside the capacity of computers available

today. The only approximation here is the assumption 0fygre 4= () is the nonlinearity reduction factor depending
weak backward waves and the requirement expressed by the, the nonlinearity of the medium. In the case of third-order
relation (8), both of which are only very weak restrictions. jniinear effectsa=[F4(r,)dr, /S;, S;=[F2(r,)dr,

The relation(8) can be written as)Any,(E)/dz<k(wo),  peing the effective mode area aseing the cross-section
where Any is defined byPy, =eoAny E. This is a much ¢ the fiber.

weaker condition than the conditiof2b) required for the Equation(14) is a generalization of the so-calleeduced
approxmate evolution eq_uatlons derived below. Thf—:- ScalaMaxwell equation[60] which is valid only for a refractive
variant of Eqs(9) was derived by one of the authors in Ref. inqex close to unity. The reduced Maxwell equation is ob-
[67]. For the aim of the present work it is not necessary to5ined from Eq.(12) by the substitutiom(w)— 1~[n%(w)

use the full capacity of Eq¢9) and(10); they will be applied  _11/> and back Fourier transformation into the time do-
in forthcoming work. main:

Previously derived evolution equations without SVEA as

presented in Refd2,61] can be derived from Eqg9). In- JE HoC IP
troducing the refractive inder?(w)=1+ y(w) for an iso- 22 o (19
tropic mediumV -E=0 and assuming small contribution of 7
the beam’s nonparaxiality as well as nonlinearity, we expand  This equation is a useful tool for examining the nonlinear
the square root in Ed7) as effects of ultrabroadband radiation in gaseous media. It was
2 ) recently applied for the study of pulse compression and su-

ki 0@ (Pu)j (11) percontinuum generation by the optical Kerr effggt and
2k(w) 2k(w)E; - by high-order stimulated Raman scatterj2g,22 in hollow

waveguides. However, for solids the solutions of this equa-

Then we introduce the moving time coordinage=t—z/c, tion differ from the exact Maxwell equation as was shown in
make the substitutio/9z— d/dz— dlcdn, and after back Ref.[67].
Fourier transformation to the real spatial coordinates from The Fourier-transformed linear polarization is given by
Egs.(9) we obtain the following basic equati¢61]:

C

hJ%k(w)—

PL(z.®)= ol xpo(@) + xo(@)E(Z @), (16
JE, (r,o) iw i
7~ ¢ ln@)—1l]E (rw)+ mAL E (r o) wherey, is the bulk susceptibility defined by the Sellmeyer
formula yp(w) == ,S; /(02— w?) with experimentally deter-
i pow? mined parameterS,, w,. The solution of Eq(13) for the
+mPN'—(r"")' (12 transverse-mode distribution of a dielectric hollow wave-
guide with mode diameter much larger than the wavelength
where, here and below, the superscript™is omitted. was found by Marcatili and Schmelzgg9]. For the hollow
In a bulk medium the nonuniform transverse intensitywaveguide with radiug>\, the waveguide contribution for
profile of the beam leads to nonuniform phase relations duéhe fundamental Eki mode is given by xq()
to diffraction and nonlinear transverse reshaping effects=(2.40%/wR)?[1+i(1+ v?)/(27Ry1—1?)], where v
Pulse compression by SPM or HSRS in a nonlinear bulk=1.45 is the ratio between the refractive indices of fused
medium is therefore substantially limited. A possible solutionsilica and the internal gas.
of this problem is using hollow fibers filled with a gas as  For the description of the Raman effect we assume that
nonlinear medium. This technique was first applied for opti-only two rotational or vibrational levels are excited by the
cal pulse compression by self-phase modulation usingpump pulse. This assumption is justified if the Raman fre-
hollow-core silica waveguides filled with a noble gas quency is not too small, as, e.g., in ldr Sk. The Raman
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polarization Pr=NSp(ap)E then can be described by the oA (1 A A1, ORI
two-photon two-level system equati Ref70)): oz Ty b T a
y quatio(see, e.g., Ref70]): gz \v at at at
d 1 i i woCw
I - _ 2 _ e
a7 + T, 'Q)Plz o7 [(a11— @) piot as W]ES, 2n(w)) Pr, (21
(173

where  ay,1= 7 uoCNaip1€Xp(A ,12)/n(@) and by
ow W+l iagp * N2 =2 oCN(aq11p11+ asp22)/n(w;). The comparison with Eq.
%Jr T 2n (P12 PLIES (17D (18) shows that in the left-hand side term of EQJ), the
third and fourth terms describe an additional coupling be-
wherep,=(U+iv), W= pyy—p11, p is the density matrix, tween different spectral componems. As will be shown in
Sec. Il G, these terms are of crucial importance in the case
of a moderate or large Raman gain or a large number of
sidebands.
In the case of short-pulse impulsive excitation in a pump-

a is the two-photon polarizability matrix responsible for the
Raman process and Stark shifi, is the Raman frequency
shift, N is the density, and@; andT, are the relaxation times.

Note that the two-level model can not be applied for moI-probe regime, the evolution of the pump and the probe pulse
ecules with small rotational frequencigsg., for N, or CO,) can be described more simply in the temporal range by

in which a pump pulse induces rotational wave packets wit . ; .
a nonsinusoidal Raman excitation. In this case different mod§Ingle equations for the amplitudes. Using SVEA, the equa-

els can be used for the theoretical description, as the mult|t—'0n for the probe pulse is given by
level density matrix or the solutions of the simplified Schro IA

1 0A CwpN
dinger equatior{24], but the analysis of rotational wave- pry = Zer_ _j HoOr alz,Slepr, (22)
packet excitation is outside the scope of the present paper. gz v ot 4n(wp)

The generation of multiple Stokes and anti-Stokes ~ ) )
Raman lines by HSRS is described in many worksWherépa, is determined by Eq(20) with A, as the pump
[17,27,28,35,36,43,49-54n the frequency domain using PUlse andA;=0 for|#0. However, the validity of Eq(22)
the SVEA and the rotating wave approximation by a spectralS also s.ubstantlally limited to the range of a small spectral
decompositiorE(z,t) = 13,A(z,t) exdi(kz— wt)]+c.c. with broadening and_cannot be used for the purposes of the
= wo+1Q, k=wn(w)/c, (I=0,+1,...), thepump car- Present manuscript. _
rier frequencyw, and the complex slowly varying envelopes In the following, we solve the more general evolution Eq.

A, . Then using the conditiof2) from the wave equatiofB) (15), which is valid for ultrawide spectral broadening with a
the following coupled equations can be derived: width exceeding the carrier frequency and takes into account

all spectral components in a single equation, but also phase
oA, 1 9A i woCw) mismatch, walk off, high-order dispersion, and pump-pulse
9z oot 2n(w) P, (18)  depletion. The price for this significant advantage is the nec-
: : essarily higher resolution of the temporal grid in the scale of
whereu, = (dk /dw|) ! is the group velocity of the spectral the carrier frequency, while in the SVEA equatioii$) the

componenty, andP, is the polarization which describes the resolution is in the ;cale of the_ pulse duration. On the other
interaction of different spectral componenis and is given ~Nand, using the split-step Fourier method the necessary spa-
tial resolution for the numerical solution of the wave equa-

b
y tion (15) can be chosen much larger than with the finite-
1 — _ A difference time-domain method.
P|:§N[0412(Plze' At ple T A L)
I1l. ANALYTICAL SOLUTION FOR THE IMPULSIVE
t(anput aznp)Al, (19 PUMP-PROBE REGIME
whereA =k, —k,_ is the phase mismatch in the axial direc- A. General solution
tion andp,= p1,exd —i(wo—ws) 7]. For the slowly varying First, we derive an analytical solution of Eq4d5) and
density matrix elemenp,, the following equation can be (178 for the impulsive regime where a short pump pulse
found from Eq.(17a): with duration
3;;12 . 1. _ Tou< TrR=27/Q (23
——+| 1A+ —|p1,=10wW, (20 . ,
an T2 excites the Raman medium and a delayed weaker probe
_ 5 pulse is amplitude and phase modulated due to the long-
with A*Z wo— ws— QO+ (@~ 1) 2| A|/8h, ©  living molecular excitation of the foregoing pump pulsee
= a2 AAT 1eXp(A2)/8Fi. Fig. 1). Then the probe-pulse propagation is in a linear re-

To compare Eq(18) in SVEA with the reduced Maxwell  gime with polarization
equation(15), we substitute the same spectral decomposition
for the field into Eq.(15) and come to the following result: Pr=Nau(z,7)Ep(2z,7), (29
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FIG. 1. Schematic diagram of an impulsive pump-probe regiqu
for pulse compression using high-order stimulated Raman scatter-
ing in a gas-filled hollow waveguide. The periodic response of the
molecular system in hollow waveguide is shown, where the posi-
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As can be shown by numerical solutiofsee Sec. IV, for

the considered regimeb;<b, and the phase)(z,7) is
small. For a pump-probe delay much larger than the pump-
pulse durationr,,, we have the separation ans&2b).

In a gaseous medium the main mechanism of the ultraw-
ide spectral broadening and pulse compression can be under-
stood with the neglect of linear dispersion. Then the propa-
gation equatior{15) for the probe pulsé&(z,7) is

Por_ ’ E 28
9z YUO(Z)an[a( 7) pr]v (28)
here y=3uoCNa,,. The first-order partial differential
equation(28) can be solved using the equations of its char-
acteristicq 71] given by

tions of the input probe pulse at the out-of-phase point, minimum, dz
in-phase point, and maximum are indicateddyb, c, andd, re- —=1, (293
spectively. dé
whereu(z,n) depends only on the pump pulse. For rather d_’7:
general situations the medium response for the probe pulse dé Yo(2)aln), (295
can be presented approximately by the following general
i : dE da
separation ansatz: dgpr: _ 7Uo(Z)ﬁEpr- (296
u(z,7)=up(2)a(n), (25)
) ] o The solution of Egs(299 and(29b) is
whereug is the amplitude of Raman excitation.
The specific form of the functioa( %) is different for the z=¢+ 29, (303
case of two contributing Raman levels excited impulsively
by a short pump pulse, a pulse sequence or two-color long 7 dy’ z
pulses from that of rotational wave packets with the excita- f —=y f Uo(z")dz’, (30D
tion of many lines(see, e.g., Ref§24,25) with nonsinusoi- m a(n") %0
dal excitation, but the solution given below can be ysed inand Eq.(290) can be transformed to
both cases. In the case of a two-level Raman medium, the
functionsug(z) anda(#) can be calculated in a simple way dEy 1 da
if relaxation, population changing, and Stark effect can be dn -~ aln) E]Epry (32)
neglected. Then Eq$l7) for the density matrix is simplified
to the equation with the solution
J fag, a( o)
(% —iQ ) p12= — ﬁ EpU' (26) Epr: Epr( ﬂo)m. (32)

The solution of Eq(26) for u=2Rep,, is given by

u(z,m)=ue(z,7)sif Qn+(z,1)],

with
ad12
Up= A [bi(z, 77) + bg(Z, 7’)]1/2!

= —arcta b,/

7
b,= f Eou(z.7')cosy'dy’,

7
b,— f E2(2,7')sinQ 7' dy’.

Using the initial conditions foré=0, zy=0, 79=Ss, Eg
=E,(s), wheresis the parameter of the characteristic lines,

(27) andE,(») is the input probe-pulse field at=0, we find the

solution of Eq.(28) as follows:

a(s)
Epl(Z,m)=Ep(s) aln)’ (339
S d'y], B z , ,
Jn aln) —yfo ug(z')dz'. (33b

From Egs.(25 and (27) and for|b;|<|b,| we havea()
=sinQ»n and the solution for the probe pulse is as follows
[21,55:

sin{)s
Epr(za ﬂ):Epr(S_tm)my (34)
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where E,(7) =Ap(7)cos),» and the initial probe-pulse ceoh

envelope is chosen here to be the Gaussiag(7) Imax~1.6——. (40)
=Ayexp(=2In 2772/7§r), mor @and wy,, are the durationinten- 12

sity full width at half maximum(FWHM)] and the carrier For typical Raman medid,,,~4 J/cn? which corresponds
frequency, respectivelyy, is the time of the peak position of to a pump energy 0.6 mJ for a beam radiusut@ and the

the input pulse with respect to one of the out-of-phase pointgypical Raman polarizabilityr;,~ 10~ 4* Cn?/V.
7=0 (Fig. ). From Eq.(33b) we obtain

(35) probe pulse

In the method for the compression of single pulses by
where the amplification parameter T'(2) HSRS[21-23, the temporally delayed probe pulse with du-

—ex Y 2Uo(z)dz']. This parameter increases exponen-ation
tially with the Stokes shift(). On the other hand, for the
impulsive regime the conditiom,,<Tg has to be satisfied.

Sinceu increases with the pulse duration, a smaller value otoherently interacts with the impulsively excited Raman me-
() can be compensated by a larger duration of the pumpgium. The analytical solutiofEgs.(34) and(35)] allows an
pulse with the same intensity:(z) is determined by the understanding of the main physical features of the spectral
change of the pump pulse during propagation, which signifibroadening and phase-amplitude modulation of the probe
cantly influences the amplitude-phase modulation for theulse. In Figs. 2—5 this solution is presented for different
probe pulsdsee Sec. Ill B. Equationg33) take into account  parameters. But first, for better transparency we derive ex-
the decrease of the Raman amplitug¢z) and generalize a plicit expressions for the Fourier-transformed figlgh( ) in
solution given in Refs[21,22 for constantl,. The decrease asymptotic approximation valid for the input probe pulse
of ug limits the maximum possible value df(z) for a given  shorter than the period of the Raman oscillatip55].
pump-pulse energy. This leads to one of the main limitations The solution(34) is determined by the functios(7) and
of shortest accessible durations by HSRS. The specific dehe amplitude modulation factdd (%) = sinQs/sinQ2#. Both
pendence ofiy(z) on distance can be calculated numerically, define the character of phase-amplitude modulation of the
as will be done in Sec. I\see Fig. 12 beloy probe pulse by the Raman-active molecular modulator and
Here we estimate the optimum pump parameters andre presented in Fig.(&. The functions(#) (curve 1 oscil-
maximum possibld’(z). The Raman amplituda, at z=0 lates periodically around the straight lise= » and has the
for a Gaussian pump pulse can be found from &4) as steepest slope at the out-of-phase poitysITg (I=0,
+1,...), where the main contribution to the phase modu-

} B. Amplitude-phase modulation and compression of a short

2 Qn
s(z,r;)=5arcta I'ta -

T <Tr (41)

\/;alZTpu 2 lation arises. In the vicinity ofp=t,, th iors~
_ 2.2 . y ofp=t,, the expansiors~t,
o= 45 JIn 2 Ao exp(— 077, /16In2), (36) +T(n—ty)—Te(n—1t,)°%3 can be applied where=(I"?

—1)Q?/4. Near the in-phase points= (I + 1) Tk, the func-
whereA, is the pump-pulse amplitude. Thereforg, has a  tion s(7) has the smallest slope whegest;+(7—t;)/T

maximum for the pump-pulse input duration +e(n—1)%3I°. Then from Eq.(34) the main qualitative
properties of the temporal pulse characteristics can be imme-
Topt= V2In 2TR/ . (37) diately seen, such as compression to a duration
Due to the interaction with the medium the pump pulse is =TT, (42

depleted and the amplitude of the Raman excitation is de- . .
creased. With the help of Eq&L5), (27), and(37), the next- & change of the instantaneous frequency spanning from
order approximation to Eq36) is found as follows:

Omin~ ©p/ T (43
Ug(2) =Uo(1-02), B8
where o=\ ya;,Q 7, A5/8%In 2. This gives the amplifi- Oma=T @y (44)

cation parameter

The instantaneous frequency near the peak of the probe pulse
I'(z)=exg Qyuo(z— az?/2)], (39 s

which reaches the maximum possible va[],gaxwz_ inde- w(ﬁ)“prr[l—S(ﬂ—to—tm)z] (45)

pendent of pump and medium parameters at distdnge

=1/o. However,L, depends on the pump energy and theand has a linear and a quadratic chirp depending of the po-

medium. Herel . is slightly underestimated because Eq.sition of the input pulse,, in respect of the out-of-phase

(39) is valid only for small distances. pointst, of the Raman oscillations. At the out-of-phase point
The fluence which provides the maximum possible Ra+this chirp is purely quadratic. The peak amplitude and the

man amplitudeuy=1 and the population differencg=0 is  pulse energy are increased by the fadtand the pulse peak
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E 10 | FIG. 3. Compression of the probe pulse in the out-of-phase po-
2 sition: (a) 1, probe pulse propagated in the Raman excited medium
i, 5t described by Eq(34); 2, pulse after the phase compensation with
8 ow)=—0.90? 3, pulse after the phase compensation with
4 ot ) o ow)=0.90%; 4, pulse after ideal compression afl) residual
0 3 6 9 phaseg,.{ ) for o (w)=—0.90? (solid) and for phase compen-
o)(fs’l) _sati(_)n by a 18«.m-thick SiQ, plate (dashegl All parameters are as
in Fig. 2.

FIG. 2. Temporal and spectral characteristics of the solution, Eq.
(34), for the out-of-phase positiorta) 1, functions(), 2, ampli- C ] )
tude modulation factoM (#)=sinQs/sinQ%; (b) 1, input probe Eplw)= %/t[A;r(SO—i_tm)Al(X)+Apr(so_tm)A|*(X)]a
pulse; 2, output pulse foF =e!; dashed line, molecular oscilla- gw 4
tions; (c) solid line, spectrum of the probe pulse; dashed, approxi- (47)
mation Eq.(50); dotted, input spectrum(d) spectral phase of the where Ai(x) = ﬁfﬁi exp@xs+i33/3)ds, SS=F2(I‘w —w)/
output pulse; dashed, phase as defined by(#%). The input pulse cw. X= (w—prr)/‘Q{/sTu and C=T exp(~iwt,)/ . The

duration is 15 fs, wavelength is 790 nm, period of the molecular ; . o .
oscillation is 43 fs (SB. expression(47) can be simplified by the asymptotics of

Ai(x) [72]:
is shifted towards the out-of-phase poiy=0 as ty(2) _ exd —i @) ]/(—x)" for o<Twy,
~ | Ve i . Ai(x)= :
tm/I' due to the Raman-induced refractive index modula exp(— 2x¥%3)/2xV4+iz/x  for w>Twy,
tion. (48)

By the change of the variables and using the relation
a(s)/a(n)=asldn, the Fourier-transformed field can be where
presented in the form

2 T
pw)= §(prr* ) ew— 7 (49
Eplw)= J_wAPf(Sftm)eXmwpf(s*tm)*iw”]ds' Let us now discuss the analytical soluti¢84) and the

(46) approximate expressio¥7) for different pump-probe de-
lays. We consider the properties of the output probe for four
characteristic delays when the peak of the input probe pulse

where n=7(s) is the inverse function of Eq35). In the  has a position neda) the out-of-phase pointh) the mini-
vicinity of the out-of-phase pointy(s) can be approximated mum, (c) the in-phase point, an@) the maximum with re-
by n~t,+(s—t,)/T+e(s—ty)%/33. Then, to find the spect to the Raman oscillatiofsee Fig. 1
Fourier-transformed field46) we use the stationary-point (a) Out-of-phase delay,t=0. In Fig. 2b) the solution is
method and obtain presented for a 15-fs Gaussian input probe patseve 1)
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FIG. 4. Compression of the pulse in the position of the mini-
mum: (a) 1, output probe pulse described by E8¢); 2, pulse after
the phase compensation with(w)=—0.9»?; 3, pulse after ideal
compression; dotted line, input pulse envelope éndthick line, o 5] amplitudes. The compressor decomposes the pulse into
spectrum of the output pulse; thin, spectral phase; dashed, residugl, harts: a short bandwidth-limited pulse arising from the
phase forp () =—0.9". All parameters are as in Fig. 2. first component with the phase.(w) and a second long
phase-modulated pulse arising from the second one with the
x phase— ¢ (w). Pulse compression of the same pulse can
Tr=43 fs (Sk). The output pulsécurve 2 is compressed 5|55 e achieved by a compressor with anomalous dispersion
to 4.4 fs, in agreement with the estima#?). The pulse o) =6w? and results also in a 1.3 fs pulse but with a
spectrum is s_ign_ificantly broadened _and bIl_J(_a shifted_ Withonger edge at the frorFig. 3 (a), curve 3. From the rep-
sign changes inside the spectrum. This specific behavior cgRisentation of the cos function this rather surprising behavior
be understood from the asymptotic expressionsHg(w). can be easily understood.

For t,=0 the field (47) is real and foro<I'wy can be From the bandwidth of the spectrum given by the mini-
written as mum and the maximum frequenci€43) and (44) of the
pulse, the shortest possible duration accessible after exact
phase compensation can be estimated. Fitting of a shape-
depending numerical factor in the relatiofn,,~Aw ! re-

sults in the pulse duration after ideal compression

FIG. 5. The same as in Fig. 4 for an input probe pulse in the
in-phase position.

together with the Raman oscillationg ) for I'=2.7 and

_ CApr(SO)COSPa( )
[eo(Twy—w)]¥

Epr( o) (50)

Equation(50) rather precisely agrees with the numerically
calculated value of the solutidi34) [compare corresponding
solid and dashed lines in Fig(@]. The spectral field,(w)
changes its sign at frequencies whepg(w)=(I+3) (I

Toin~4T (T = 1). (51)

An ideally compressed pulse is presented in Fig. 3 by curve
4. Equation(51) rather precisely predicts its duration of 1.1
=0,1,...) and thespectral phase presented in Figld2 by  fs. The important conclusion followed from E¢p1) is that
solid line shows jumps tar. The dashed line in Fig. &)  the ultimately shortest duration of the probe pulse is in-
showse4(w) given by Eq.(49). The appearance of a jump- versely proportional taw, andI' and independent of the
like phase modulation is rather unusual in ultrafast optics. Ainput probe-pulse duration. However, the largest pulse dura-
first glance, such jumps cannot be compensated by smootton for single-pulse compression is limited by the condition
dispersion to achieve pulse compression. However, as seef},<Tg.

in Fig. 3, after phase compensation by normal group-velocity (b) Paosition in the minimum=Tx/4. In Fig. 4 the solu-
dispersion (GVD) characterized by the spectral phasetion [(34) and(35)] is presented for the same parameters as
e ®)=—dw? with §=0.9 f&, the pulse is compressed to in Figs. 2 and 3 but with the delay in the minimum of the
1.3 fs (curve 2 and exhibits an asymmetric shape with a Raman oscillations. The output pulse compressed by propa-
longer front. This unexpected behavior can be understood ogation in the medium has the duration of 5.Zdarve 1), but

the basis of Eq(50) which can be expressed by two complex shows a different phase modulation with a smooth spectral
components with opposite spectral phases (w) and phase, as shown by the thin line in Figb¥% The spectrum is
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also significantly broadenedhick line) but in a more sym- can be compensated only by anomalous dispersion. Near the
metric way. This different behavior can be understood on th@ut-of-phase point the spectral field is real and the phase
basis of the asymptotic expressi¢h7). For a delay in the shows jumps ofr. Now a compressor with normal as well as
rangeTg/20=<t,,<Tg/4, the first term of Eq(47) dominates. anomalous dispersion with phasesy(w) decomposes the

The spectral field can be approximated o< I" w, as pulse into a short and a long part with the duration of the
short part given by the E¢51). Near the in-phase point two
_ : pulses with the same amplitude and opposite sign of chirp
Epl®)= CApl(So~ tm) X ¢ )] (52)  are generated in the Raman medium. By an optical element
[eo(Twp—w)] with either normal or anomalous dispersion, one of the pulse

is compressed while the other is suppressed.

For o>T w, the spectrunt47) decays exponentially and its
phasep,(w)=0. Now the field(52) has a smooth spectral C. Frequency-resolved pump-probe characterization
phase(49) which does not depend on the pulse duration and |, . -
can be compensated by normal dispersive elements with It IS worth deterr_nmmg how the unusual features of ph{:\se—
o (@)= — w2 or by a piece of glass of fitted thickness. The amplitude modulation given by E¢34) can be measured in

C - . . . .
spectral phase in Fig.(d) (thin line), of the exact solution ;fealuei)z:p?mgggltast.e dThSIsefg”is C?g\%céznéa“ﬁgtergz EQO(;L-
(34), agrees well with Eq(49). After compensation of this q y-mo P S P Y y ;

hase by normal GVD with parametér=1.0 f£. a short- tecting of the instantaneous third-order nonlinear response in
P y A pare o . afrequency-resolved pump-proleRPB geometry[73,74.
ened pulsgcurve 2 in Fig. 4a)] with a duration of 0.9 fs is

obtained. For the duration of the ideally compressed puIeren FRPP the registered signal is described by
the same expression as E§1) can be derived, which pre-

dicts well the duration in curve 3 in Fig.(4). The difference S(w,T)“RE{ Ez,‘r(w)J Epl 7+ 7) | 2Ep m)expiown)dy |,
to the out-of-phase point is mainly the fact that after the

normal dispersive element the compressed pulse does not (53

show a long tail, but the necessary phase of the compressgfising from the interaction of two probe-pulse replicas, de-
and the duration of the central ogtput pulse are t'he same. |ayed by the timer. The cross-correlation functiof3), in

~ (c) In-phase delay}=Tg/2. In Fig. 5(a) the solution(34)  gependence on frequency and delay allows one to recon-
is presented by curve 1 for the in-phase delay. Now duringyir,ct the amplitude and the phase of the plise

propagation in the Raman medium the pulse is stretched and Figure 6 presents FRPP patterns of the initial puke
split into two parts with maxima arising near neighboring the output probe pulse in the position of the out-of-phase
out-of-phase positiong=0 and »=Tg, where the ampli-  point (), and in the minimunic) for ['=2 and other param-
tude modulation functioM () in Eq.(34) is the largest and  eters as in Fig. 2. These traces reflect typical features corre-
equalsl’. As seen from the carrier oscillations both partssponding to the character of the phase-amplitude modulation
have opposite chirps. The oscillating Fourier-transformecf the pulses presented in Figs. 2 and 4. In particular, for the
field presented in Fig.(6) is broadened in both red and blue out-of-phase input position the phase jumpsmofake place
sides but wi;h higher amplitudes on the red si<_1e. The spectr?tljst at the crests of positive and negative segments of the
phase of this pulse shows a smooth behavior. If the pulseRpp pattern in Fig.(6). Two branches of this pattern with
passes through a piece of glass with normal dispersion, th@pposite slopes correspond to the parts of the pulseyfor
first pulse with negative chirp is compressed into a subcycle-g gnq »>0 with opposite frequency modulation. The
pulse with duration 0.4 fs, while the duration of the secondmyain part of the FRPP pattern in the case of the input-pulse
phase-modulated pulse is increased. An optical element WitBosition in the minimun{Fig. 6(c)] has a slope which cor-
anomalous dispersion acts in opposite way; now the secoq@sponds to a dominating contribution of the linear chége
pulse is compressed, while the first is prolonged. Note thaEq_ (45)]. These FRPP patterns allow one to retrieve the
for a delay near the in-phase position the asymptotic expresaatures of the frequency modulation of the pulses by HSRS

sion (47) is not valid. _ . in real measurements.
(d) Position in the maximum,t=—Tg/4. In this case the

spectrum is the same as in Fig. 4, but the sign of the spectral
phase is opposite. This pulse can be compressed by an opti-
cal element with anomalous dispersion. This fact is ex- In some typical situations the experimentally available in-
plained by the asymptotic expressi@). For a delay in the put probe pulses are not transform limited. As an example,
region —Tgr/4<t,,<Tg/20, the second term of Eq47) the probe pulses in the visible, uv, or MIR generated by
dominates and has a spectral phase(w). As will be  optical parametric amplification are usually phase modulated
shown in Sec. VI, this property can be used as a simpl&lue to dispersion or SPM in the nonlinear crystal. The ana-
method for phase compensation in the MIR spectral regionlytical solution[Egs.(34) and(35)] is also valid for a general
Let us summarize the results in this section for differentphase-modulated input probe pulse, where now for the input
delays. Near the minimum of the Raman oscillations thefield the expressiok,(7) = Ap(7)codw,n+ ¢(7)] has to
pulse has a smooth spectral phase given by(&9), which  be substituted with)(#) describing the input phase modu-
can be compensated only by normal dispersion. Near thition. In Fig. 7 the results are presented for an input phase
maximum the pulse has the smooth phase,(») which  modulation ¢(t)=%a7? (where « is the chirp parametgr

D. Chirped input probe pulses
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FIG. 7. Influence of the chirp on probe-pulse compression: cor-
responding bandwidth-limited duration of the chirped input pulse
(curve 1, duration of the pulse after propagation in the Raman
medium (curve 2, and duration of the ideally compressed output
(b) probe pulsdcurve 3 versus chirp parameter. The parameters are as

40 in Fig. 2.

Then the output chirp is given byw(t)~T wo[1—e(t
—ty)2]+al?(t—t,), where the contribution arising from
the third term proportional tax is much smaller than the
second one. This means that a chirp of the input probe pulse
or a larger input bandwidth does not lead to a larger spectral
broadening in comparison with an unchirped input pulse
with the same duration. This result is consistent with the fact
following from Eq.(51) that the ultimate duration of an un-
chirped probe pulse after compression does not depend on
the input-pulse duration.

T (fs)

(C) E. Phase-amplitude modulation of a long probe pulse

If the initial probe pulse is long in comparison with the
period of Raman excitatiofig or a continuous wavécw),
the solution Eq(34) takes the form

sinQ)s

(CW)(Z n)= AprCOSQprssmﬂn

(54)
wheres(z, 7) is defined in Eq.(35). For simplicity we as-
sume a rectangular shape for the input probe with pulse du-
ration 7=(2M+1)Tg (M integed. In Fig. 8 (a) a certain
time interval of the solution(54) for M =25 is shown by
1 curve 1 together with the Raman oscillatiofshed ling
w(fs™) During propagation through the Raman-excited medium the
long input probe transforms into a train of compressed pulses

FIG. 6. Frequency-resolved pump-probe traces of the probéocated at out-of-phase poirtig= T g with the repetition rate
pulse Eq(34) for (a) input, (b) out-of-phase position, an@) mini- T and the envelope given by the factor Sig/sin)%. The
mum position, and for duration 15 fs, wavelength 790, I'=2,  individual pulses have phase modulation described by the
Tr=43fs. dependencs( 7).

The Fourier-transformed field of the traiE{"(w)
—Ap,fT’ZT,2 cos(),sexp(—iwn)ds can be found by the sepa-
rat|on of the integration region to the segments-§)Tg

<s<(I+3)Tr, whereby each segment belongs to an indi-

idual pulse in the train. Then one can obtain the spectrum as
ollows:

for an input pulse duratiom, = 15 fs at 790 nm and Raman
parameterd’ =e! andTg=43 fs in dependence on the chirp
parametery. The corresponding bandwidth-limited duration
7= 7o /[ 1+ (758 In 212 characterizing the bandwidth of
the chirped input pulse is presented by curve 1. Curve
shows the pulse duration after the propagation through th

Raman medium and curve 3 the duration after the compres- 1

sion by ideal chirp compensation. The duration of the pulse sin (M +5(0—wy) TR

after the Raman medium and after chirp compensation does EC(w)=ED(w) . (55
not depend on the input chirp parameter This can be P si E( —wy)T

understood using the asymptotic approximation $0r). 2 T @R
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anomalous dispersion. The compression of each individual
pulse in the train is shown in Fig. @ (curve 2 for a chirp
compensator withd=—0.9 €. As can be seen, the com-
pressor decomposes each individual pulse into a short
bandwidth-limited and a long phase modulated part, in anal-
ogy with Fig. 3 for a short input at out-of-phase initial posi-
tion. The ultimate shortest duration of the individual pulses is
also given by the same relati@¢dl) as for short input pulses.
Note that for the case of small Raman excitatiof'+a1 and
7> Tr, the compression of the pulses in the train by exter-
nal group-velocity dispersion was discussed in R&T] for

the adiabatic regime and measured in Rgf9,23 for the
pump-probe regime.

[\
H

E,,(); u(n) (arb. units)
]

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

If pump and probe pulses have different input frequencies,
the difference in the phase and group velocities of both
pulses due to dispersion results in phase mismatch and
probe-pulse walk off in respect of the Raman excitation and
their interaction becomes less effective. This effect can be
described approximately with the neglect of the difference

FIG. 8. Compression of a long probe pulga) 1, temporal between phase and group velocities and the decrease of the
shape followed from Eq(34); 2, compression by group-velocity Raman amplitude, during propagation, taking into account
dispersion withd=0.9 f&; dashed line, polarization of the medium only the difference of the input-pulse velocities. Using a shift
and (b) spectral lines and spectral phase of the long probe pulsepf the moving timen— 7— npuz/c, the evolution equation

dashed line, spectrum of a single pulse within the t{amltiplied (15) for the probe pulse takes the following form:
by the number of the pulses in the traifhe parameters are as in
J J /.L()C ﬂPR

Fig. 2.
— A — _ /o ’
Jz an 2 Jdny

Epr(u)) (arb. units)

o s

(57)

where the spectrum of the individual pulses is given by
E(l)(w):AprfTR/2 cosQ,sexd—ion()ds In analogy Wwith A=[n(wp,) —N(wy)]/c. Comparing with Eq(28) we

—T/2 ' .
with Sec. Il B [sF:ae Eq(50]], E®(w) can be approximated see that the general solution E§3) can be used also for this
by situation witha(n) =ugsinQ»—«, where xk=A/yuy. Sub-

stituting the latter into Eq(33b) we find the relation impli-
CALCOSEH©) citly definings(z, n):
EM(w)= e (56)
[eo(lwp— )] ktan Qs/2)+1— k-1
In >

If the input probe is a cw field, in the limi — o the ratio in ktan(1s/2) —J1-«k“—1
the right-hand side of Eq55) describes sharp spikes with 5
amplitudes M+1 at 3(w—w,)Tr=Im, or at the spectral :mf"tadQ”/zH Vi-«k"—1 (58)
location of the Raman lines, = w,,+1(). For finiteM these ktanQ7/2)—J1-k?—1'

spikes have a finite width- 1/M.
In Fig. 8(b) the spectrum of the long pulse is presented foryhere f(z) =exfQyuy\1— «?z] while the output probe
I'=e!, demonstrating a large number of separated Ramafield is given by
lines with an envelope given bg*)(w). The spectral field
(55) is real, but shows sign changes. An important conclu- sinQds—«
sion followed from Eq(55) is that the envelope of the mul- Epdz,7)= Epr(s)m-
tiple separated Raman lines and the spectral phases with
jumps from 0 tow within the spectrum follow the same For x>1 the connection between the logarithmic function
behavior as for a short input pulse with,<Tg [compare  with complex argument with the trigonometric functions has
with Fig. 2 and Eq.50)]. This means that the envelope of to be used.
the spectral lines and the spectral phase modulation is deter- It is interesting that the solutiofEqgs. (58) and (59)] de-
mined by the individual pulses formed during propagationpend on the linear dispersion parameteonly through the
within the train. The latter is only weakly depending on theratio « which expresses a combined influence of the refrac-
duration of the initial long probe pulse. tive index change both by linear dispersion and the Raman
Therefore, similar to the case of a short input pulse witheffect. As discussed in Sec. Il B, the Raman effect leads to a
o< Tgr and a delay,,=t,, the individual pulses in the train shift of the pulse maximum towards the out-of-phase posi-
can be compressed by optical elements with normal otion and therefore walk off is influenced not only by linear

(59
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20 but both give an excellent description of the probe-pulse
@ phase-amplitude modulation. For a vuv probe at 158 nm the
15 solution[Egs. (58) and (59)] presented by curve 2 give the
) 10} same duration as the solutipBgs.(34) and(35)] for a small
v propagation length, but a large difference to curve 1 and a
5t 3 2 1 periodic behavior for longer propagation, which is typical for
nonphasematched nonlinear interaction processes. However,
0 — . . . . s
curve 3 obtained by the exact numerical solution also signifi-
L) cantly differs from curve 2. Obviously, in the uv-vuv spectral
15 region the difference in phase and group velocities, the spec-
g 10 tral changes during propagation, the decreasing Raman am-
e plitude uy(z) with propagation, and second and high-order
5t 3 dispersion effects play a significant role in the ultrawide
1 spectral broadening process for longer propagation lengths.
0 ; These effects have to be studied numerically, as will be done
0 30 100 150 below in Secs. IV-VI. On the other hand, the smallest pulse
z (cm) duration after ideal compression or the largest bandwidth in

curve 3 of Fig. 9b) is achieved already after propagation of

FIG. 9. Influence of phase mismatch and walk off: the durationabout 10 cm. At this distance the curves 1 and 2 completely
of the probe pulse after exact phase compensation is presented ver- : L -
sus distance for a probe pulse wavelength 395(arand 158 nm %gree and show no significant deviation from curve 3. Note

(b) in a hollow waveguide with radiuR=70 m filled by Sk, at tha; this distance has to be chosen |n.real compression ex-
0.3 atm. Curve 1 is obtained from Eq84) and(35), curve 2 from per_'”.‘e”tsv because at. Ionger propaga'uon length .the pu!se IS
Egs.(58) and(59), and curve 3 from the numerical solution of Egs. split into subpulses with different sIgns of t.he chirp, which .
(15) and(17). The pump pulse at 790 nm has the duration 20 fs and-annot be compen_sated by normal dispersive elements. This
intensity of 50 TW/crA and the input probe-pulse duration is 20 fs. Méans that for optimum propagation lengths the simpler so-
lution, from Egs.(34) and(35) instead of Eqs(58) and(59),
dispersion but also by the Raman parameters, which explairgn also be used in the uv-vuv region for a realistic descrip-
the specific dependence of the solutf@ys. (58) and (59)]  tion of the main physical properties of the probe pulse, but a
on . full numerical simulation is necessary in order to find these
To analyze the solutiofEgs.(58) and(59)], in Fig. 9, for optimum conditions with a reduced influence of dispersion
a waveguide filled with SE we have presented by curve 2 USINg pressure optimization.
the probe-pulse duration aft_er exact phase compensation in G. Comparison with the slowly varying envelope
dependence on the waveguide length for a pump at 790 nm approximation for small Raman conversion
and a probe at 395 nita) and 158 nm(b). The probe-pulse . )
duration after ideal compression characterizes the spectra| L€t us derive from Eqg34) and(35) approximate expres-
width due to spectral broadening by the Raman modulation>'ONS for a probe pulse in the Raman-excited medium in the
ie., the shortest accessible duration by this methodt@Se Of a small conversion efficiencylirl, and compare
and is calculated from the FWHM of the fieltE(7) the above results with corresponding expressions with the
C . e .
= [”, expw7)|En(w)|dw, where Ey(w) is the Fourier- use of SVEA. For this limiting case, from E5) we find

transformed field obtained from E9). For a comparison, S~ 7+I sinQ2z, wherel'(z) = y/§u(z)dz, and obtain

we also present the probe-pulse duration after exact phase -

compensation with the neglect of the linear dispersion de-  Ep(z,7)=Ap(7—ty)c0sQu( n—tn+I'sinQ 7). (60)

scribed by the solution Eq$34) and(35) (curves ] and the

pulse duration obtained from the numerical solution of theThis is a frequency-modulated pulse without temporal ampli-

full model described by Eqs15—(17), which takes into tude modulation and this means that it does not become

account the full influence of dispersion and pump-pulseshorter during propagation. With the use of the relation

changes during propagatigourves 3. More details of the exp(xsinQ7)=3J(X)exp(lQy) [72], the Fourier-

numerical simulations are presented in Sec. IV. The intensityransformed field is given by

of the 20-fs pump pulse is 50 TW/¢émand for the chosen

waveguide and medium dispersion parameters we have *

found numerically that the excitation amplitudg(z=0) Eplw)= E JAp (@t 1Q—w)exdi(1Q —w)ty],

~0.2 and the characteristic parameket —4 and —15 for ===

curves 2 in Figs. @) and 9b), respectively. (61)
The curves 1 and 2 in Fig.(8 are almost identical and ~

show only a very small deviation from the result of the exactwhere J,=J,(I'w,,) are the Bessel functions amy,(w) is

model presented by curve 3. For the considered parameteiflse Fourier-transformed pulse envelope. If the input pulse is

in the optical range, the influence of the dispersion is obvilong with durationr,>Tg, the different terms in Eq(61)

ously weak and the solutiofEgs. (58) and (59)] does not describe discrete high-order Raman components which are

give a better description compared with E¢34) and (35), symmetric in respect of the input carrier frequeritys sup-
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1

Ei(2)=Aodi(Twpexp(il )+ Agd, 1(Tws)exdi (1+1) ¢].

(63
2 05 14
g kS| The phase relations between different spectral components
-g 0 ﬁ depend on the phaseand show a similar behavior as shown
3 122 in Fig. 10 for the special valug=0.
;’5 05 % Results analogous to Eq$2) and(63) have been derived

earlier in Refs[17,43, starting from the basic E18) using
0 the SVEA and neglecting phase mismatédh=0. The
Bessel-like distribution of the spectral intensity followed
B from Eq.(61) for the case of a pump-probe regime with short
®fs) input pump and long probe pulses was studied in &S]

FIG. 10. Spectrunisolid line) and spectral phaselashed of a However_, it should be noted that the phase; of fche different
long probe pulse for small Raman excitation. Duration is 150 fs’Raman lines are not Iocked as assumed in this paper but
I'=1.14, and other parameters are as in Fig. 2. shows, as shown above, jumpsf Obviously, the case of

two-color excitation described by Eq®2) and(63) as well
5 as the case of the pump-probe regime described by(Efs.
posed thal’ w,<2.405). Independent from the delgythe  and(61) leads to analogous formulas. These results are ob-
components have the same phase in anti-Stokes side atmined with the use of SVEA and are consistent only if the
change their sign periodically with on the Stokes side, condition(2a) or InI'<1 is fulfilled, i.e., for small spectral
owing toJ_,=(—1)'J, [Fig. 10(a)]. Therefore, at the Stokes broadening. However, for ultrabroadband spectral broaden-
side the spectral phase jumps between @rt@ashed ling ing a large modulation factor i>0.5 is required, therefore

For a short probe pulse with,<Tg, the Raman compo- a theoretical analysis without the use of SVEA is necessary,
nents given by Eq(61) are broadened and merged into aas done in Refg.21,22 and discussed in detail in the pre-
continuous spectrum with a shape which is defined by theiceding sections.
amplitudes and the phases. If the probe pulse is in the out-
of-phase point, only the Stokes components show sign IV. COMPRESSION OF VISIBLE PULSES:
changes and therefore, due to destructive interference the NUMERICAL RESULTS
spectrum is shifted to the anti-Stokes side analogous as in
Fig. 2 for a large Raman conversion. If the probe pulse is in
phase with molecular oscillations, only the spectral compo- In order to find analytical solutions in most parts of Sec.
nents on the anti-Stokes side change the sign and the specttd| the influence of linear dispersion was neglected. In Sec-
phases jump from O ter. Therefore, the spectrum is shifted tion Il F dispersion was discussed by taking into account the
to the Stokes sidécompare Fig. b However, as shown different velocities of the input pulses but neglecting the

above, with increasing these simple relations between the change of the pump pulse and the decrease of the Raman
Raman components and their phases are violated and t@énplitude during propagation. We have seen that dispersion
solution Egs.(34) and (35) should be used instead of Egs. doe_s not play a significant role in the optical _range.for certain
(60) and (61) to characterize ultrawide spectral broadening@Ptimized parameters. However, whether dispersion plays a
by HSRS. major role or can be neglected sensitively depends on the
An analogous Bessel-like distribution of the spectrum carfhosen spectral range and other parameters. In general, ve-
be obtained for the regime of two-color excitation when twoloCity walk off causes physical limitations of the shortest
cw input-pump fields with frequencies,, and ws=wpy, pulse durations due to the shift of the position of pulse maxi-
—Q with amplitudesA, and Ag, respectively, excite the Mum to the in-phase point, which typically leads to a pulse
medium and are influenced by the interaction with Ramar$Plitting after a certain propagation length. Besides, disper-
oscillations and produce a comb of Raman lines. For thision is the reason for an additional contribution to the spec-

regime, in analogy with Eq60), we find from Eqs(34) and  tral phases. Normal GVD of the gas filling leads to the com-
(35) the field pression of the pulse during propagation if the delay is in the

rangeTgr/20=<t,,<Tg/2 in the same way as the glass window
acts beyond the waveguide. The unfavorable influence of the
E(z, n):AOCOSQpL[nJrf siQn+ )] walk-off effect can be reduced by dispersion control using
the contribution of the waveguide to dispersion given by Eq.
+Ascosﬂs[n+fsin(ﬂn+ 1, (62 (16) and optimizing the pressure. In Fig. 11 the group delay
and the GVD parameter in dependence on the frequency is
presented for a waveguide with different gas pressure and
where ¢ is the phase resulted from E¢R7) for a,#0. radius. For Sk pressure 1 atm and waveguide radiusui@,
Analogous to Eq.(61), the Fourier-transformed fiel@2)  the delay time between a pump pulse at 800 nm and a probe
presents a comb of Raman lines located at frequensjes pulse at 400 nm is-100 fs after 1 m, but this value can be
=wp,t1€Q. Inthe spectral representation it can be written ageduced to~15 fs for a lower pressure 0.3 atm. The GVD
E(z,7) =2 E|(2)explw n) with parameter at 0.3 atm is significantly smaller than for 1 atm in

1.6 2 24 28 32

A. Impulsive excitation by single pump pulses
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”@ 50 ¢ 0 20 40 60 80 100
N-; 0 z (cm)
Ng 50 i/ FIG. 12. Amplitude of the Raman excitation for a pump inten-
A sity 1,=15 TWi/cnt (1), 50 TW/cnt (2), and for a sequence of 10
-100 (3) and 15(4) pulses with the intensity 20 TW/chin SF; (dashed

curve and moleculapara-H, (solid) at pressure 0.3 atm and length
w(fs-l) 1 m. Initial pump-pulse durationr,,=20 fs, wavelength\y,
=790 nm, and hollow waveguide radi&=70 um.

FIG. 11. Group delaya) and group-velocity dispersiofb) vs
frequency in a hollow waveguide filled by SFor distancel ral shapes are presented in the left and the spectra in the right
=1 m, waveguide radius 70solid lines and 150um (dashedq, sections. For a probe-pulse position in the minimum of Ra-
and gas pressure as indicated. man oscillations with delay,,= Tg/4, the spectrum is almost

symmetrical and has the widtlAw~3.5fs ! [Figs.
the whole optical domain and is anomalous for the pump and4(@),(b)]. It shows a behavior analogous to that described by
normal for the probe. On the other hand, a lower pressuréhe analytical formula in Eq52) with a quasioscillating be-
leads to a smaller modulation paramefeand therefore the havior. In difference to the analytical results, now the spec-
optimum pressure can only be found numerically, using thdral phase is compensated by normal dispersion of the me-
solution of the propagation problem with different pressureglium itself and the changes of the output-pulse phase is
and radii. In addition to dispersion of the linear refraction,much smaller thanr in a rather large spectral intervigtig.
the Raman-induced refractive index change influences th&é4(b), dashed curvds Therefore, an extremely short pulse
position of the probe pulse and leads to a shift toward thavith duration of 1.7 fs is formed during propagation in the
out-of-phase position. Note that dispersion control inRaman medium itself, close to the bandwidth-limited value.
waveguides has been used previously for four-wave mixind-or the out-of-phase delay,=0 [Figs. 14c),(d)], the maxi-
in Ref.[75] and was theoretically studied for SPM-induced
pulse compression in Ref61] and for multiple Raman line
generation in Ref[54].

To analyze the full influence of dispersion with phase mis-
match, walk off, GVD as well as higher-order dispersion
effects, and the change of the pump pulse we have solved
numerically the full basic equations given in E¢s5)—(17).

We study pulse propagation in a waveguide filled withy SF
with  a;,=1.3x10"* Cn?/V, C;=0.7fs2 and o,
=31.9 fs 1 [76,77.

The Raman amplitude and the pump-pulse change with
propagation(Figs. 12 and 13, respectivelyThe Raman am-
plitude decreases more strongly for a higher input-pump in-
tensity (curve 2 while the change is smaller for a lower
intensity (curve 1. The decrease af, is explained by the
change of the pump pul§eompare Figs. 13),(b)], because
part of the pulse energy is stored in the medium and there-
fore the energy of the pump pulse is reduced during propa-
gation. In addition, as presented in Fig(d3he spectrum of
the pulse is shifted to smaller frequencies, since the Raman
modulation created by the pump pulse itself arises mainly at

the in-phase positiofsee Eq.(27)]. FIG. 13. Change of the pump pulse in the hollow waveguide
In Fig. 14 the shape and the spectrum of a 20-fs, 395-NMfjieq with SF, gas: (a) initial pump pulse(solid line) and medium

input probe pulse is presented after propagation through Sholarization(dashedt (b) pump pulse(solid) and medium polariza-

for a distance 1 m, a pressure 0.3 atm, a waveguide radidfn (dashedi at z=1 m; and(c) initial (dotted and output(solid)

70 um, and for four characteristic positions to the inputspectrum. The initial pump-pulse intensity lig=50 TW/cn? and

probe pulse in respect of the Raman oscillations. The tempather parameters are as in Fig. 12.

Ep (W/Ag; u(m)

2 2.5 3 35
® (fs'l)
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FIG. 14. Numerically calculated temporal shaglest column
and spectral characteristi¢gght) for a 20-fs input probe pulse at 0

395 um in a hollow waveguide filled with SF The spectra and
spectral phases are plotted by solid and dashed lines, respectively.
The input position shown by arrows is in the minimya),(b), the
out-of-phase pointc),(d), the maximum(e),(f), and the in-phase FIG. 15. Temporala) and spectralb) characteristics for com-
point (g),(h). Dashed lines present the Raman oscillations at theyarison with the experimental measurements reported in[R&.
waveguide input(e) and the output(g). The pump intensity is  The upper parts refer to the minimum and the lower parts to the
50 TW/cnt and other parameters are as in Fig. 12. out-of-phase position of the input probe. (8 the pulse shapes
after propagation(curves 1,3 and after compression by 86m
mum of the spectrum is significantly enhanced on the bluesio, plate(2,4) are presented. Ith) spectra(solid line9 and spec-
side and the spectrum shows zeros located near the positiotral phasegdashey initial probe spectruntdotted, and glass plate
predicted by Eq(50). In this case the temporal shape showsphase with the opposite sigthin) are shown. The intensity of the
a short bandwidth-limited pulse with duration of 1.8 fs and apump pulse is 15 TW/cfiand other input pump and probe param-
long phase-modulated part. This agrees with the scenario @ters are as in Fig. 14.
pulse compression near the out-of-phase position as de-
scribed in Sec. lll B. The Raman medium now acts as phaseuration longer. As an example, in Fig. 15 the results are
modulator, which broadens the spectrum and causes phapessented for a 20-fs pump pulse at 790 nm with an intensity
jumps of = within the spectrum, and as compressor withof 15 TW/cn?. For two different locations at minimum of
normal GVD, which decomposes the pulse into a bandwidththe Raman oscillationgipper sections in Fig. 18, ] and at
limited short and a phase-modulated long part. For an initiathe out-of-phase poinflower sectiong a 20-fs input probe
probe delay at the maximum of Raman oscillations, we findpulse at 395 nm is broadened to a width of 1.2'sThe
the opposite behavidFigs. 14e),(f)] compared with the po- spectral phases presented by the dotted line in Figo)15
sition in the minimum, as the chirps, both due to the mediunmdemonstrate that the pulse is still significantly phase modu-
dispersion and the Raman modulation, have the same siglated. Therefore, after propagation the duration of 9.5 or 11.2
This explains the temporal shape in Fig.(@4with a long fs is longer than the corresponding bandwidth-limited value.
front. For the case of the in-phase detgy-Tr/2 presented However, normal GVD of a 82tm fused silica plate com-
in Figs. 14g),(h), the Raman amplitude modulation splits the presses this pulse to a duration of 3.7 fs or 4.0 fs at the
pulse into two parts with approximately the same peaks anéhinimum and out-of phase position, respectively. The pa-
located at neighboring out-of-phase points. However, the ad-ameters chosen in Fig. 15 are the same as in the experiment
ditional normal GVD of the medium compresses the frontin Ref. [23] , if an effective reduction factor is taken into
part of the pulse and leads to a suppression of the tail maxiaccount due to the transverse-mode distribution in the wave-
mum as seen in Fig. 1¢). This is analogous to what was guide. The predicted pulse duration and the spectral width
found by the analytical solution in Fig. 5 and is explained byare in good agreement with the measured duration 3.8 fs and
the negative sign of the frequency chirp in the time rangehe spectrum between 350 and 460 nm.
Tr/20= n<Tg/2 (when blue frequencies precede yexhd In order to justify the above given interpretation concern-
the positive sign for-Tg/2< =< Tg/20. ing the influence of dispersion, in Fig. 16 we compare the
The results in Fig. 14 are obtained for a rather high intentesults of two simulations with(curves 1 and without
sity, but still below the ionization threshold. With decreasing(curves 2 dispersion for the probe pulse. The temporal shape
pump-pulse intensity the probe spectrum is narrower and thef the pump pulse is more strongly influenced by the addi-
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FIG. 16. Influence of the medium and hollow fiber dispersion on
the t_empora(g) and spectra{l_o) chgracte_ristics of_the probe puls_,e: FIG. 17. Influence of the SFpressure on temporéd) and spec-
1, with material and waveguide dlsperspn; 2, without. Dotted lines; g (b) characteristics of the probe pulse for the same pressure-
§how the envelopes and spectra of thellnput probe pulse. The d“r%'ngth product: 1, pressure 1 atm, distance 0.3 m, 2, 0.5 atm, 60 cm,
tion of the probe pulse at distance 1 mis 18and 9.7 fS(2). The 3 g 3 atm, 100 cm. All input pump and probe pulse parameters are
intensity of the pump pulse is 50 TW/énand other parameters are 5 ip Fig. 14. In all three cases the output duration is the output

as in Fig. 14. probe pulse is 1.7 fs.

tion of dispersion, while the spectral changes with redshifte¢taling of the optimum parameters. If dispersion is not taken
maxima are similar in both cases. With inclusion of disper-into account, the propagation problem in the Raman-excited
sion the spectrum of the probe pulse shown in Figbl&  medium depends mainly on dimensionless parameters
somewhat narrower, while the pulse duration of 1.8 fs isy,cay,NL/7, and alegrpu/ﬁ, Q 1y, andQ 7. Therefore,
significantly smaller than in the case without dispersion,for optimum conditions a smaller propagation lengthre-
which yields a 9.7-fs pulse after the Raman medium. Theyuires a correspondingly higher pressure. However, this re-
spectral phases shown by dashed lines in Figb)l€xplain  |ation is not valid in general. In particular, for probe pulses in
this large difference in the temporal behavior. Without dis-the uv-vuv spectral region, the influence of dispersion be-
persion the spectral phase shows the jumplike behavior typomes stronger and has to be considered carefully, as shown
cal for the out-of-phase delay as described by [B6). With in Sec. V.
inclusion of dispersion of the Raman medium, the change of
the spectral phase of the output probe pUlBa. 16 (b), B. Impulsive excitation by pulse sequences
curve 1] is much smaller thanr almost in the whole spec- )
trum. This explains the decomposition of the pulse into a_ !N order to generate still shorter pulses, a larger modula-
short central part and a long wing for the out-of-phase initialfion factor I' has to be realized over a short propagation
position and demonstrates the simultaneous action of phagiStance before walk off and higher-order dispersion effects
modulation by HSRS and phase compensation due to line&2use pulse splitting during propagation in the Raman-
dispersion of the gas filling. exqteq medium. By increasing the pump |nten5|t_y the am-
From the results presented in Figs. 14 —16 the conclusioRlification parametef” can be increased, but the highest in-
can be drawn that in the optical range the effects of phasténsity is limited by the ionization threshold. A possible
mismatch and walk-off effect are relatively weak and disper_method to mcrea_lsE but avoid ionization is the excitation of
sion introduces mainly an additional spectral phase whiciihe€ Raman medium by a pulse sequence synchronized to the
can be used for compensation of the Raman-induced spectf@®@man period and with intensities of the individual pulses
phase. This fact is supported by Fig. 17, where the tempor£e|0W the ionization threshold0]. With the weII-deveIQpe(_j
shapes and spectra of the output probe pulses are present€ghnique for shaping of ultrashort pulses by spatial light
for different pressures but the same product of pressure arfodulators, the generation of pulse sequences is a feasible
length of the waveguide. For the input probe position we usé&XPerimental method. _
the minimum of the Raman excitation. As seen, the spectrum Theé Raman amplitudeio(z=0) for pumping by a se-
and pulse duration of the probe pulses do not change signifiueénce ofM +1 pulses with the field strength
cantly for different pressures but with the same pressure-

M 2
length product. E A o F{—Z n2 77—|Ts) cos
The above described weak influence of the walk-off effect i 7) Ogo X Tou CpuT:
in the optical frequency domain allows an approximate res- (64)
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2F in satisfactory agreement with analytical estimation in Eg.
(40). After propagation b1 m in H, the last pulses in Fig.

‘g 1 A AR Q A A ﬁ A A 18(b) are strongly influenced and significantly compresse_:d
£ 0 _,\/\/\/A 5\5if['1 ‘f; :‘E §§ .’\ i ;\[‘!\ /\ i [\\/[\. by the Raman response of the foregoing pump pulses, which
§ Vi k‘; \};‘ i \s' i[ i ] E‘} \j\/ \/ leads to short peaks with synchronized repetition tifipe

= - o VvV, - near the maximum of the Raman oscillations and in addition,
® longer weaker pulses located near the out-of-phase positions.
= (b) Therefore,uy at the output is smaller than at=0 but it

;’a 1 reaches a quasisteady state without change during the last

pulses due to the opposite action of the short central pulses
and the longer intermediate pulses. The decomposition of
L. every individual pulse in case of Fig. @8 can be explained
0 J\/\/\/\/\/\/\/\\/\/\/\\/\\/\/\/\\/W by the fact that the Raman response is mainly in phase with
08 04 0 04 0.8 the pump pulses itse[see Eq.(27)], therefore every pump
1 (ps) pulse is split into two parts with comparable energies as ex-
plained by the analytical solution presented in Fig. 5. The
FIG. 18. Envelope of a pump-pulse sequence of 15 20-fs, 20action of dispersion leads to compression of one of them and
TW/cn?, 790-nm pulsegsolid line) and Raman excitatiofdashed ~ prolongation of the other part. The shorter parts of the pump
at the input(a) and at distance=1 m (b) in H, at pressure 0.3 atm pulse are located in the maxima of the Raman oscillations,
and for waveguide radius 7@m. because the positive chirp of the pulses in these positions is
compensated by the anomalous dispersion for the redshifted
with separation tim& s and pulse duratiom,,<Tg, can be  pump pulses. The separation time of the split pulses does not

found from Eq.(27) as follows: match the Raman period, therefore it interferes, in part, de-
structively.
\/;alzrpu 5 QZTSU Pump-pulse depletion and the splitting of the individual
Uo=—4h\/m 0eXp — 161In2 pulses in the train explains the dependence of the Raman

amplitudeug on the propagation distance and the number of

1 pulses presented by curves 3 and 4 in Fig. 12. The amplifi-
sing(M+1)OQTs cation parameter a=1 m for curves 1 and 2 is aboit
xl—co%MQTS. (65 ~2.3 which is in correspondence with the estimate by Eqg.
Sin-QTg (39). We checked numerically also how accurately the syn-
2 chronization conditioriTs=Tg has to be fulfilled, and found

- ] ] ) out that a shift of the repetition time by 2% does not influ-

If the repetition rate is match(_ad to the rotational or V_'bra'ence the excitation remarkably and the pump-pulse synchro-
tional periodTs=Tg, the amplitude of the Raman oscilla- pjsm is not destroyed during propagation. In the case of a
tion up is maximum and for the optimal pump-pulse durationgndom change of the repetition time or a jitter the limit for
Eq. (37) Up=aAFTR(M+1)/\(87h. However, after allowed deviations is less severe.
propagation of a certain distance the Raman polarization in- |n Fig. 19 we present two examples of probe pulses after
duced by the foregoing pulses reacts on the latest pulses apgopagation through a waveguide filled wiffara-H, and
can change their shape and position which in turn re-acts opumped by a sequence of 10 pump pulses at 790 nm with
the polarization and decreases its amplitude. duration of 20 fs and intensity of 20 TW/@mThe probe

We studied this problem numerically by the solution of pulse at 790 nnfiFig. 19a,b] with an initial probe timing in
the basic Eqs(15)—(17) for a sequence of 15 pump pulses, the out-of-phase point is phase modulated after propagation
each with intensity of 20 TW/cfand duration of 20 fs at of 1 m through the waveguidgrig. 19a)], as can be seen
790 um and a separation times=Tg=94 fs for molecular  from the spectral phase [iFig. 19b)], and has a duration of
para-H, at pressure 0.3 atm and with the Raman polarizabil4.4 fs. A plate of glass with fitted thickness can compress this
ity a1,=1.3x10"* Cn¥/V and Sellmeyer coefficient€;  pulse to 1.9 fs. The spectral phase of the glass with opposite
=0.07fs? ©,=20.0fs!, C,=0.06fs? and o signis close to the phase of the pulse in the main part of the
=25.7 fs 1 [77,78. spectrumdashed and thin lines in Fig. (9, respectively.

In Fig. 18 the envelope of the pump pulgsslid curve$  In contrast, a probe pulse at 395 fifig. 19c,d)] is almost
is presented together with the Raman respar(sg (dotted  bandwidth-limited after the optimum distance of 65 cm,
at the inputz=0 [Fig. 18a)] and at distance=1 m [Fig.  where the pulse duration is 1.1 fs. The compression here is
18(b). As can be seen, at the inpzt O during the first seven only due to the dispersion of the gas filling without an addi-
pump pulses, the Raman response continuously increaséenal glass plate. The intensity of the individual pulses in the
proportionally to the total energy of these pulses. Howeversequence in Fig. 19 is about the same as in Fig. 15 for pump-
the last pulses do not increase the Raman amplitude but leadg by a single pulse. For the probe pulse after the Raman
to a reduction oliy due to saturation of the two-level system medium we obtained a pulse duration of 11.2 fs which is
described by Eqgs(17). The reasonable number of pump shortened to 4 fs after a glass plate. In comparison, we see
pulses is about seven with the total fluence of about 3 %/cm from Fig. 19 that a sequence of ten pump pulses leads to
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the probe pulse fopara-H, at 0.3 atm, pumped by the sequence of

ten 20-fs, 20-TW/crf, 790-nm pulses and for input pulse of dura- FIG. 20. Probe-pulse duration vs distan@®lid curve$ and
tion 30 fs at 790(a),(b) and 395(c),(d) um. (a) Probe pulse at corresponding bandwidth-limited duratiddashed for input dura-
distane 1 m and after compression by a Siplate of thickness tion 100 fs at 175 nm and for pumpirig) by one 15-TW/crf pulse
54 um; (b) spectrum(thick line), spectral phasédashed, and  with duration 90(1), 70 (2), and 30 fs(3) and (b) by four 20-fs
phase of the glass platéhin); (c) probe pulse at distance 65 cm; pulses each of intensity 12@) and 50 TW/crd (2) at 790 nm.
and (d) pulse spectruntthick line) and spectral phasglashegl Other parameters are as in Fig. 18.

compression to 1.1 fs. This demonstrates the advantage of The analytical description of uv-vuv pulse compression is
this pump regime for pulse compression. identical with that in the optical range given in Sec. Ill. In
difference to the optical region in uv/vuv dispersion has
stronger influence and leads to pulse splitting at 1 atm al-
ready at short propagation lengths when the spectrum is still
Ultrashort uv-vuv pulses are of great interest for ultrafastnot broad enough. This requires one to reduce phase mis-
time-resolved measurements of atoms, molecules, and soliggatch and walk off by dispersion control of the waveguide,
in physics, chemistry, biology, and material scien¢ese, using an optimized pressure. As a result of such optimization
e.g., Refs.[79-81] and references therginThe standard we found that for too low a pressure the pulse compression
technigue to generate ultrashort pulses in the uv-vuv regioand the spectral broadening is small because of the reduced
applies mainly nonlinear optical techniques for frequencyRaman polarization, while with too high a pressure the bulk
conversion. By use of crystalline media with second-ordeicontribution to dispersion increases and the effective spectral
nonlinearity, femtosecond pulse up-conversion has beewidth remains relatively small because after a certain propa-
achieved in wavelengths in the range of 265-166 (see, gation length pulse splitting occurs.
e.g., Refs[82—-84), but in this method the shortest possible In Fig. 20a) the evolution of the duration of a 100-fs,
durations are severely limited by walk-off and phase matchd75-nm input probe pulse with propagationpara-H, at 0.3
ing limitations. Another method is the use of near-resonanatm and a waveguide radius of 7n excited by a single
frequency conversion in gasdsee, e.g., Refs[85-89. 15-TW/cnf pump pulse with different durations is shown.
Nonresonant frequency conversion by use of gaseous nonlif-he pulse duration of the same pulses after an ideal compres-
ear media in hollow waveguides with generation of 8 fs atsion with exact phase compensation is plotted by dashed
270 nm has been demonstrated in R&6]. Using cascaded lines. The compression is optimum for a pump-pulse dura-
four-wave mixing in hollow waveguides, the generatedtion of about 30 fs; this agrees with the formula for optimum
wavelengths were shifted up to 160—200 [#0]. However, pulse compression given in E@7). As seen in Fig. 20a) in
all methods known up to date suffer from low efficiency or curve 3 the ideal compressed pulse has a duration of 4.5 fs.
too long pulse durations which are typically in the range ofAlmost the same result with an output duration of 4.6 fs can
or larger than 100 fs. Therefore, a feasible physical methotbe obtained by a real compression using ag90-fused
for pulse compression in uv-vuv would be highly desirable.silica plate. In order to obtain still shorter pulses one has to
In the present section we show that pulse compression bsealize a higher Raman conversion over a short distance be-
HSRS in the pump-probe regime can be extended into théore walk-off effects become critical. As shown in Sec. IV B,
wavelength range of UV/VUV with extremely short output a possible way to realize this goal is to use a pump arrange-
pulses in the range of 1 fs, starting with input probes with ament with synchronized pulse sequences. In FigbRthe
duration of 70-100 fs, which is accessible by the knownevolution of the pulse duration with propagation in &t 0.3
methods. atm is shown for 100-fs probe pulses with central wave-

V. COMPRESSION OF uv-vuv PULSES
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FIG. 22. (a) Temporal shape of a 100-fs, 175-nm vuv pulse after

0.4 10 em M bk ,;:;:i:mﬂ&, propagation of 25 cn{1) and after compression by 20m SiO,

1, (w) (arb. units)

plate (2), and(b) spectrum and phase of the output probe pulse for

S cm pump by four 20-fs pulses of intensity 12.5 TW/mt 790 nm.

0 z=0cm
8 9 10 11 12 13

o (&) 70-fs input probe pulse at 197 nm and 158 nm to 1.28 fs and
1.40 fs, respectively55]. Thus, the given examples demon-
strate the specific features of pulse compression in uv-vuv by
HSRS with shortest accessible pulse durations in the range of
1fs.
S ) Besides pulse compression the enormous bandwidth of
length at 175 nm. The waveguide is excited by four 790-nMe nrobe pulse after propagation through the hollow wave-
20-fs pump pulses with an intensity of 12.5 TW/efourves  guide can be used for the generation of tunable uv-vuv
1) and 50 TW/crﬁ (curves 2 and a separation time equal the pjses with moderate durations. As an example, using simply
Raman period. The solid lines 2 are interrupted at thosg spectral filter as, e.g., a multilayered dielectric mirror the
lengths where multiple pulses occur due to dispersion.  gpectrum in Fig. 21 can be selected such that without addi-

In Fig. 21 the corresponding evolution of the probe-pulseijona| chirp compensation bandwidth-limited pulses with a
shape[Fig. 21(a)] and spectruniFig. 21(b)] is shown for the - qyration of 10-15 fs and central wavelengths tunable from
the sequence of four synchronized 50-TW#cpulses. After 250 to 150 nm can be generated.

25 cm the spectrum is significantly broadened and is ex-
tended from 230 nm to 145 nm and the temporal shape
shows a compression up to 1.6-fs duration. Note that the
probe pulse at distance 25 cm is almost bandwidth limited Ultrashort pulses in the MIR are required for the investi-
and the compression occurs due to the normal dispersion gfation of elementary physical and chemical processes in con-
the gas filling only. In Fig. 2(8) two side peaks are formed, densed matter(see, e.g., Refs[91-94 and references
temporally shifted from the main pulse byTg, because the therein. In most of such studies optical parametric amplifi-
input-pulse duration is already in the range . For a  cation (OPA) is used to generate MIR idler pulses with a
probe input with a duration shorter than about 70 fs such sidéypical duration of 100—200 fs. The shortest pulses in MIR at
peaks do not occur. 3—4 um reported up to now have a duration of about 50 fs,

In Fig. 22 the shapéFig. 22a)] and the spectrurfiFig.  consisting of five cyclegsee, e.g., Ref95]). Numerous ap-
22(b)] of a vuv 100-fs pulse at 175 nm are shown for theplications demand MIR laser sources with still shorter dura-
case of four synchronized pump pulses with the lower intentions and therefore the development of a feasible pulse com-
sity of 12.5 TW/cn? at distance 25 cm. In this case the spec-pression method for this spectral range is of high importance.
trum is extended from 160 to 200 nm and the pulse after the In the present section we show that the method of pulse
Raman medium is compressed to 31.4[darve 1 in Fig. compression by the application of HSRS has also a great
22(a)] and has a negative chirp as shown by the dashed linpotential in the MIR spectral range. We solve EG®)—(17)
in Fig. 22b). After compression by a plate of SjQuith a  numerically to study the propagation of pump and probe
thickness of 2Qum the probe pulse is compressed to 2.5 fs.pulses in hollow waveguides filled by molecula@ara-

With an increased number of ten pump pulses with onlyhydrogen with a period of molecular oscillatiofg= 94 fs
20-TW/cn? intensity, we have predicted compression ofat 1 atm. In Fig. 23 MIR pulse compression is shown for a

FIG. 21. Evolution of temporal shag@) and spectrunib) of
100-fs input-probe pulse at 175 nm for pumping by four 20-fs
pulses, each of intensity 50 TW/énat 790 nm.

VI. COMPRESSION OF MID-INFRARED PULSES
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taves, allowing the generation of single-cycle MIR pulses.
However, it is not transform limited, as seen in Fig(23

2 where the spectral phagg w) of the output probe pulse is
‘32 presented by the solid line. Such kind of phase modulation
£ can be compensated simply by a piece of glass with fitted
E thickness, which has anomalous dispersion in the MIR. The
¥ glass plate may simultaneously serve as an output window of
3_1 I | 05fs the hollow waveguide and/or as input window of a vacuum

2
P

chamber where the compressed pulse is used for measure-
ments. The thin line in Fig. 2B) shows the phase. with
opposite sign introduced by a 0.3-mm piece of gakhich

|
3

is close to the numerically obtained pulse pha¢e) so that
n (s) the residual phase is much less tharin a large part of the
1 (b) A 0 whole spectrum. A pulse compressed by the glass plate is
_ v - _ presented in Fig. 23) (lowest curvg, demonstrating the
g VAl ; 5 G compression to a single-cycle pulse with a FWHM of 6.5 fs,
: yd X a which is unprecedented in the MIR frequency region.
8 il g The analytical solution, as given by E¢84) and(35) for
2 i/ -4 § the parametel’ =1.88, estimated from the numerically cal-
5 / kS culated amplitudeuy(z) is close to the numerical solution
; 16 presented in Fig. 23), which takes into account the influ-
/ ence of linear dispersion and loss. This shows that for opti-

mized waveguide radius, the influence of the linear disper-
sion in the MIR on the phase-amplitude modulation is
obviously negligible.

FIG. 23. Temporala) and spectralb) characteristics of a me-  The explicit expressiori47) for the Fourier-transformed
dium infrared pulse irpara-H,: (a) From top to bottom, temporal probe field can also be used for the description of the spec-
shapes of 70-fs, 4sm input pulse, output probe pulse at distance 1trym and spectral phases in MIR. However, for the param-
m along with Raman oscillationglashedi and output probe pulse eters considered in Fig. 23, two maxima at neighboring
compressed by a 0.3-mm Caplate; and(b) dotted line, input ot of phase points occur, therefore in the stationary-phase
probe pulse spectrum; thick solid lines, output pulse spectrum anghathod both maxima have to be taken into account in the

its spectral phase; dashed, the phase of a 0.3-mm @lake with ;0 integral in Eq(46), which yields the following expres-
opposite sign. Pumping is by a 20-fs, 20-TWfcpulse at 790 nm, sion:

pressure of the molecular,Hs 1 atm, hollow waveguide radius is
0.5 mm.

02 04 06 08 1 1.2
o dsh

C )
Epl @)= 5={[e~'(“~“»TRAX (5, — Tg) + A (s1) JAI
20-fs, 20-TW/cm pump pulse at 790 nm. The input probe pl @) 3‘/8w{[e " AN TR+ Ap( S TAIX)

pulse which can be generated, for instance, by OPA has a o) T .

duration of 7, =70 fs at 4.m. Material dispersion was de- +[e P IRAR(S2— TR) +Api(S) JAT* (X))

scribed by the Sellmeyer formula. The waveguide dispersion (66)

plays a special destructive role in the MIR, whereby pulse

splitting prevents a compression to short durations. However, L 12 ,

with larger waveguide radiuR=0.5 mm the influence of 1€7€:S1o=tm¥ I'[(I'wp—w)/ew]™and other notations are

walk-off effects due to waveguide dispersion can be signifi-9iVen in Equatior(46). Equation(66) predicts all features of

cantly reduced. the broadened prpbe spectrum in Fig. 23tfger — Tr/4 and
Figure 23a) presents the input and output probe pulsediVeS almost ar'1'|dent|cal pldhot presented he}qur an

after propagation fol m along with the Raman oscillations. NPUt peak position—Tg<t,<0, the second term in Eq.

The input pulse was timed to the maximum of Raman oscil(66) dominates and has the spectral phase

lations to ensure positive frequency modulation with red fre-

guencies preceding the blue desired for compensation by a 2 a

piece of glass which typically has anomalous dispersion in pw)=—pw)=— §(Fwo—w)3’2/ cwt g (67)

the MIR. The output pulse has a double-peaked structure

with two maxima in the vicinity of two neighboring out-of-

phase points and with an intensity FWHM of 23.1 fs. Thefor o<I'w, and ¢(w)=0 for w>T'wy. In Eq. (67) the

spectrum of this pulse is presented in Fig.(83 which  asymptotics of the Airy function Eq$48) and(49) has been

shows a broadening from 2 to 7m for a level of 20 dB  used. The phas@7) does not depend on the pulse duration

and with a blue shift of the maximal component to the wave-and, as shown in Fig. 2B) by the dashed line, the difference

length 2.5um. For comparison the initial spectrum is shown from the numerically calculated phase caused by the neglect

by the thin line. The output spectrum covers almost two oc-of the first term in Eq(66) is much less thanr.
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and pulse compression by Raman-active molecular modula-
tors for the impulsive pump-probe regime in spectral ranges
reaching from the MIR up to the uv-vuv. Using the analytical
solution (34) and (35) without the preposition of SVEA, the
simple analytical expressiori¢2) and(52) were derived for

the temporal and spectral characteristics of a probe pulse
modulated by the impulsively excited Raman medium,
which gives a clear physical understanding of the specific
character of pulse compression by HSRS with remarkably

Epr(n) (arb. units)

N (b) P different features as compared to SPM. As discussed in Sec.
‘g 5 Il B, in different regions of the pump-probe delay smooth
£ o5 | N 1-4 2 spectral phases with positive or negative chirp arise, which

§ ’ 2 ) 6 2 can be compensated simply by dispersion of a glass plate
< T —— 8 < with normal dispersion in the optical or uv-vuv or anomalous
~ © e dispersion in the MIR for the generation of extremely short

0 4 P 1'2 16 single pulses. Near the out-of-phase position, phase jumps

A (um) occur within the spectra and in this case a compressor with

normal as well with anomalous dispersion decomposes the
FIG. 24. Temporal shap@) and spectral characteristiés) of ~ Pulse into a short bandwidth-limited and a long weak phase-
the MIR probe pulse irpara-H, pumped by four 20-fs, 12.5- Mmodulated part.
TW/cn? pump pulses at 790 nm: 1, pulse at disericm withfull To find the optimum waveguide, medium and pump pa-
width at half maximum (FWHM) 12.9 fs; 2, corresponding rameters, and the physical limitations for the shortest pulse
transformed-limited pulse with FWHM 2.8 fs. Other parameters aredurations, the influence of dispersion and pump-pulse distor-
as in Fig. 23. tion was studied in different spectral ranges in Secs. IV, V,
and VI, respectively, by numerical solutions of the basic
The ultimately shortest pulse duratiap,,, accessible by equations. It was shown that phase mismatch and walk off
ideally complete phase compensation, is given by (&dj), due to waveguide and medium dispersion play different roles
which predicts rather accurately the duration 6.5 fs of thdn different spectral ranges. In the visible region walk off
pulse shown in Fig. 23). effects are still relatively small for not too large waveguide
We studied also pulse compression of a 50-fg,m-input  lengths, while in uv and vuv this effect becomes more criti-
pulse bypara-H, in the hollow waveguide excited by a syn- cal and leads, in general, to pulse splitting before significant
chronized sequence of four 20-fs, 12.5-TWfgpump pulses  pulse compression can occur. In Sec. V it was shown that the
at 790 nm(Fig. 24. Curve 1 presents the temporal shape ofwalk-off effect in uv-vuv can be reduced using the wave-
the pulse with a second weak peak. In Fig(lf14he spec- guide contribution to dispersion with optimized pressure. For
trum of the probe pulse after propagatidriian is presented, a pump intensity just below the ionization threshold the du-
which is extended from about Am to 16 um, spanning ration of visible or uv-vuv pulses can be decreased to about
more that four octaves. The spectrum shows several maxima fs. A possible method to increase the Raman modulation
with a peak near Jum and a well separated maximum at parameter but avoid ionization is the excitation of the Raman
10 um. The spectral phasédashed ling is close to medium by a synchronized sequence of pump pulses, which
— g (2mc/\) given in Eq.(67). The spectral phase of this was studied in Secs. IV B and V. Using a sequence of four or
pulse cannot be compensated simply by a piece of glas$gn pulses with a total pulse energy below 0.3 mJ, we have
because the dispersion of glass in this spectral range is bofiiedicted the shortest duration for visible and uv-vuv pulses
normal and anomalous. Curve 2 in Fig.(&4shows the of about 1 fs. The enormous bandwidth of the probe pulse
pulse shape after ideal phase compensation and demonstragé also be used for frequency detuning of uv-vuv probe
the generation of a quasi-half-cycle pulse in the MIR spectrapulse with durations 10-15 fs.
region with as short FWHM as 2.8 fs. However, in real ex- In the MIR spectral range the waveguide contribution to
periments such phase compensation by anomalous dispersidispersion plays, in general, a crucial destructive role,
from the optical to the MIR spectral region is difficult to whereby pulse splitting prevents a compression to short du-
realize. On the other hand, if a part of the spectrum in Figrations. However, for an optimized larger waveguide radius
24(b) is cut off by a filter, the remaining spectral part is this effect can be significantly reduced. With a probe delay in
almost bandwidth limited and yields 10-20 fs MIR pulses atthe range of the maximum of the molecular modulations, the
tunable central wavelength between 2 andgif. Such Raman-induced spectral phases of the probe pulse can be
short pulses in the MIR have not been generated to date byompensated by a piece of glass with anomalous dispersion

the known methods. in the MIR. As a result we have found that by a single 20-
Twicn? pump pulse, single-cycle MIR pulses with a dura-
VIl. CONCLUSION tion of 6.5 fs can be generated. Using a sequence of four

pump pulses, probe pulses with four-octave broad spectra
We have reported the results of a comprehensive theorefrom 1 to 16um are predicted and filtered parts of these
ical study of ultrabroadband phase-amplitude modulatiorspectra can be compressed simply by glass plate to tunable
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single-cycle pulses. Note that the probe-pulse energy in allanges from MIR up to vuv and open up new intriguing
spectral ranges can be increased up to relatively high valuagsearch in different fields of physics, chemistry, biology, and
but still lower than the pump-pulse energy. material science.

Finally, we have shown that pulse compression by HSRS
is a feasible physical method to generate extremely short
pulses not only in the visible, but also in the MIR and vuv ACKNOWLEDGMENT
spectral range. A possible experimental realization should
have far-reaching applications for time-resolved investiga- We acknowledge financial support by the Deutsche For-
tions with an unprecedented time resolution in the spectraschungsgemeinschatft.
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