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Parametric Raman sideband generation is investigated using strongly driven Raman coherence in solid
hydrogen. We show that the Raman coherence prepared with two coaxial single-mode lasers beats with
multimode laser radiation with very broad bandwidth and efficiently replicates the broadband nature
to the Raman sidebands without the restriction of phase matching. We demonstrate that this efficient
replication occurs mainly on the negative side of Raman detuning, where the medium adiabatically

follows the antiphased state.

PACS numbers: 42.50.Gy, 42.50.Hz, 42.65.Ky, 42.79.Nv

There has been increasing interest in nonlinear optics
using electromagnetically induced transparency (EIT) [1].
This effect allows us to efficiently generate a paramet-
ric sideband without the restriction of phase matching
using a large coherence [2]. Harris and his collabo-
rators demonstrated efficient parametric up-conversion
within one coherence length using Pb vapor [3]. Zibrov
et al. demonstrated an efficient parametric process in
cw operation using a hyperfine transition in Rb atom
[4]. Although the idea of EIT had been started for the
resonant Raman three-level systems, the idea has now
been extended to far-off-resonance Raman systems. Harris
and Sokolov proposed a method to realize a large Raman
coherence using adiabatic preparation with two strong
driving laser pulses; they showed for molecular H, gas that
the strongly driven molecular vibration may collinearly
generate the multiorder Raman sidebands that may lead to
subfemtosecond light pulse generation [5]. Yavuz et al.
theoretically demonstrated the existence of eigenvectors
for the far-off-resonance Raman system [6]. Regarding
experiments, Hakuta et al. reported collinear paramet-
ric Raman sidebands in stimulated Raman scattering
(SRS) using solid hydrogen [7]. Recently, Sokolov et al.
have reported the collinear multiorder SRS sidebands
using a strongly driven Raman coherence in D; gas [8].

In the present Letter, we show for the far-off-resonance
Raman scheme using solid hydrogen that the Raman co-
herence strongly driven by two coaxial single-mode lasers
parametrically beats with multimode laser radiation with
a very broad bandwidth of about 300 cm™!, efficiently
generates the collinear Raman sidebands without the re-
striction of phase matching, and exactly replicates the
broadband nature of the multimode laser to the sidebands.
If one assumes a conventional parametric process seri-
ously restricted by phase matching, there would be no
way to generate efficiently the collinear parametric side-
bands using such broadband radiation, and moreover, even
assuming the resonant EIT scheme [3,4], one cannot real-
ize such broadband replication, because the Raman cou-
pling strength should change drastically in the resonant
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scheme for such a broad bandwidth of 300 cm™!. We
show also that the efficient parametric sideband genera-
tion occurs mainly on the negative side of Raman detuning,
where the medium may adiabatically follow the antiphased
state.

First, we summarize some main features of solid hy-
drogen. Solid hydrogen is the simplest molecular crystal
consisting of H, molecules. Its remarkable feature is that
molecules consisting of the solid have well-defined vibra-
tional and rotational quantum states as free molecules in
the gas phase and their characteristic frequencies are al-
most equal to the gas phase values [9]. Moreover, the
spectral widths for the transitions are very narrow [10]. Re-
garding the pure vibrational transition Q;(0) (v = 1 — 0,
J =0 — 0), Li et al. measured the dephasing rate and
showed that the Raman dephasing rate may become as slow
as 1.5 MHz or less [11]. Katsuragawa and Hakuta reported
a Raman gain measurement and showed that, regarding the
Raman transition, solid hydrogen can simply be modeled
as a noninteracting H, system with a solid number density
of 2.64 X 10%? cm ™3 [12].

Next, we estimate how large coherence should be pre-
pared for the efficient parametric Raman sideband genera-
tion without the restriction of phase matching. The Raman

coherence pp is p(re})ared by driving with two single-mode
P

pulsed lasers at wy ~ and o 1) between states |a) and |b),

corresponding to the Q;(0) transition with energy separa-
tion 4149.64 cm™!, and a beating radiation field L’(()m)(f)
at wy is applied to the prepared coherence; see the inset of
Fig. 1. By restricting the discussions to 1st Stokes (w—1)
and anti-Stokes (w 1) sidebands and neglecting the phase
slip due to dispersion, one can readily solve the propa-
gation equations. Results are summarized below together
with the phase-slip coefficient Ax:
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FIG. 1. Coherence versus Raman detuning calculated at a

propagation distance of 100 um for three driving intensities:
(a) 180 MW/cm?, (b) 130 MW /cm?, and (c) 40 MW /cm?.
The inset shows the scheme for the Raman sideband generation.

Two lasers at w(()p) and w(,pl) drive the Raman coherence, and the

coherence beats with a laser field at wy with broad bandwidth
and generates sidebands at w; and w_;. Upper states | j ) locate

far above the ground state, about 90000 cm™!, and one-phton

detunings may become very large values around 70000 cm™!.

Ak = iv—ﬁ[wl(ao —a) + o-i(ap —a-1)], 3)
€nC
where d;, a;, and N are the Raman coupling constant,
dispersion constant, and number density of H, molecules,
respectively [13]. Using Egs. (1)-(3), we can obtain the
large-coherence condition which is required for the maxi-
mal conversion with negligible phase slip as follows:

1 |lwi(ay — a;) + w—1(ag — a—y)|
lpus] > + i(ag — a1) : 1(ag ! 1) @
2 Jaoloildo* + w—1ld—i1?)

By substituting numerical values for the coupling and dis-
persion parameters and assuming wo = 12250 cm™!, we
can reach the coherence condition as |p.,| > 0.01.

We numerically calculated the spatial evolution of
the coherence solving density matrix equations and
one-dimensional wave propagation equations [13]. The
pulse width of each driving laser was assumed to be
15 ns (FWHM), corresponding to a Fourier-limit spectral
linewidth 30 MHz (FWHM). Figures 1(a)—1(c) display
the calculated | p,p| versus Raman detuning Sw = wgp —
(w(()p - w(_l;)) at a propagation distance of 100 um for
three driving laser intensities, 180, 130, and 40 MW/ cm?.
Note that a large coherence far exceeding |p,| = 0.01
is realized at each peak. For a driving intensity
180 MW /cm?, | pus| takes a peak value of 0.1 at the nega-
tive detuning —50 MHz. The observation of coherence
peak shift from the zero detuning may be well understood
as being due to the adiabatic preparation of the coherence,
and, moreover, the negative shift means that the medium
adiabatically follows the antiphased eigenstate [5,13].

Actually, the calculation has shown that the medium
state evolved at the detuning —50 MHz is described by
the antiphased state with a projection certainty larger
than 99%. For 130 MW/cmz, the behavior is essentially
the same as that for 180 MW /cm?, but with a smaller
peak of |pup| = 0.08. For a weaker driving intensity
40 MW /cm?, |pap| takes a peak around zero detuning,
but it is still possible to realize a large | p,;| value of 0.04.
This turns out that, for the weaker driving intensity, the
adiabaticity may be less important for the large-coherence
preparation. Assuming |p.,| = 0.05, we have estimated
the propagation distance for maximal conversion from
sz = /2 to be about 200 wm.

Solid parahydrogen crystal was grown from liquid phase
in an optical cell with two sapphire windows [14]. We
prepared a thin crystal with a thickness of 250 um by ad-
justing the separation between the windows. Parahydrogen
was obtained by converting normal liquid hydrogen using a
catalyst at around 14 K, just above the melting point. The
purity of parahydrogen was estimated to be greater than
99.9%. The crystal was grown at a temperature of 15 K
under a pressure of 30 atm. After the completion of crystal
growth, the temperature of the cell was slowly lowered to
4.8 K, the lowest temperature in the present cryogenic sys-
tem. Obtained crystal was completely transparent without
any visible cracks.

Coherence was prepared by driving with two single-

mode pulsed lasers: the Ti:sapphire laser at 738 nm [wop)

and the YAG laser at 1064 nm [a)(_p 1)]. Both were injec-
tion seeded by cw-single-frequency Ti:sapphire (Coherent
899-29) and YAG (Lightwave Model 126) laser, respec-
tively. Pulse durations were 25 and 14 ns for the Ti:sap-
phire and the YAG laser outputs, respectively. Both of
the laser beams were overlapped temporally and coaxi-
ally focused into solid hydrogen with a beam diameter
of 0.35 mm. Intensities of both driving lasers were kept
equal throughout the experiments. The maximum inten-
sity in the crystal was 180 MW /cm?, which was limited
by the damage of the crystal. The broadband multimode
laser for the parametric beating was a free-running Ti:sap-
phire laser lasing at 12250 cm™! (818 nm) with a band-
width of 290(=15) cm™! (FWHM). The broadband beam
was applied coaxially to the driving laser beam axis and
was focused to the crystal with a diameter of 0.12 mm, so
that the parametric beating may occur through the interac-
tion with uniformly prepared coherence.

In Figs. 2(a)-2(c) we display three kinds of SRS side-
band spectra obtained by the driving intensity 40 MW/
cm? and the zero Raman detuning. Spectra (a) and (b) were
photographed by dispersing through a Pellin-Broca prism,
and spectrum (c) was photographed by a grating spectrom-
eter. Spectrum (a) was obtained with the two driving lasers
only. The driving beams are marked by ¢ (738 nm) and
a—1 (1064 nm). Two anti-Stokes components marked as
a41 and a4, are clearly observed. The two components
were observed collinearly to the driving beam axis with the
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FIG. 2. Sideband spectra dispersed by a prism, (a) and (b),
and by a grating spectrometer, (c), with the driving intensity
40 MW /cm? and the zero Raman detuning. Sequence «; is
due to the two driving fields only, and sequence B; due to the
applied laser radiation. Half-widths in (¢) for By, B+1, and
B—1 components are 290(*15), 280(*15), and 300(*15) cm ™!,
respectively.

same beam divergence as the incident beams and with a fre-
quency separation corresponding to the Q;(0) vibrational
frequency. Next, we show the Raman sideband spectrum
observed by superposing the broadband laser beam to the
driving beam axis. The intensity of the broadband laser
was 3.3 MW/cm?. In Fig. 2(b) is displayed the gener-
ated sideband spectrum. It is clearly seen that new SRS
sequence, B; (i = —1 to +2), has been generated with
the same frequency separation as the sequence «;. The
Bo component denotes the applied broadband laser radia-
tion. The B; sidebands were also observed collinearly on
the axis of the laser beams with the same beam divergence
as the applied broadband beam. We did not observe any
SRS sidebands by using the broadband beam alone. Con-
version efficiency (quantum efficiency) from By to B+,
components reached about 10(*=3)% for each at this driv-
ing intensity. We estimated the magnitude of coherence
from the conversion efficiency to be | pq;| ~ 0.02. Spec-
tral profiles for 8; (i = —1 to 1) components are dis-
played in Fig. 2(c). Note that the broadband nature of
the multimode laser is exactly replicated to the Raman
sidebands: half-widths for the 84, and 8- components
are 280(*15) and 300(=15) cm™!, respectively, exhibit-
ing good agreement with the width for the applied beating
beam By, 290(+15) cm™~!. For stronger driving intensi-
ties, the spectral profile was replicated also as those in the
figures but with higher conversion efficiencies.

Tuning characteristics for the 4 and 8+, components
are displayed in Figs. 3(a)—3(f) for three driving intensi-
ties, 130, 40, and 10 MW /cm?. The Raman detuning was
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FIG. 3. Tuning characteristics for two Raman sideband com-

ponents, a+; and B4, for three driving laser intensities. Each
peak is scaled to the same value. Traces (a)—(c) are for a4
component, and traces (d)—(f) are for 84+, component. Traces
in (a) and (d), in (b) and (e), and in (c) and (f) are for the
driving intensities, 130, 40, and 10 MW/ cm?, respectively.

controlled by tuning the single-mode Ti:sapphire laser. In
order to monitor the Raman resonance, we simultaneously
measured the SRS tuning characteristics in a weak pump
limit for each measurement by passing a fraction of the
driving beams to a different portion of the solid hydro-
gen from the strongly driven region. The Raman reso-
nance was detected through an observation of the a4
component at 565 nm using a photomultiplier through
a monochromator. As seen in the figures, the tuning
characteristics are exactly the same for the o) and B4
component. This shows that the broadband parametric

replication is due to the Raman coherence prepared by the
two single-mode driving lasers. The traces clearly show
that the tuning curves become broader and asymmetric
to the Raman resonance with the increase of the driving
intensities, and one can readily recognize that the essential
features of the experimental observations well correspond
to the calculated behaviors of coherence displayed in
Fig. 1. For the driving intensity of 10 MW/cm?, the
generation occurs around the Raman resonance over
100 MHz bandwidth with symmetric profile, and for
40 MW /cm? driving intensity the peak still locates at the
Raman resonance. For the intensity of 130 MW /cm?, the
peak shifts to a negative side with the Raman detuning of
—120 MHz, and most of the parametric generation occurs
on the negative side.

Figure 4(a) displays the conversion efficiency (quantum
efficiency) from the applied beating laser to the B4
component versus the beating laser intensity. The driving
intensity was fixed to 40 MW/cm?, and the Raman
detuning was set to zero. Intensity of the 84, component
was obtained by measuring both energy and temporal
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FIG. 4. Conversion efficiency (quantum efficiency) from beat-
ing laser to B4 sideband; (a) is versus the beating laser intensity.
Driving intensity was fixed to 40 MW /cm?. Raman detuning
was set to zero. (b) is versus the driving laser intensity. Beating
laser itensity was fixed to 3.3 MW/cm?. Raman detuning was
set to Sw /27 = —120 MHz.

profile. Although the beating laser intensity is varied
about two order, the conversion efficiency is constant
within the experimental errors. This confirms again that
the present sideband generation process is the coherent
beating process due to the prepared Raman coherence.
Figure 4(b) displays the conversion efficiency versus the
driving laser intensity. The beating laser intensity was
fixed to 3.3 MW /cm?, and the Raman detuning was set
to —120 MHz. With the increase of the driving laser
intensities until 10 MW /cm?, the conversion efficiency is
quadratically enhanced, and it almost saturates at about
100 MW/cmz, that is a clear signature of reaching the
maximal conversion condition. Conversion efficiency
reaches a maximum value 24(*5)% at the driving in-
tensity 180 MW /cm?. The conversion efficiency for the
B-1 component exhibited the same behavior as that for
the B+ component with maximum conversion efficiency
of 30(+10)% at 180 MW /cm?. These observations mean
that the prepared coherence has replicated the applied
broadband laser photons to the collinearly propagating
B+1 Raman sidebands by a total conversion efficiency

of about 50% with a propagation distance of 250 um.
Through a comparison with the numerical simulations we
have estimated the realized coherence as |p,,| ~ 0.05 at
the Raman detuning —120 MHz, which far exceeds the
requirement for the large coherence.

In summary, we have demonstrated the collinear para-
metric Raman sideband generation using solid hydrogen.
We have shown that the Raman coherence strongly driven
with two single-mode lasers beats with multimode laser
radiation with very broad bandwidth, and efficiently repli-
cates the broadband nature to the Raman sidebands with
a signature of saturation. We have also shown that the
sideband generation occurs mainly on the negative side of
Raman detuning, where the medium may adiabatically fol-
low the antiphased state.
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