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Generation of subfemtosecond pulses by beating a femtosecond pulse with a Raman coherenc
adiabatically prepared in solid hydrogen
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Department of Applied Physics and Chemistry, University of Electro-Communications, Chofu, Tokyo 182-8585, Japan
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We show that the beating of a nanojoule femtosecond pulse with a Raman coherence adiabatically prepared
by a pair of millijoule nanosecond pulses in solid hydrogen leads to an efficient generation of a triplet, doublet,
or even singlet of subfemtosecond pulses. The energy conversion efficiency of the subfemtosecond pulse
generation can be larger than unity due to the transfer of energy from the driving pulses.
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I. INTRODUCTION

The generation of subfemtosecond pulses is of great
portance for various applications in science and technol
@1#. Different methods have been proposed for the genera
of single subfemtosecond pulses and subfemtosecond-p
trains. One of the promising methods is high harmonic g
eration with an intense, few-cycle laser pulse in noble ga
@2#. A disadvantage of this method is that it produces s
femtosecond pulses with an energy many orders of ma
tude lower than that of the pump pulse. Another interest
method is the use of high-order stimulated Raman scatte
~SRS! @3–7#. Yoshikawaet al. suggested the use of phas
locked Raman lines for short-pulse generation@3#. Harris and
Sokolov proposed the use of cw two-color laser beams@4#.
Nazarkinet al. suggested the use of an impulsive excitati
technique@5#. Kalosha and Herrmann proposed the use
subpicosecond pumping followed by external phase comp
sation @7#. The most important advantage of the SRS te
niques is that the energy conversion efficiency is quite h
~near-complete conversion can be achieved!. A disadvantage
is that they lead to trains of many pulses. In addition,
impulsive and short-pulse excitation methods@5,7# require
strong pump intensity, for which the Kerr effect and its cou
teraction on pulse compression are substantial. The sho
length of the pulses generated by these methods is 3 f
external phase compensation is not applied.

In this paper we propose a different SRS technique for
subfemtosecond pulse generation: a femtosecond probe
beats with a Raman coherence adiabatically prepared by
nanosecond driving pulses in solid hydrogen. This techni
combines the advantage of the cw two-color laser pump
@4# in producing large coherences and trains of short pu
and the advantage of the short-pulse excitation@7# in reduc-
ing the number of pulses per train. It also utilizes the adv
tage of solid hydrogen as a Raman medium with high nu
ber density, short medium length, small dephasing rate, la
coherence length, and negligible phase mismatch@8,9#. In
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addition, the experiment with a solid can be performed in
vacuum to prevent the chirping of the generated subfem
second pulses. Unlike the suggestion of Kalosha and H
mann @7#, the use of nanosecond pumping for the narr
vibrational transitionQ1(0) in solid hydrogen allows us to
prepare a substantial coherence at low pump intensity, av
ing the counteraction of the Kerr effect and nonlinear disp
sion. Furthermore, without the need for external phase c
pensation, the probe pulse can be compressed to a tri
doublet, or even singlet of pulses with a pulse length of
fs. The energy conversion efficiency of this generation p
cess can be larger than unity due to the transfer of ene
from the driving fields to the probe.

II. MODEL AND ANALYSIS

We consider the propagation of a pair of nanoseco
pulses, with carrier frequenciesv0 andv21, and a femtosec-
ond pulse, with carrier frequencyv f , through a Raman me
dium along thez direction, see Fig. 1. The timing and align
ment of these pulses are such that they substantially ove
with each other during the interaction process. The nano
ond pulses are tuned close to the Raman transitionua&
→ub&, but far detuned from the upper electronic states of
molecules. These pulses generate a set of equidistant Ra
sidebands collinearly propagating with complex envelop
Eq and carrier frequenciesvq5v01q(vba2d)5v01qvm
@8,10#. The two-photon detuningd is the difference between
the Raman frequencyvba5vb2va and the modulation fre-

i,

h-

FIG. 1. Principle of the technique: Two nanosecond pulses d
a Raman transition of molecules in a far-off-resonance medi
The beating of a femtosecond probe pulse with the Raman co
ence produces a triplet, doublet, or even singlet of subfemtosec
pulses.
©2001 The American Physical Society03-1
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quencyvm5v02v21. We use the local timet5t2z/c and
work with the density matrix elementsra5raa

(S) , rb5rbb
(S) ,

andr5rab
(S)e2 ivmt, wherer̂ (S) is the medium density matrix

in the Schro¨dinger picture. We distinguish two steps:~1!
when the femtosecond pulse is outside the medium and~2!
when the femtosecond pulse is inside the medium. In the
step, because only the nanosecond pulses interact with
medium, the slowly varying envelope approximation is va
and, therefore, the envelopesEq are governed by@4,6#

]Eq

]z
5 i ~N\vq/e0c!@~aqra1bqrb!Eq1dq21r* Eq21

1dqrEq11#. ~1!

Here N is the number of molecules per volume,aq and bq
are the dispersion constants, anddq are the coupling con-
stants. In this step, the molecular coherencer and the popu-
lation differencew5rb2ra are governed by the equation
@4,6#

@~]/]t!1~1/T2!2 idr#5 i ~Va2Vb!r1 iVabw,

~]w/]t!1~w11!/T152i ~Vab* r2Vabr* !. ~2!

Here Va5(qaquEqu2/2 andVb5(qbquEqu2/2 are the Stark
shifts, Vab5(qdqEqEq11* /2 is the two-photon Rabi fre
quency, andT2 and T1 are the coherence and populatio
decay times.

In the second step, the femtosecond probe pulse b
with the Raman coherence prepared by the nanosecond
ing pulses. The medium state does not change substan
during this step. In the paraxial approximation, the wa
equation for the probe fieldE is

~]E/]z!52~1/2e0c!~]P/]t!. ~3!

Here the polarizationP is separated into the contribution
from the Raman processPR , the linear dispersionPD , and
the electronic Kerr effectPK . The Raman polarization is

PR52N\E~afra1bfrb1dfr* e2 ivmt1dfreivmt!. ~4!

The contribution from the linear dispersion is

PD5PL22N\afE, ~5!

where the Fourier component of the linear polarization is

PL~z,v!5e0x~v!E~z,v!52N\avE~z,v!. ~6!

Here av is the dispersion coefficientaq evaluated atvq
5v @4,6#. The polarization produced by the Kerr effect
PK5e0x (3)E3(t).

We extend the analytical treatment of@7# to get insight
into our technique, neglecting dispersion, relaxation, and
Kerr effect. According to@4,6#, when the two-photon detun
ing d and the decay timesT1 andT2 are large, the medium
follows an adiabatic eigenstate with

ra5cos2u, rb5sin2u, ~7!
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r5eiwsinu cosu, ~8!

where

tan 2u52uVabu/~d1Va2Vb! ~9!

and w is the phase ofVab . For negligible dispersion and
limited modulation bandwidth, we have

w5w~0!2kz, ~10!

where

k5N\vmu/e0c ~11!

with

u5afra1bfrb . ~12!

Then, the polarization reads

P52N\E@u12dfr0 sin~vmt2kz1f!#. ~13!

Herer05usinu cosuu andf5w(0)1(p/2)sgn(d).
For the treatment of the second step, we neglect

changes ofu in space and time. In this case, the quantit
r0 , u, andk are constants. Hence, the solution of Eq.~3! is
@7#

E~z,t!5Ein~s!G, ~14!

whereEin is the input field atz50, the input times is deter-
mined from the equation

tan@~vms1f!/2#5e2aztan~vmh/2!, ~15!

and the amplitude enhancement factorG is

G5
sin~vms1f!

sinvmh
5

1

eaz cos2
vmh

2
1e2az sin2

vmh

2

.

~16!

Here we have introduced the retarded time

h5t2z/v1f/vm , ~17!

the effective coupling parameter

a52N\vmdfr0 /e0c, ~18!

and the effective group velocity

v5vm /k. ~19!

We find that the width compression factor

W5 lim
Ds→0

Dt/Ds5dt/ds ~20!

is equal to the inverse of the amplitude enhancement fa
G:
3-2



o

th

li-

r
iv

y

e

h
n
ls

u
m
a

4
eak
f

tants
r

tun-
ic
f

s

re

n is

RAPID COMMUNICATIONS

GENERATION OF SUBFEMTOSECOND PULSES BY . . . PHYSICAL REVIEW A64 051803~R!
W51/G. ~21!

This property leads to the relation

E
t8

t9
E~z,t!dt5E

s8

s9
Ein~s!ds, ~22!

which indicates the conservation of the pulse area.
We introduce the notation

tn5@~2n11!p1kz2f#/vm . ~23!

For t5tn , wheren is integer, we have cos(vmh/2)50 lead-
ing to

G51/W5eaz.1. ~24!

This value indicates a pulse compression in the vicinity
tn , with the compression factorG5eaz @7#. For t5tn21/2,
we have sin(vmh/2)50 leading to

G51/W5e2az,1. ~25!

This value indicates a pulse stretch in the vicinity oftn21/2.
Compression and stretch, occurring sequentially attn and

tn21/2, lead to the formation of a train of short pulses wi
repetition periodTm52p/vm ~the Raman period!, pulse
length Tm /G, and maximal frequency and maximal amp
tude growing withG. Note thattn andtn21/2 grow with z. In
the vicinity of tn or tn21/2, the input times is related to the
local time t as s5sn1G(t2tn) or s5sn21/21(t
2tn21/2)/G, respectively, wheresn5@(2n11)p2f#/vm .
When the durationT of Ein(t) is comparable to or smalle
than Tm , the structure of the train depends on the relat
position of the input-field peak timet0 with respect tosn and
sn21/2. Namely, if t0 is in the vicinity of a timesn ~compres-
sion time! or sn21/2 ~stretch time!, the train may have a
single pulse or two pulses, respectively. Such a sensitivit
weak whenT is much larger thanTm .

With the help of the formula sinhx/(coshx2cost)51
12(n51

` e2nxcosnt for x.0, we can expand the amplitud
enhancement factorG into a Fourier series as

G5112(
n51

`

~21!n tanhn~az/2!cos~nvmh!. ~26!

The intensity of thenth line in the spectrum of the factorG
is proportional to tanh2n(az/2). Therefore, it decreases wit
increasingn and grows withz. This explains the generatio
of Raman lines during the propagation. When the input pu
width T is comparable to or smaller thanTm , the spectrum of
Ein(s) with respect to the retarded timeh also contains new
lines, and hence substantially affects the spectrum ofE.

III. NUMERICAL CALCULATIONS

The above analytical treatment does not include gro
velocity dispersion, which may also contribute to pulse co
pression@4#. A more rigorous treatment requires numeric
calculations. We solve Eqs.~1!–~3! for the parameters of the
05180
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vibrational transitionQ1(0) in solid hydrogen@8,9#: vba

54149.7 cm21, T1540 ms, T250.1 ms, and N52.6
31022 cm23. We apply the driving pulses at 738 and 106
nm, both with the same pulse width 10 ns, the same p
intensity 200 MW/cm2 ~4 mJ for the beam size o
500 mm), and the same peak timet50. We use the 800-nm
probe pulse to beat with the Raman coherence. The cons
al , bl , anddl ( l 5q, f ,v) are taken from the calculations fo
parahydrogen@6#. We usex (3)57.94310223 (m/V)2, de-
ducted from the value for vapor@7#, and find that the Kerr
effect is negligible in our case. We choose the Raman de
ing d5250 MHz, at which the conditions for the adiabat
coherence preparation are satisfied and a large value ouru
can be achieved@6#.

In Fig. 2~a! we plot the spectrum of the probe field atz
5125 mm for the case where the input pulse width isT
510 fs and the input peak intensity isI 05200 MW/cm2 ~2
nJ for the beam size of 300mm). The spectrum contain

FIG. 2. ~a! Spectrum of the probe field.~b! and ~c! Temporal
profile of the probe field fort0521 and 25 fs. The parameters a
T510 fs, I 05200 MW/cm2, and z5125 mm. The inset in~b!
shows the envelope of the input probe pulse. The normalizatio
the peak intensity of the input probe pulse.
3-3
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two Stokes lines and four anti-Stoke lines ranging fro
2.38 mm to 343 nm. We observe that most of the energy
the central line~800 nm! is converted to its sidebands. Th
sidebands repeat very well the spectral shape of the in
probe pulse, which is quasicontinuous because the in
pulse length is short. The spectral intensity is not sensitiv
the input-field peak timet0.

In Figs. 2~b! and 2~c! we plot the temporal profile of the
probe field fort0521 and 25 fs, respectively. All other pa
rameters are the same as for Fig. 2~a!. As seen, the shape o
the pulse is sensitive tot0 ~with repetition periodTm), in
agreement with the analytical results. The temporal pro
consists of a triplet, see Fig. 2~b!, or a doublet, see Fig. 2~c!,
of pulses separated by the Raman periodTm;8 fs. The cen-
tral pulse in Fig. 2~b! is compressed by a factor of 20 to 0
fs in pulse width, contains a half cycle at the wavelength 5
nm, and has its peak intensity increased by a factor of 4

In Fig. 3 we plot the energy conversion efficiencies of t
pulse triplet and the central pulse of Fig. 2~b! against the
propagation distance. As seen, the energy conversion
ciency of the pulse triplet is larger than unity. This is a res
of the transfer of energy from the driving fields to the pro
field via the beating process. The energy conversion e
ciency of the central pulse is larger than 50%, quite high
compared to the results of the other techniques. The m
mum values of the efficiencies are reached at an opti
lengthz;125 mm, and are 118% for the pulse triplet, an
80% for the central pulse. These maximum efficiencies
well as the general behavior of the pulse triplet do not
pend on the intensity of the input probe pulse. When
energy of the input probe pulse is 2 nJ, as used in our ca
lations, the energies of the pulse triplet and the central p
are in the range of 1.6–2.4 nJ, very promising for detect
and application.

In the above calculations we used the probe pulse w
energy of 2 nJ and width of 10 fs because such lasers
commercially available. The use of a shorter probe pu
may allow us to produce a doublet or even singlet of s
femtosecond pulses depending ont0. In Fig. 4 we illustrate a
single subfemtosecond pulse produced by the beating
5-fs probe pulse with the Raman coherence. The pulse w
is compressed by a factor of 10 to 0.5 fs and the peak in
sity is increased by a factor of 3.8. The energy convers

FIG. 3. Energy conversion efficiencies of the pulse triplet~solid
line! and the central pulse~dashed line! as functions of the propa
gation distance. All other parameters are the same as for Fig.~b!.
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efficiency is larger than unity, see the inset. The shape of
pulse is sensitive tot0, with repetition periodTm . The value
t0521 fs has been chosen to give the best single subfem
second pulse.

IV. CONCLUSIONS

In summary, we have described a different technique
subfemtosecond pulse generation. This technique utilizes
beating of a femtosecond probe pulse with a Raman co
ence adiabatically prepared by two nanosecond driv
pulses in solid hydrogen. The numerical calculations sh
that the technique allows us to produce a triplet, doublet
even singlet of strongly compressed pulses with a hi
energy conversion efficiency. To observe the generated
femtosecond pulses, we should find a way to separate
output of the probe from the pump pulses. This can be d
by aligning the pump pulses with a small angle and direct
the input probe pulse along the difference of the pump-fi
wave vectors. The high number density of solid hydrog
allows us to use short medium lengths so that the ph
mismatch due to the off-axis pumping is negligible. Th
issue will be discussed elsewhere@11#.
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FIG. 4. Single subfemtosecond pulse produced by the beatin
a 5-fs probe pulse with the Raman coherence. The input peak
tensity isI 051 GW/cm2. All other parameters are the same as f
Fig. 2~b!.
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