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Two-dimensional model for femtosecond pulse conversion and compression using high-ord
stimulated Raman scattering in solid hydrogen
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We present a numerical model for the interaction of a femtosecond probe pulse with a Raman medium
excited by two nanosecond laser pulses in solid hydrogen. The model consists of a solution of a system of
Bloch equations~for the medium state! and of the two-dimensional wave equation~for the field propagation!.
It is shown that by optimizing the tilt angle between the two driving pulses and the interaction length, the
power of the probe pulse can be converted either into a quasicontinuous broadband spectrum or into a selected
high-order sideband. The first situation can be used for generation of subfemtosecond pulses. The second
situation can be used for the wavelength conversion of a femtosecond probe pulse from the infrared to the
ultraviolet region. Due to the transfer of energy from the driving pulses, the energy conversion efficiency of
these processes~with respect to the probe pulse! can be larger than unity.
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I. INTRODUCTION

The generation of subfemtosecond pulses~SFPs! is of
great importance for various applications in science and te
nology. This is a challenging problem and has been attrac
much attention~see, for example, Ref.@1#!. The basis of all
traditional pulse compression schemes is the interplay
tween the Kerr-induced self-phase modulation and the ne
tive group-velocity dispersion~GVD!. In this way, the short-
est pulses achieved today (;4.5 fs) approach the duratio
of the optical cycle (.2.7 fs for Ti:sapphire laser! and are
limited by the accessible bandwidth. To go beyond the 1
barrier different methods have been proposed. One of
promising methods is high-harmonic generation~HHG! with
an intense, few-cycle Ti:sapphire laser pulse in noble ga
@1–3#. It has been predicted that the pulse composed of c
secutive harmonics would have the duration which is sho
than 1 fs. The latest development in this area is the exp
mental demonstration of subfemtosecond pulse struc
@4,5#. The most serious disadvantage of the HHG metho
the low-energy conversion efficiency (<1023). Another
method is high-order stimulated Raman scattering~SRS!
@6–12#. The key idea of this method is the use of a bro
Raman spectrum for the pulse compression. For exam
Yoshikawa and Imasaka suggested the use of phase-lo
Raman lines for short-pulse generation@6#. Kaplan predicted
2p Raman solitons with phase-locked spectrum@7#. Harris
and Sokolov proposed to use two single-mode laser be
for an adiabatic molecular excitation@8#. Nazarkinet al. and
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Belenovet al. suggested the use of an impulsive excitati
technique@9,10#. Kalosha and Herrmann proposed the use
subpicosecond pumping followed by external phase comp
sation @12#. The most important advantage of the SR
method is the high-energy conversion efficiency~near-
complete conversion can be achieved!. A disadvantage is tha
it leads to trains of many pulses. It is important to note th
the SFPs generated by the SRS method usually consis
single or a half an oscillation and represent a special type
radiation ~a pulse without a carrier frequency@9,10,13#!.
Such pulses, which in the past have only been available
the tetrahertz spectral region~see, for example@14#!, can
bring interesting physical phenomena in the light-matter
teraction and enrich the potential applications for ultrash
pulses.

In our previous paper@15# we have proposed a SRS tec
nique for the SFP generation: a femtosecond~fs! probe pulse
beats ~instantaneously! with a Raman coherence adiaba
cally prepared by two nanosecond~ns! driving pulses in solid
hydrogen (H2). This technique combines the advantage
the cw two-color laser pumping@8# in producing large co-
herence and the advantage of the short-pulse excitation@12#
in reducing the number of generated SFPs. It also utilizes
advantage of solid H2 as a Raman medium with high
molecule density, short-medium length, small dephasing r
and negligible phase mismatch@16–18#. By numerical mod-
eling for solid H2, we have shown that the beating of a
pulse with a driven Raman coherence can generate a do
or triplet of pulses with a pulse length of 0.5 fs without th
need for external phase compensation. In that paper, we
used the one-dimensional~1D! numerical model which is
applicable along the assumptions that pump and probe pu
are applied collinearly and have infinite beam sizes~the laser
intensity distribution is uniform across the propagation dire
tion!. We have also assumed that the Raman generation
curs in the same direction, which we justified by the fact th
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dispersion plays a negligible role in the high-coheren
regime.

A real experimental picture can be far richer than the
theory. An experiment with a two-frequency pump has co
firmed that in a low-pressure gas multiple sideband gen
tion can occur collinearly; however, at a higher press
~higher dispersion!, for the same pump parameters the an
Stokes generation is less efficient and forms ring structu
„see Fig. 2~d! of Ref. @19#…. In earlier experiments with solid
H2 Hakutaet al. @16# have shown simultaneous generation
the ring and on-axis components. It is also of interest
consider a situation where laser beams are not collinear
varying the angles among the applied beams one can co
the magnitude and the direction of the wave vector for
Raman coherence, and at the same time achieve beam
ration at the output.

The present paper extends our previous theoretical in
tigations to the two-dimensional~2D! case. The 2D mode
enables us to consider the noncollinear beam propaga
geometry~see Fig. 1! and to take into account the realist
intensity profiles and diffraction effects. We use our mode
investigate the interaction of a fs probe pulse with a Ram
medium excited by two ns laser pulses. In this paper~i! we
verify the results obtained under the 1D assumption~subfem-
tosecond pulse generation in solid H2 as described in Ref
@15#!; and~ii ! we use the 2D model to study a regime, whi
is not accessible to 1D models, and show the possibility fo
noncollinear selective sideband conversion. To the bes
our knowledge, this is the first time the 2D numerical mod
has been used to study multisideband Raman generation
shall show that by optimizing the tilt angle between tw
driving pulses and the interaction length, the power of a
probe pulse can be converted either into a quasicontinu
broadband spectrum or into a selected high-order sideb

FIG. 1. Schematic of the technique.k0 , k21 , p0, and km are
wave vectors of two nanosecond driving pulses, femtosecond p
pulse, and generated Raman coherence. Theu is the tilt angle be-
tween two ns driving pulses. Thea is the angle between generate
Raman coherence and pump pulse. The beating of the probe
with the Raman coherence occurs along the wave vectorkm .
03380
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The first situation can be used for generation of SFPs.
second situation can be used for wavelength conversion
fs probe pulse from infrared~IR! to ultraviolet~UV! region.

II. NUMERICAL MODEL

In this paper we consider the interaction of a fs pro
pulse with a Raman medium~solid H2) excited by two ns
laser pulses. The ns pulses are tuned close to the Ra
transition ua&→ub&, but far detuned from the upper elec
tronic statesu j & of the molecules. This far-off resonance r
gime permits adiabatic preparation of a large Raman co
ence @8,17,18#. The probe pulse has a duration which
comparable to the Raman period (;8 fs) and has an energ
that is much smaller than the energy of driving pulses. The
fore the influence of the probe pulse on the medium state~via
impulsive SRS or Kerr effect! is negligible. Our simulations
consist of two steps which occur on two significantly diffe
ent time scales.

The first step, the ‘‘coherence preparation,’’ occurs on
ns time scale. In this regime the calculations are carried
in frequency domain based on the slowly varying envelo
approximation~SVEA!. This approach is accurate when th
durations of driving pulses are much longer than the Ram
period. The basic equations for 1D calculations in this
gime have been derived in papers@7,8,11#. The generaliza-
tion of the formalism for the 2D case is as follows. We co
sider the propagation of waves in 2Dxz plane~electric fields
of waves are perpendicular to this plane!. We assume that the
waves propagate primarily along thez axis and the variations
of wave envelopes inz direction change slowly compare
not only to exp(ikz) but also to the variation in transvers
direction x ~the paraxial approximation!. Further, we make
the SVEA, i.e., we assume that wave envelopes vary slo
in time compared to exp(2ivt). Then the total electric field
can be expressed as a sum of the Raman sideband field

E~x,z,t !5
1

2 (
q

Eq~x,z,t !exp~ ikqz2vqt !1c.c., ~1!

where q is the numeration of sideband fields,kq5vq /c;
vq5v01q(vb2va2d)5v01qvm ; d is the two-photon
detuning;v0 and v21 are the frequencies of two driving
pulses;va , vb , andvm are the energy of levelsa andb and
modulation frequency, respectively. It is important to no
that the paraxial approximation, which is valid for bea
sizes much larger than the wavelength, does not impose
limitation on the pulse duration@20#. The expression~1! does
not mean waves propagate strictly along thez axis. The ac-
tual propagation direction of each Raman sideband is defi
by the phase factor of their wave envelopeEq(x,z,t). Chang-
ing to the local time (t5t2z/c) and performing the same
procedures as described in@8,11# we obtain the Bloch equa
tions for density-matrix elementsraa , rbb , andrab and the
wave equation for wave envelopes

S ]

]t
1

1

T2
2 id D rab5 i ~Vaa2Vbb!rab1 iVabw,

be

lse
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TWO-DIMENSIONAL MODEL FOR FEMTOSECOND PULSE . . . PHYSICAL REVIEW A 65 033809
]w

]t
1

w11

T1
52i ~Vab* rab2Vabrab* !, ~2!

S ]2

]x2
12ikq

]

]zD Eq52
2N\vq

2

e0c2
@~aqraa1bqrbb!Eq

1dq21rab* Eq211dqrabEq11#,

~3!

wherew5rbb2raa is the population difference;T1 andT2
are the population decay and dephasing times;Vaa , Vbb ,
and Vab are the Stark shifts and the two-photon Rabi f
quency, respectively. The expressions for coupling coe
cientsaq , bq , anddq and the other parameters are given
Ref. @11#.

The second step, the ‘‘beating’’ of the prepared Ram
coherence with a fs probe pulse, occurs on the fs time sc
In this regime, the paraxial approximation is valid. Howev
since the duration of the probe pulse is comparable to
optical period, the SVEA is not applicable. The electric fie
F(x,z,t) of the fs probe pulse should be expressed by
exact Fourier integral as follows:

F~x,z,t!5
1

2E2`

`

F~x,z,v!e2 ivtdv. ~4!

Performing similar procedures as in the above equation
gets the wave equation for the probe pulse field

S ]2

]x2
12ikv

]

]zD F~x,z,v!

52
2N\v2

e0c2
@~avraa1bvrbb!F~x,z,v!

1dv2vm
rab* F~x,z,v2vm!1dvrabF~x,z,v1vm#,

~5!

wherekv5v/c; av , bv , anddv are the coefficientsaq , bq ,
anddq evaluated atvq5v. The structures of Eqs.~3! and~5!
are the same. The only difference is that the first one is u
for a discrete function and the second one is used for a c
tinuous function in the frequency domain. The set of E
~2!, ~3!, and~5! are central equations of our model. As me
tioned above, we shall consider the case of the probe p
with an energy many orders of magnitude less than the
ergy of driving pulses. The influence of the probe pulse
the medium state and on the Stark shifts and the two-pho
Rabi frequency is negligible. Therefore, the density-ma
elementsraa , rbb , andrab in Eq. ~5! are determined only
by ns driving pulses and are obtained from the solution
Eqs.~2! and~3!in the first step. In the 1D and dispersionle
limits (av , bv , anddv are frequency independent! the wave
Eq. ~5! recovers the wave equation used in previous inve
gations@12,15#.

The procedure for solving the system of Eqs.~2!, ~3!, and
~5! is as follows. We start with the fields of driving and prob
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pulses at the entrance of the medium. The field envelope
2D free space, have a form@20#

A~x,z!5
A0

@11~2z/b!2#0.25
expF2

x2

w0
2@11~2z/b!2#

1 iwG ,

w52
1

2
arctanS 2z

b D1
2zx2

bw0
2@11~2z/b!2#

, ~6!

whereA stands forEq(x,z) or F(x,z,v), w0 is the beam
waist radius,b5kq,vw0

2 represents the confocal paramet
and A0 is the normalization factor, respectively. The 2
Gaussian beams~6! satisfy the 2D propagation equations f
Eq(x,z) or F(x,z,v) in free space@Eqs.~3! or ~5! with the
right-hand sides equal zero#. First, we solved the system o
Eqs. ~2! by the four-order Runge-Kutta method. Once t
solution of Eq.~2! is obtained, the medium states (raa , rbb ,
and rab! are inserted into source terms~right-hand side! of
Eqs.~3! and~5!. To solve Eqs.~3! and~5! we use the opera
tor splitting method@21#. The advance of electric fields from
a transversex axis atz to a new axis atz1Dz is carried out
in two steps. In the first step, the diffraction acts alone and
the second step, the nonlinearity acts alone. In the first s
the obtained parabolic equation is solved by using a Cra
Nicholson method@22#. In the second step, the first-orde
nonlinear differential equation is solved by the second-or
Runge-Kutta method. The algorithm is stable and is accu
~in both steps! to second order in step sizeDz. This forward
propagation continues until the electric-fieldsEq(x,z,t) and
F(x,z,v) exit the interaction medium (z5zexit). Then, the
output spectral or temporal intensities can be obtained
integrating the field intensity over the transverse coordin

I ~v!}E
2`

`

uF~x,zexit ,v!u2dx. ~7!

Note that, in the case of collinear propagation of wav
~in free space or hollow wave-guides! it would be more ap-
propriate to use effective 2D models~3D system with a cy-
lindrical symmetry! than to use 1D or 2D models. The mod
fication of the 2D model presented above to the effective
model is straightforward. For this, we simply need to chan
x→r , ]2/]x2→(1/r )(]/]r )(r ]/]r ) (r is the radial coordi-
nate! and use the corresponding Crank-Nicholson techni
for cylindrical symmetry@22,23#. We believe that the use o
an effective 2D model will not give qualitatively differen
effects as compared to the 2D model even in the case
collinear propagation of waves. The 3D calculations wh
take into account the realistic symmetry of solid hydrogen
a difficult task and is exceeding our computation abilities

III. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we present the numerical results obtai
from the solution of the system of Eqs.~2!, ~3!, and~5!. The
parameters of the fundamental vibrational transition in so
H2 are @16–18#: vba54149.7 cm21, T1540 ms, T2
50.1 ms, andN52.631022 cm23. We apply two driving
9-3
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SHON, LE KIEN, HAKUTA, AND SOKOLOV PHYSICAL REVIEW A65 033809
pulses at 355 and 416 nm, both with the same 10 ns p
width, 200 MW/cm2 peak intensity, 175mm beam radius
~2 mJ pulse energy!, and peak timet50. This pumping re-
gime ~instead of 738 and 1064 nm as in@15#! permits pro-
duction of a larger Raman coherence at the same laser in
sity and therefore increases the conversion efficiency of
pulse shaping processes@24#. Due to shorter driving wave
lengths, we also have a better spatial separation of the
erated SFPs from the driving pulses while still keeping
tilt angleu small. We use the 800-nm, 10-fs probe pulse w
the peak intensity 200 MW/cm2 and the beam radiu
60 mm ~0.2 nJ pulse energy! to beat with the Raman cohe
ence. The peak time of the probe pulsetpr521.5 fs is cho-
sen for the generation of symmetric triplet of SFPs~see Fig.
5 and discussion below!. The coefficientsal , bl , anddl ( l
5q,v) are taken from the calculations for parahydrog
@11#. We choose the Raman detuningd5250 MHz, at
which the conditions for the adiabatic coherence prepara
are satisfied and a large value ofurabu can be achieved@11#.
We note that the key point for successful generation of S
is that the probe pulse should be directed along the w
vector of the generated Raman coherence. In our paper
wave-vectorkWm5kW02kW 21 is calculated at the entrance of th
medium and determines the propagation direction of
probe pulse (z axis!. Besides, to achieve the best convers
efficiency, the Raman coherence should not be changed
stantially across the probe pulse beam radius. This can
achieved by optimizing the ratio between the beam radiu
the driving and probe pulses. In our calculations this ratio
;3:1. Also, for the chosen values of laser intensities,
Kerr effect is small and is neglected.

We start our discussion with the coherence prepared
two ns pulses. In Fig. 2, we plot the absolute value of
on-axis Raman coherenceurabu as a function of the two-
photon detuningd at different propagation distancesz. The
tilt angle between driving pulsesu50. The calculations
show that for the first few tens micrometers of the propa
tion distance the coherence is a symmetric function od

FIG. 2. The absolute value of the on-axis coherence prepare
two nanosecond pulses as a function of the two-photon detunind
at different propagation distances: 50; 75; 100; and 125mm (u
50).
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~with a maximum atd.0). With increasingz, the coherence
decreases and becomes an asymmetric function ofd. The
maximum value ofurabu is larger than 0.1 and can b
achieved over a wide range ofz at the Raman detuningd.
250 MHz. The spatial profile of coherence~not shown
here! repeats well the profile of driving pulses.

Next, we consider the ‘‘beating’’ of the fs probe puls
with the prepared coherence. In Fig. 3, we present the s
trum of the fs probe pulse at the different propagation d
tances 0, 50, 100, 150, and 175mm. The tilt angle between
driving pulsesu55 mrad (a.29 mrad). With increasing
propagation distance, the energy of the central compon
~800 nm! is transferred to both the Stokes and anti-Stok
sides and the number of Raman sidebands gradually
creases. Atz.100 mm, the central component is almost d
pleted. At this optimum interaction length the spectrum re
resents a quasicontinuous broadband which ranges f
;2.4 mm to ;240 nm. This regime corresponds to th
generation of the shortest subfemtosecond pulse in time
main ~see Fig. 5!. For further increasing interaction lengt
the laser energy continues to transfer to higher anti-Sto
orders. At 175mm we observed that most of the laser pow
concentrates on the fourth Raman sideband~343.6 nm!. This
sideband repeats very well the spectral shape of the p
pulse at the entrance of the medium. This regime can be u
for wavelength conversion of the fs probe pulse~see Fig. 6!.
Within 200 mm interaction length, we observe a very we
preserved Gaussian beam profile for sidebands generate
the probe fs pulse. These sidebands are generated collin
and are not phase locked~see Fig. 4!. The regime, when mos

by

FIG. 3. The spectrum of the femtosecond probe pulse at dif
ent propagation distances 0~a!, 50 ~b!, 100~c!, 150~d!, and 175~e!
mm, respectively. The tilt angle between driving pulsesu
55 mrad (a.29 mrad).
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TWO-DIMENSIONAL MODEL FOR FEMTOSECOND PULSE . . . PHYSICAL REVIEW A 65 033809
of the laser power is converted into a single sideband ca
explained qualitatively in terms of phase matching. T
phase matching condition forqth Raman sideband propaga
ing along the wave-vectorkWm is ~see Appendix!

Dq1kq50, ~8!

where

Dq5q~km2km
0 !.q~12cosu!~k0k21 /km

0 ! ~9!

is the geometrical phase mismatch due to finite angleu

(Dq50 when u50); kWm5kW02kW 21 ; km
0 5k02k215vm /c;

and kq is the sum of molecular phase mismatch and
mismatch due to prepared coherence. Equations~8! and ~9!
indicate that the phase matching can be achieved for neg
kq , finite angleu, and ‘‘selected’’ Raman sidebandq* . In
this regime the energy transfer toq* sideband is most effi-
cient. We have changed tilt angleu every 2.5 mrad and hav
observed that whenu515 mrad, the selective phase matc
ing occurs for the fifth Raman sideband~300.7 nm!. This
also indicates that as a function ofq, the phase mismatch
2kq changes faster thanq. We have evaluated numericall
the total phase mismatch (Dq1kq) as a function ofq ~at u
55 mrad). This function changes the sign~from ‘‘minus’’ to
‘‘plus’’ ! around the fourth sideband and is in good agreem
with our qualitative analysis.

The broad and quasicontinuous Raman spectrum ca
used for subfemtosecond pulse generation. In Fig. 5, we
the temporal profile of the probe pulse at different propa
tion distances 0, 25, 50, 75, 100, and 125mm. With increas-
ing interaction distance, the input Gaussian pulse gradu
reshapes to a clear triplet of subcycle pulses separate
Raman periodTm52p/vm.8 fs. The peak intensity of the
central pulse rapidly increases while its durations decrea
with propagation distance. At 100mm @the broadest and
quasicontinuous spectrum in Fig. 3~c!# the central pulse ha
the shortest pulse duration.0.3 fs and the highest pea
intensity ~6.5 times higher as compared to the input puls!.
Besides, this central subfemtosecond pulse represents a
cycle pulse. During the propagation one can observe a c
delay of pulse. For 125mm distance, the delay in local tim
is tdel.40 fs. This time delay is in very good agreeme
with our estimationtdel5z/v (v is the effective group ve-

FIG. 4. The spatial profile of sidebands generated by the pr
pulse at 100mm.
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locity @15#!. We have changed the tilt angleu every 2.5 mrad
to find an optimum regime for subfemtosecond pulse gen
tion. The results show that for 0<u<5 mrad the peak in-
tensity and the duration of generated SFPs remain ne
unchanged. Foru>7.5 mrad the peak intensity gradual
decrease, however the pulse duration sharply increa
(;0.8 fs, single-cycle pulse!. Therefore, for generation an
detection of the shortest subfemtosecond pulse the optim
tilt angle u is .5 mrad. At this angle the spatial separatio
of the probe from the driving pulses.14 mm ~after 0.5 m
free propagation!. We note that the temporal profile of th
generated SFPs is sensitive to the peak timetpr . A gradual
increase oftpr leads to a periodic change~with the period
Tm) of the time profile from the symmetric triplet to a dou
blet of SFPs@15#. This behavior is determined by the depe
dence of pulse compression on timing of the probe pu
with respect to the molecular oscillation. We note that pu
timing is not an issue when the probe pulse is much lon
than the molecular period. In this regime we expect compr
sion of a long pulse train, or conversion into a single hig
order Raman sideband, much in the same way as descr
above. On the contrary, when the pulse length becomes c
parable to the molecular period, control of pulse timing b
comes crucial for frequency conversion and pulse comp
sion. There are two known mechanisms for the pu
compression. The first one is the generation of a bro
frequency-modulation spectrum with the temporal compr
sion by the GVD@8,11,25#. The second one is the direc
pulse compression by the molecular oscillations@12,15#.
Both mechanisms are included in our numerical mod
However, the identification of these mechanisms requ
thorough analysis and is out of the scope of this paper.

We turn to discuss the selective phase-matching regi
when most of the laser power is converted to a single hi
order Raman sideband@situation of Fig. 3~e!#. This situation
corresponds to the wavelength conversion of the fs pr
pulse from IR to UV region. Without additional processin
this conversion is not perfect, i.e., the temporal profile of
output pulse is different from the input one. However, sin
the spectral shape of the phase-matched sideband is
close to the shape of the input probe pulse, this distortion

e

FIG. 5. The temporal profile of the probe pulse at differe
propagation distances 0, 25, 50, 75, 100, and 125mm, respectively.
9-5
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SHON, LE KIEN, HAKUTA, AND SOKOLOV PHYSICAL REVIEW A65 033809
be easily removed. For example, by cutting off small, redun
dant frequency components in both sides of the phas
matched Raman sideband we can get nearly perfect Gauss
pulse with almost the same pulse width as the input puls
Figure 6 shows the temporal profiles of the wavelength
converted pulse before~a! and after~b! this simple process-
ing. For comparison the inset in Fig. 6~a! shows the profile of
input pulse. Our calculations show that, for the caseu
55 mrad and 175mm interaction medium we can convert
800 nm, 10 fs pulse to 343 nm, 11 fs pulse. When theu
515 mrad, with the same interaction medium we can con
vert the same input to 300.7 nm, 11 fs pulse. We note that t
integrated intensities in Figs. 6~a! and 6~b! do not go to zero
for each oscillation. This is due to small shifts of the time
profiles at different positions of the beam radius. The fre
quency up conversion has been investigated in Refs.@26,27#.
In these papers, the conversion is implemented on the fi
anti-Stokes sideband. Our calculations predict the frequen
up conversion on a single high-order Raman sideband.

It is important to note that for both regimes, the subfem
tosecond pulse generation and the laser-wavelength conv
sion, the energy conversion efficiency is larger than unity. I
Fig. 7, we plot the energy~normalized to the energy of the

FIG. 6. The temporal profile of the wavelength-converted puls
before~a! and after~b! pulse shaping. The inset~a! shows the pro-
file of the input pulse.
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input probe pulse! of the pulse triplet and the central pulse
Fig. 5 against the propagation distance. As seen, for an in
action medium longer than 90mm, the energy conversion
efficiency of both the central pulse and the pulse triplet
larger than unity. This is a result of the energy transfer fro
the driving fields to the probe field via the beating proce
The efficiency of the subfemtosecond pulse generation@situ-
ation of Fig. 3~c!# is 1.17. The efficiency of the wavelengt
conversion@situation of Fig. 3~e!# before and after pulse
shaping is 1.7 and 1.2, respectively. Our calculations for
probe pulse with the peak intensity one order low
(20 MW/cm2) show results which are nearly identical to th
ones presented above.

IV. CONCLUSION

In conclusion, we have presented 2D numerical model
the interaction of a fs probe pulse with a Raman medi
excited by two ns laser pulses. Numerical results show
by optimizing the tilt angle between the two driving puls
and the interaction length, the power of the probe pulse
be converted either into a quasicontinuous broadband s
trum or into a single high-order sideband. The first regim
can be used for generation of subfemtosecond pulses as
as 0.3 fs. The second regime can be used for efficient
quency up conversion of a 10-fs probe pulse from 800 to 3
nm. The use of solid hydrogen with high-molecular dens
and small interaction length which allows a good overlap
tilted laser beams is an essential point of our technique.
conditions and the setup for the experimental observation
the effects described in this paper could be similar to
situation of our previous experiments@16–18#.
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FIG. 7. The energy conversion efficiencies of the pulse trip
~upper curve! and the central pulse~lower curve! as a function of
the propagation distance (u55 mrad).
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APPENDIX

To get insight into the selective phase-matching regi
we approximately derive and solve the wave equation for
probe pulse in 1D, dispersionless and SVEA. We assume
the probe pulse propagates along the wave vector of co
encekWm ~axis z) and express the total electric field of th
pulse as follows:

F~z,t !5
1

2 (
q

Fq~z,t !exp~ ipqz2ṽqt !1c.c., ~A1!

where ṽq5vp1qvm ; pq5p01qkm ; vp , and p0 are the
carrier frequency and the wave vector of the probe pu
respectively. For finite angleu, pqÞṽq /c. This formalism is
not suitable for changing to local time, however, it enables
to factor out the geometrical phase mismatch terms exp
itly. The propagation equation for sideband fields reads

]Fq

]z
5

iN\vq

e0c
@~araa1brbb!Fq1drab* Fq21e2 iwq

1drabFq11eiwq11#. ~A2!

where wq5(pq2pq212vm /c)z. In deriving Eq. ~A2! we
neglect the contributions ]2Fq /]z2, ]2Fq /]t2, and
(1/c)]Fq /]t on the left-hand side. By assumingrab
5r0eihz one can get the equation forFq5Fqei (Dq1qh)z as
follows:

]Fq

]z
5 i ~Dq1kq!Fq1 iBq~Fq111Fq21!, ~A3!

where Dq5q(km2km
0 ) is the geometrical phase mismatc

due to finite angleu (Dq50 when u50); kWm5kW02kW 21 ;
.

.
.

C
nc

ev

03380
e
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km
0 5k02k215vm /c; kq5N\vq(araa1brbb)/«0c1qh;

andBq5N\vqdr0 /«0c. The phase mismatchkq is the sum
of molecular phase mismatch~first term! and the mismatch
due to prepared coherence~second term!. The system of
coupled Eqs.~A3! can be solved approximately as follow
We assume that, forq<21 andq>q* 11, all Fq50. For
q50,1,•••q* 22 the total phase mismatchDq1kq are large,
so that the derivative ofFq in the left-hand side of Eq.~A3!
can be neglected. Then we obtain

Fq1152~Dq1kq!Fq /Bq2Fq21 . ~A4!

Each field amplitudeFq (q51,2,•••q* 21) can consecu-
tively be expressed via initialF0 (F2150).

F152~D01k0!F0 /B0 ,

F252~D11k1!F1 /B12F0 ,

•••,

Fq* 2152~Dq* 221kq* 22!Fq* 22 /Bq* 222Fq* 23 .

For q5q* , the total phase mismatch is small and the deri
tive of Fq* in the left-hand side of Eq.~A3! cannot be ne-
glected. In this case the solution forFq* has a form
(Fq* 1150).

Fq* 52iBq* Fq* 21exp@2 i ~Dq* 1kq* !z/2#

3
sin@~Dq* 1kq* !z/2#

~Dq* 1kq* !
. ~A5!

The solution~A5! contains a standard phase-matching fun
tion @sin(x)/x# which leads to the condition~8! in the text.
.

ev.

s.

ta,

s.
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