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Detailed numerical modeling of using the vibrational coherence of H2 for molecular modulation is pre-
sented. The focus of the calculation is on a strongly driven system aimed at producing many sidebands in the
presence of Doppler broadening and the effects of collisions at room temperature. It is shown that Dicke
narrowing that reduces the Doppler width plays a critical role in high order sideband generation in room
temperature H2. In addition, the calculation shows that generation of many sidebands favors the phased state as
has been reported in all gas phase experiments and is primarily a consequence of the Stark shifts that result
from the applied high intensities. The influence of self-focusing in the gas medium that has been conjectured
in previous studies is only secondary. The numerical results agree with experimental data obtained in our
laboratory, where we have succeeded in generating collinearly propagating Raman sidebands with wavelengths
that range from 2216 nm in the infrared to 133 nm in the vacuum ultraviolet. The frequencies covered by these
sidebands span over four octaves for a total of more than 70 600 cm−1 in the optical region of the spectrum.

DOI: 10.1103/PhysRevA.74.063825 PACS number�s�: 42.50.Gy, 42.65.Dr, 33.80.�b, 42.65.Re

I. INTRODUCTION

The rise in interest in attosecond science has stimulated
intense efforts in the past decade to generate subfemtosecond
and attosecond pulses. Due to the uncertainty principle, a
prerequisite to subfemtosecond pulse duration is for the light
pulse to have a sufficiently broad electromagnetic spectral
width so that equivalently through Fourier transformation the
pulse is short in time. Two techniques, high-order harmonic
generation �1–6� and high-order collinear Raman sideband
generation �7–19�, have surfaced as the most promising tech-
niques to produce pulses with a phase coherent spectrum
broad enough for compression to less than one femtosecond
in duration. Pulses shorter than 200 attoseconds were dem-
onstrated using high-order harmonic generation �6�. While
this approach has produced the shortest pulse duration, the
peak power is low, owing to the typical 10−7–10−9 conver-
sion of the high harmonic generation process, and the gener-
ated photon energy falls in the 30–100 eV range. It is there-
fore not possible to use these pulses to study electron
dynamics in the lower energy region. In contrast, high-order
collinear Raman sideband generation produces pulses in the
optical region from the infrared to the deep-uv and the pro-
cess has been shown to have near-unity conversion efficiency
in producing a broad spectrum �15�.

It is now understood, due to detailed work of the Harris
group and supplemented by the Hakuta group, that when a
molecular Raman transition is driven adiabatically by two
high intensity lasers so that the molecular coherence ap-
proaches its maximum value of 0.5, the laser pulse frequen-
cies will be modulated to produce many sidebands that
propagate collinearly with the driving laser beams. The
modulation frequency �frequency spacing between adjacent

sidebands� is equal to the difference of the frequencies of the
two driving lasers. Efficient molecular modulation has since
been demonstrated in gaseous D2, rotationally excited para-
H2, and in vibrating solid and liquid H2, generating side-
bands that span up to �50 000 cm−1 in spectral coverage
�12–14,16�. Pulses generated in D2 have been compressed to
produce a train of near-single-cycle pulses with a pulse en-
velop width of 1.6 fs and a peak power as high as 1 MW
�18�. More recently, an in-depth experimental study on mo-
lecular modulation in D2 that confirms much of the observa-
tions of the earlier studies was reported �17�.

Gas phase H2 is well known to be a very efficient vibra-
tional Raman scattering medium. The Q�1� �v=0, J=1→v
=1, J=1� vibrational Raman transition of H2 is one of the
strongest Raman transitions of all molecules. Having a tran-
sition frequency of 4155.2 cm−1, largest among all mol-
ecules, means it will require the fewest number of sidebands
for H2 �Q�1�� to cover the same modulated bandwidth. At
room temperature, nearly 67% of the ground state molecules
reside in the J=1 state. Hence, unlike the D2 and rotational
para-H2 experiments that were all conducted at cryogenic
temperature, H2 could be operated at room temperature and
still produce strong modulation by one dominant transition.
In addition, H2 possesses the most complete and reliable set
of spectroscopic and dynamical data, such as its energy level
positions �20�, dipole matrix elements �21�, absorption cross
sections, and Doppler and collisional broadening coefficients
�22,23�, to allow accurate modeling of the molecular modu-
lation process. These factors therefore make vibrational H2
an excellent candidate for producing a wide spectrum of
sidebands by molecular modulation for the purpose of sub-
femtosecond generation. On the other hand, H2 being the
lightest molecule has a large Doppler width of 1.1 GHz at
300 K. This has a significant negative effect on the efficiency
of the modulation process since the driven coherence will be
reduced in value as a result of Doppler averaging when the
laser excitation is tuned onto or near the Raman resonance
�13,24�.
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We have performed detailed numerical modeling of using
the vibrational coherence of H2 for molecular modulation.
The focus of the calculation is on a strongly driven system
aimed at producing many sidebands in the presence of room
temperature Doppler broadening and the effects of collisions.
In this paper, we report the details of our numerical calcula-
tion including comparison with the result of experiments
done in our laboratory. We show that Dicke narrowing that
reduces the Doppler width �25,26� plays a critical role in
sideband generation in H2. In addition, generation of high
order sidebands favoring the phased state that has been re-
ported in gas phase experiments �13,17� is primarily a con-
sequence of the Stark shifts under the high applied laser in-
tensities. The influence of self-focusing in the gas as was
conjectured in previous studies �13,17� is only secondary.
Experimentally, we have succeeded in generating collinearly
propagating Raman sidebands with wavelengths that range
from 2216 nm in the infrared to 133 nm in the vacuum ul-
traviolet. The frequency range covered by these sidebands
spans over four octaves for a total of more than 70 600 cm−1

in the optical region of the spectrum. In Sec. II of this paper
we review the essential theory that is pertinent to our study.
Section III gives the details of our numerical approach. In
Sec. IV we present the result of the calculations. Section V is
a comparison with experimental results in room temperature
H2 followed by a conclusion in Sec. VI.

II. THEORETICAL FORMULATION

The basic formalism for establishing a strong coherence
by applying two intense slightly off-resonance laser fields
was first described by Harris and Sokolov �8� and later ana-
lyzed in detail by Le Kien et al. �19�. We rely on the analyses
by these two groups to formulate our modeling of the H2
system. For the sake of completeness, the formulation and
essential conclusions from these references are reproduced
here since they serve as the basis in the development of the
rest of this paper.

The interaction of two driving lasers with a molecular
medium can be described by the multilevel system depicted
in Fig. 1. The transition between vibrational states a and b is
electric dipole forbidden and the frequencies of the two driv-
ing lasers are such that �0−�−1=�b−�a−�, where �b−�a is
the energy difference of states a and b and � is the two-
photon detuning. The frequencies �0 and �−1 are far off
resonance from the transitions between states j and either a
or b so the one-photon detuning is large compared to the
Rabi frequency �ab and the two-photon detuning. Under
these assumptions the problem can be simplified to that of a
two-level system with an effective Hamiltonian �8,19�:

Heff = − ���aa �ab

�ba �bb − �
� . �1�

The Starks shifts �aa and �bb and the complex two-
photon Rabi frequencies �ab and �ba are given by

�aa =
1

2�
q

aq	Eq	2,

�bb =
1

2�
q

bq	Eq	2,

�ab = �ba
* =

1

2�
q

dqEqEq+1
* , �2�

where Eq stands for the complex field envelope of the qth
Raman sideband.

The constants aq, bq, dq in Eqs. �2� which determine the
dispersion and the coupling are given by

aq =
1

2�2�
j

 	� ja	2

� j − �a − �q
+

	� ja	2

� j − �a + �q
� ,

bq =
1

2�2�
j

 	� jb	2

� j − �b − �q
+

	� jb	2

� j − �b + �q
� ,

dq =
1

2�2�
j

 �aj� jb

� j − �b − �q
+

�aj� jb

� j − �a + �q
� , �3�

where � ja and � jb are the dipole moments of the transitions
j↔a and j↔b, respectively. �q=�0+q��b−�a−�� is the
frequency of the qth Raman sideband.

The eigenvalues Eeff
± =−���±� of the Hamiltonian in Eq.

�1� have been shown �13,19� to be

��±� =
1

2
��aa + �bb − �� ±

1

2
���aa − �bb + ��2 + 4	�ab	2

�4�

with the associated eigenvectors being

	 ±  = cos ��±�	a + sin ��±�e−i		b , �5�

where 	 is such that �ab= 	�ab	ei	 and

FIG. 1. Energy level diagram. Levels a and b are coupled with
levels j by E��0� and E��−1�. The transition between levels a and b
is electric dipole forbidden. �0−�−1 is tuned off from two-photon
resonance by a detuning �. �0 and �−1 are far off resonance from
the one-photon transition between states j and either a or b.
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tan ��±� =
2	�ab	

�aa − �bb + � ± ���aa − �bb + ��2 + 4	�ab	2
.

�6�

The coherence 
ab of the superposition of states a and b
induced by the laser fields can be expressed in terms of � as


ab
�±� =

1

2
ei	 sin 2��±� = ±

�ab

���aa − �bb + ��2 + 4	�ab	2
�7�

which shows that max 	
ab	=0.5, arrived at when

	�ab	 � 	�aa − �bb + �	 . �8�

In other words, maximum coherence can be achieved only
when the magnitude of the Rabi frequency �ab is sufficiently
larger than the absolute sum of the off-resonance detuning �
and the net Stark shift �aa-�bb �19�.

The density-matrix equations that govern the evolution of
the states in the presence of decay in the medium in local
coordinates then are

�
aa

��
= i��ab
ba − �ba
ab� + �
bb,

�
bb

��
= − i��ab
ba − �ba
ab� − b
bb,

�
ab

��
= i��aa − �bb + � + i��
ab + i�ab�
bb − 
aa� , �9�

where 
aa and 
bb are the level population of state a and state
b, respectively, � stands for the decay rate from state b to a,
b is the total decay rate from b that gives the Raman tran-
sition linewidth, and � is the dephasing rate of the coher-
ence 
ab. Equations �2�, �3�, and �9� can be solved for the
level population 
aa and 
bb and the coherence 
ab, which are
elements of a 2�2 density matrix of the two level system in
the presence of the driving laser fields and the sidebands.
Under the slowly varying envelope approximation, propaga-
tion of the qth sideband in local time is written as �8,19�

�Eq

�z
= − j��qN��aq
aaEq + bq
bbEq�

+ �dq−1
baEq−1 + dq
*
abEq+1�� , �10�

where N is the molecular gas density and � is the character-
istic impedance. The two terms inside the first round brackets
on the right-hand side of Eq. �10� give the dispersion of the
system, and the two terms inside the second round brackets
couple Eq to the adjacent sidebands. The solution of this
equation gives the field amplitude of all the sidebands that
result from the interaction of the driving lasers with the me-
dium. When the magnitude of the coherence 
ab is near its
maximum value of 0.5, the coupling terms in Eq. �10� are of
the same order of magnitude as the dispersion terms. Effi-
cient conversion of the incident fields to the new sidebands
occurs within one coherence length so that phase matching is
not necessary. Consequently the incident fields and all the
fields generated within this regime propagate collinearly
through the coherent medium.

Equations �9� and �10� form the basis of our modeling of
the H2 vibrational system. Since H2 has many upper vibronic
states each coupled to the states a and b with a different
Franck-Condon factor and since it is important to include the
molecular decay rates and the Doppler effect in the model, it
is necessary to use numerical techniques to solve this set of
equations to obtain the final results.

III. NUMERICAL SIMULATION

Our calculation is for H2 at a temperature of 300 K. We
shall consider only the frequency range that is far off reso-

FIG. 2. The refractive index n in the form n−1 as a function of
wavelength. The solid line is calculated from Eq. 12 of Ref. �28�
while the dashed line is calculated using Eq. �11� with rescaled
dipole moments �see text�.
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FIG. 3. Calculated initial Raman coherence 	
ab	�0� as a function
of off-resonance detuning at 10 Torr at various driving laser inten-
sities. �a� I��0�= I��−1�=1 GW/cm2. The solid line in �a� is the
ideal case with no Doppler effect while the dashed line represents
the result including the Doppler effect. �b� The driving laser inten-
sities are I��0�= I��−1�=7 GW/cm2 for the solid line while those
for the dashed line are I��0�=12 GW/cm2 and I��−1�
=20 GW/cm2. The Doppler effect is included in the two cases in
�b�. The horizontal scales in �a� and �b� are expanded in the insets to
display a small intensity-dependent shift of the minimum of the dip
in the coherence from the Raman resonance.
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nance from the upper electronic states and for �0–�−1 close
to the Q�1� Raman resonance. The dispersion constants aq

and bq and the coupling constants dq include the contribu-
tions of the 0–36th vibrational transitions of the Lyman band
and 0–13th transitions of the Werner band. As for the transi-
tion dipole moments we use the set calculated and provided
to us by Le Kien �19,27�. This set includes both the magni-

tudes and the relative signs of the dipole matrix elements.
Recognizing that the linear dispersion for H2 calculated us-
ing the well-developed expression

nq − 1 =
N�aq

�0
, �11�

with these matrix elements does not reconcile with the pub-
lished linear H2 dispersion �27�, we first attempted to include
another term in Eq. �11� to represent all other high energy
electronic states to the system but this still failed to match
the linear dispersion and satisfy the oscillator strength sum
rule simultaneously. We then found empirically that by scal-
ing the ��ij�2 by a factor of �3 the linear dispersion calcu-
lated then agrees quite well with those derived from the sum
rules and the reported measurements �28� �Fig. 2�. Since this
scaling factor gives a good fit to the dispersion data over a
broad spectral range, we feel it is justified to include the
factor throughout our simulation.

Parameters of the driving lasers are taken from the lasers
used in the H2 experiments in our laboratory. The lasers have
Gaussian temporal profiles with duration of 5 ns and

TABLE I. Doppler widths for several hydrogen pressures at
300 K �22�.

Pressure �Torr� Doppler width �MHz�

10 1100

200 775

500 480

700 403

1000 313.3

1500 260

2000 248.8

3000 268

5000 357.5
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FIG. 4. Calculated initial Raman coherence as a function of off-resonance detuning at various pressures with driving laser intensities: �a�
and �b� I��0�= I��−1�=7 GW/cm2; �c� and �d� I��0�=12 GW/cm2 and I��−1�=20 GW/cm2. The H2 pressure is 200 Torr for the solid line,
500 Torr for the dashed line, 1000 Torr for the dotted line, and 3000 Torr for the dashed dotted line.
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bandwidths of �100 MHz. The laser frequencies are �0

=16 978.2 cm−1 �dye� and �−1=12 823 cm−1 �Ti:sapphire�.
The frequency of the Q�1� Raman transition is 4155.2 cm−1

and we change the off-resonance detuning � by varying �−1.
Since the Raman linewidth of Q�1� is small �22�, the decay
rate b is set equal to the laser bandwidth and the internal
decay rate � is neglected. The dephasing rate � of
51.3 MHz/amagat is taken from �22�. The amplitude of the
applied fields at z=0 are E0�0� and E−1�0� given by the in-
cident intensities Ii�0�= �Ei�0��2 /2�, where � is ���o /�o�
�377 and i=0,−1. In the simulation E−1 is incident into the
cell ahead of E0 by 1 ns. Evolution of the sidebands E−4�z� to
E15�z� is followed throughout the calculation. We assume a
top-hat spatial profile for all the fields and we use the plane
wave approximation and neglect the effects of diffraction in
the propagation of the fields in the z direction. The focal
distance of the driving lasers is 3 cm and this distance is
used as the interaction length.

At 300 K 66.6% of the H2 population resides in the v
=0, J=1 state such that the Q�1� Raman transition domi-
nates. Since we are concerned with a process that is far off
resonance from the upper electronic states and we consider
only frequency detunings that are close to the Q�1� Raman
resonance, we can assume that all molecules contribute to
the linear dispersion but only those molecules in the v=0,
J=1 state contribute to the sideband generation. Equation
�10� is then modified to become

�Eq

�z
= − j��q�N�aq
aaEq + bq
bbEq�

+ 0.666N�dq−1
baEq−1 + dq
*
abEq+1�� , �12�

where we have underlined the modification factor to the
population for the coupling term. We solve this propagation
equation and the density-matrix equations numerically in
Fortran. For each time segment and at every step along the
propagation direction we solve the density-matrix equations
to obtain the dispersion and coupling constants by the 4th
order Runge-Kutta method proposed by Gill �29�. In this
calculation we take into account the Doppler width of H2 at
300 K that is of the order of 1.0 GHz. This value is in the
same ballpark as the Rabi frequencies and is much larger
than the laser linewidth. The influence of the Doppler width
on the molecular coherence near resonance is significant
�13�. The coupling constants as a function of detuning are
Doppler averaged to account for the Doppler shift of the
laser frequency relative to the Raman resonance at different
molecular velocities. We then solve the propagation equation
for Eq by the Euler-trapezoidal method with error control,
also known as the predictor-corrector method. Integrating
over the temporal and spatial profiles gives the final pulse
energy of each sideband as a function of the Raman detun-
ing. Note that while the Euler-trapezoidal method with error
control provides better convergence, Gill’s method provides
better efficiency �30�. Hence, by properly applying the two
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methods, we can get results of sufficient accuracy without
sacrificing calculation speed.

IV. RESULTS AND DISCUSSION

Of utmost concern in using room temperature H2 is the
influence of the large Doppler width in achieving maximum
coherence. When the laser excitation is tuned close to the
Raman resonance, the adiabatic preparation in both wings of
the velocity distribution of the Doppler profile are equal in
magnitude but opposite in phase so that the contribution
from these molecules to the coherence excitation cancels
each other, resulting in a reduced value �13,24�. Figures 3
and 4 show the magnitude of the calculated coherence 	
ab	
at the entrance to the H2 medium �	
ab	�0�� as a function of
the off-resonance detuning � at different pressures and driv-
ing laser intensities. The damaging effect of a large Doppler
width can be clearly seen in Fig. 3. In the absence of the
Doppler effect, the coherence can reach its maximum value
of 0.5 at a modest laser intensity of 1 GW/cm2. However,
the Doppler averaged coherence drops substantially to about
0.1, a fivefold reduction from its maximum value, at low H2
pressure where the Doppler linewidth is about 1.1 GHz �Fig.
3�a��. Even at high intensities, the coherence still could not
rise to its theoretical maximum �Fig. 3�b��. This shows that
increasing intensity alone is not sufficient to overcome the
damage done to the coherence by the severe Doppler broad-
ening. Incidentally the dip in Fig. 3�b� is a result of Rabi
flopping brought on by nonadiabatic population transfer from
state a to state b when the detuning is nearly on resonance
with the Raman transition. Due to an unequal Stark shift of
levels a and b, the bottom of this dip has a slight shift from

the low intensity Raman resonance �zero detuning�. This
shift is most obvious at high intensities as shown in the inset
in Fig. 3.

At higher pressures, the Doppler width is reduced by
Dicke narrowing �25,26�. Table I shows the linewidth of the
Q�1� Raman transition of H2 extracted from Fig. 3 and Eq.
�1� in �22�. The table shows that the linewidth changes from
�1.1 GHz at low pressure to �250 MHz at 2000 Torr be-
fore increasing again as a consequence of collisional broad-
ening �22,23�. Figure 4 shows the calculated initial coher-
ence at H2 pressures of 200 to 3000 Torr. Compared with
Fig. 3 we see that the reduction in the Raman linewidth at
intermediate pressures has enhanced the magnitude of the
coherence. At 7 GW/cm2, the magnitude of the coherence at
z=0, 	
ab	�0�, reaches 0.45 at 500 Torr but starts to drop at
1000 Torr. If we increase the driving laser intensity to
12 GW/cm2 for �0 and 20 GW/cm2 for �−1 �to match what
we have in our experiment�, which also increases the Stark
shift, the coherence can reach close to the maximum value of
0.5 at 200 and 500 Torr with positive off-resonance detuning
�Fig. 4�c��. Figure 4 also shows that the influence of
collision-induced dephasing on the coherence begins to be
felt above 700–1000 Torr for the 5 ns pulse duration.

Solving for the coherence and Eq. �12� as the laser pulses
propagate through the medium gives the generated pulse en-
ergy of each sideband in the collinear direction. Figures 5�a�
and 5�b� display the calculated single pulse energy of the
sidebands generated in 200 and 500 Torr H2 under the con-
ditions of Fig. 4�b�. We notice that, first, many orders of
Raman sidebands can be generated. Second, high-order side-
bands are generated only when the coherence is near its
maximal value of 0.5. As has been emphasized by Harris and
Sokolov �13� and discussed in Sec. II, efficient sideband gen-
eration occurs when 	
ab	�0� is near its maximum of 0.5 such
that the coupling term is comparable to the dispersion term
in the propagation equation. Room temperature H2 is more
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sensitive to this condition due to the dilution in its population
in the v=0, J=1 state. From Figs. 4 and 5, we see that only
when the detuning is near +1 GHz where 	
ab	�0� is well
above 0.4 that high-order sidebands are generated with a
reasonable efficiency. Moreover, the calculation shows that
high-order generation favors positive detuning when the
driven molecular coherence is in phase with the driving laser
fields and is not nearly as effective for negative detuning
when the coherence and the driving laser fields are 180° out
of phase �antiphased�. This preference for the phased side is
in agreement with observations in low temperature D2
�13,15,17�, but not with the observation in solid H2 �12,19�.
In these previous studies, the authors offered the explanation
that Raman-induced self-focusing at high intensities which

favors the phased state is the likely source of their observa-
tion �31�. But since our calculation used a top-hat transverse
profile and ignored radial variation in the transverse direc-
tion, self-focusing could not have been involved in our re-
sults. Instead, Le Kien et al. �19� pointed out that in efficient
adiabatic collinear sideband generation, the molecule must
be prepared as a pure or nearly pure antiphased state or
phased state with a near-maximum coherence. This can be
the case only if the large-coherence condition �Eq. �8�� and
the adiabatic-following condition

	�ab
�0�	 � T	�	2, �13�

where T is the full width at half maximum �FWHM� of the
driving laser pulses and �ab

�0� denotes that the value of �ab at
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FIG. 8. Measured energy of representative anti-Stokes radiation generated in 200 Torr H2 for sideband orders: �a� q=1, �b� q=3, �c� q=4,
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conditions used and matched to the highest measured output at positive detuning. There are no other free parameters. The error bar indicates
the typical one standard deviation fluctuation of the signal near its peak value.
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the peak of the pulses are both satisfied. Figure 6 shows the
regions of detuning in which both conditions can be satisfied
at the intensity level of Fig. 4�c�. We see immediately that
only for positive detunings with a magnitude of about 1 GHz
are both conditions met. For low order �q�3� sidebands,
strict adherence to the large coherence condition is not as
important; generation in the antiphased or the phased side
could be of the same order of magnitude.

V. COMPARISON WITH EXPERIMENT

The calculations validate the feasibility to achieve effi-
cient molecular modulation in room temperature H2 at me-
dium high pressure. We now describe our experiments aimed

at verifying these simulated results and to generate a broad
Raman spectrum suitable for subfemtosecond pulse train
construction in room temperature H2. The experiments em-
ployed two pulse-amplified cw single-longitudinal-mode la-
sers: A dye laser fixed at 589 nm and a Ti:sapphire laser
tuned around 780 nm. We set the frequency difference of
these two lasers to be approximately equal to 4155 cm−1.
The duration of the laser pulses were 5 ns. The pulse ener-
gies were 17 and 25 mJ, respectively. The two laser pulses
were linearly polarized that were parallel to each other. The
pulses were combined and focused to diameters of 190 and
180 �m respectively into the center of a 100 cm long cell
containing H2 at 300 K, yielding an intensity at the focal
spot of 20 GW/cm2 for the 780 nm beam and 12 GW/cm2
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for the 589 nm beam. Under these conditions, the driven
Raman coherence could reach 0.44 as its maximum value.
The 589 nm pulse was delayed by 1 ns relative to the
780 nm pulse. Hydrogen pressure in the cell was varied from
�1 to 1000 Torr. The bandwidths of the lasers were both
�100 MHz.

Coherent output from the cell was dispersed with a supra-
sil Pellin-Broca prism. The pulse energy of the generated
Raman sidebands that has a wavelength longer than 200 nm
was measured with a Molectron PS-10 thermopile. Part of
the output was reflected off the surface of a MgF2 plate into
a vacuum UV monochromator �McPherson 234/302� for
wavelength and relative energy analysis of the output whose
wavelengths were shorter than 210 nm �Fig. 7�. Two differ-
ent detectors were used: A solar-blind photomultiplier
�Hamamatsu R1459�, and a McPherson Model 654 detector
assembly that can detect from the vacuum UV to beyond
400 nm. The relative wavelength response of both detectors
was determined with a deuterium discharge lamp, and the
absolute response was calibrated at 199 nm with an energy
meter. Signals from the detectors were integrated with a box-
car signal averager, digitized and recorded by a PC. Each
data point was the average of 60 laser pulses.

The two driving lasers generated a collinear beam of Ra-
man sidebands. We scanned the wavelength of the 780 nm
beam to vary the magnitude of the coherence. At pressures
below 50 Torr, only a few low order Stokes and anti-Stokes
radiation were generated and their intensities were low.
Above 200 Torr we obtained measurable collinear radiation
from the second Stokes to the seventh anti-Stokes order. The
number of observed anti-Stokes sidebands increased with H2
pressure. At 500 Torr, a total of 13 anti-Stokes orders can be
recorded. At this pressure, the coherent output contains
equally spaced spectral components that range from the in-
frared to the uv, spanning four octaves to cover over
70 600 cm−1 in the optical to deep uv spectral region. The
conversion from the pump pulse to the sum of all the side-
bands reaches its highest value for an efficiency of 30% at a
detuning of 1500 MHz. A full description of the experiment
and results will be presented in a forthcoming publication. In

this paper, we compare simulated results with the experimen-
tal data. The recorded energies at 200 Torr and at 500 Torr
as a function of the detuning from the Raman resonance for
several sideband orders are shown in Figs. 8 and 9, respec-
tively. The position for zero detuning in these figures was
determined by measuring the first anti-Stokes signal spec-
trum at 100 Torr pressure and reducing the intensity of both
laser beams until the position of the signal peak stopped
shifting in wavelength. This happened at an intensity of a
few hundred MW/cm2 for both beams. The wavelength
where the centroid of the peak signal occurred was then used
as the wavelength of the zero detuning position. Simulated
results scaled to match the highest energy on the positive
detuning side are also displayed in these figures. There is
excellent functional agreement between theory and experi-
ment, especially for the higher order sidebands �q�3�. This
agreement lends credibility to the discussion in Sec. IV that
the preference to positive detuning in high order sideband
generation is mainly a direct consequence of the adiabatic
following and large coherence requirements in collinear mo-
lecular modulation. Raman induced self-focusing plays only
a secondary role in the final observation.

In Fig. 10 we show the pulse energy of the sideband or-
ders from both the simulation and the measurements. Since
different sideband orders peak at a slightly different detun-
ing, we plot the maximum achievable pulse energies irre-
spective of detuning for each order. The experimental obser-
vations are in very good agreement with the simulated results
at 200 Torr. At 500 Torr, there is a clear discrepancy be-
tween predicted and measured pulse energies for the high
order sidebands. The cause of this discrepancy is not clear at
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this point and requires further investigation. However, we
believe this discrepancy in part is a result that the coherence
of the laser pulse is less than perfect and is worse than what
is used in the calculation so that the effect of collisional
dephasing is felt sooner in the experiment than in the simu-
lation. For q�9 both experiment and calculation show a fast
drop in generated pulse energy. The Rayleigh range in the
experiment was 3 cm while at 500 Torr the coherence length
for the 8th order anti-Stokes generation is 3.2 cm. Thus col-
linear generation above the 8th order will be affected by
phase matching and naturally becomes smaller as destructive
interference begins to set in. As we increase to higher pres-
sures the negative influence by these factors on molecular
modulation is ever more obvious. At 700 Torr, although the
largest number of anti-Stokes orders, 15, was recorded, the
output beam at the orders q�7 showed an obvious off-axis
component signifying that noncollinear �off-angle phase-
matching� generation has begun to dominate.

Finally we estimate the subfemtosecond pulse train that
one can get using the measured broad spectrum at 500 Torr.
Figure 11 is obtained by Fourier synthesis of sidebands from
the −2nd to 9th order with the assumption that the sideband
energies from −2nd to 2nd order are reduced to the same
value as the 3rd order and the phases of all the sidebands are
tuned equal. The figure shows a single cycle electric field
with a width of �0.3 fs while the FWHM of the intensity
envelope shown is �0.7 fs. The pulse separation is 8 fs and
the peak pulse power is nearly 1 MW.

VI. CONCLUSION

In summary, we have presented the details of our numeri-
cal calculation including comparison with the results of ex-

periments for vibrational molecular modulation in room tem-
perature H2. We showed that while collisions are damaging
in most coherent processes, they play an important role in
realizing efficient modulation in room temperature H2 where
Dicke narrowing reduces the Doppler width to minimize the
destructive contributions from opposite wings in the Doppler
profile to the molecular coherence. In addition, generation of
high order sidebands favors the phased state and is primarily
a consequence of the resulting Stark shifts due to the high
intensities applied. The influence of self-focusing in the gas
is only secondary. Experimentally we succeeded in generat-
ing collinearly propagating sidebands with wavelengths that
range from 2216 nm in the infrared to 133 nm in the vacuum
UV. The frequency range covered by these sidebands spans
over four octaves for a total width of more than 70 600 cm−1

in the optical region of the spectrum. Such a spectrum could
be used in the reconstruction of single-cycle waveforms in
the visible and/or uv region. Our simulation shows that a
pulse train with a single-cycle pulse width of 0.3 fs, a pulse
separation of 8 fs, and a peak power of nearly 1 MW is
achievable. Molecular modulated H2 can also be an excellent
medium for producing intense tunable deep uv radiation by
adding a third tunable laser to the system �32� or as a source
of THz repetition rate electromagnetic radiation �33�.
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