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Efficient frequency conversion of incoherent fluorescent light
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We demonstrate efficient replication of an incoherent fluorescent light with the 1770-cm21 broad bandwidth
into its Raman sidebands with frequency spacing of 4150 cm21 in a thin hydrogen crystal. We achieve a high
conversion efficiency of 22% per sideband using a sufficiently large Raman coherence prepared by two
collinearly propagating ns laser fields.
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Optical parametric frequency conversion is an import
method to obtain new light sources that can be used for v
ous applications. To achieve an appreciable efficiency for
conversion process, one must overcome the phase mism
originating from the refractive-index dispersion. Many me
ods have been developed so far to realize phase matc
Among them, a typical method is to make use of crys
birefringence for achieving phase matching. Although t
method has been widely used for various purposes, it
poses a stringent restriction on the angular orientation of
crystal optical axis with respect to the polarization directi
of the incident light @1#. Therefore, for lights with broad
bandwidth, this method cannot work alone, and additio
techniques are required. For example, in order to con
broadband lights, one has to carefully design the ang
spread of the spectra to establish the so-called noncolli
phase matching@2,3#.

Recently, it has been shown that a large coherence
dipole-nonallowed transition in far-off-resonance Ram
systems can lead to parametric Raman processes free
the stringent restriction on the angular orientations@4–6#.
We have shown that a large Raman coherence establish
solid hydrogen leads to parametric anti-Stokes Raman s
tering without conventional phase matching@5#. More re-
cently, we have demonstrated that a sufficiently large Ram
coherence prepared by two coaxial single-mode lasers m
lates an incident multimode laser radiation and efficien
replicates the broadband nature@300 cm21 full width at half
maximum ~FWHM!# of the incident light into the higher
and lower-frequency sidebands with a frequency spacing
4150 cm21 @7#.

In this paper we substantially develop the prepar
Raman-coherence technique@7# and extend it to an extrem
case where the incident radiation is a temporally and s
tially incoherent fluorescent light. We demonstrate efficien
replication of an incoherent fluorescent light with th
1770-cm21 broad bandwidth into its Raman sidebands with
frequency spacing of 4150 cm21 in a thin hydrogen crystal
We achieve a high conversion efficiency of 22% per si
band using a sufficiently large Raman coherence prepare
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two collinearly propagating ns laser fields. Unlike the mul
mode laser light used in the previous work@7#, the fluores-
cent light used in our present paper is incoherent in sp
and time and has a huge bandwidth. As far as we know,
is the first report on the experimental realization of the pa
metric replication ofincoherent lightwithout conventional
noncollinear phase matching.

Figure 1~a! shows the schematic of the generation of R
man sidebandsEq by beating a weak probe fieldE0 with a
prepared Raman-transition coherencerab . Under the far-off-
resonance condition, the slowly varying envelope equat
for Eq in the local time t5t2z/c reads ]Eq /]z
5 ibq(aqEq1dq21rbaEq211dqrabEq11), whereaq anddq
are the dispersion and coupling constants, respectively,
bq5N\vq /e0c @4,8#. Herevq is the carrier frequency ofEq
andN is the number of molecules per volume. We restrict t
discussion to the first Stokes and anti-Stokes sidebands
assume that the absolute value and the phase shift per le
of rab are constants, that is,rab(z)5ei (w02kcz)urab(0)u.
WhenDkc5kc2(b1a12b21a21)/2 is negligible, we find

E61~z,t!5 ig61

urabu
s

sin~sz!eic61~z!E0
~ in!~t !,

s5Ag2urabu21~Dk/2!2, ~1!

whereg15b1d0 andg215b21d21 are the coupling param
eters,g5Ab0(b1d0

21b21d21
2 ) is the effective coupling pa-

rameter,Dk5k02(k11k21)/2 is a partial phase mismatch
kq5bqaq are the single-mode phase shifts per leng
c61(z)5(k611Dk/2)z7w0 are the full phase shifts, an
E0

(in)(t) is the input probe field. According to Eqs.~1!, a

-
-

FIG. 1. ~a! Collinear sideband generation (E0→E61) with a
sufficiently large Raman coherencerab . ~b! Preparation of the Ra-
man coherencerab in solid parahydrogen.
©2002 The American Physical Society01-1
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BRIEF REPORTS PHYSICAL REVIEW A 65 025801
larger value ofurabu/s leads to more efficient frequency con
version. The largest values ofuE61u are achieved at the
lengthz5p/2s. The condition

4gurabu@DK[max~2uDku,uDkcu! ~2!

is required for the maximum-gain length to be smaller th
the coherence lengthl coh52p/DK. Under this condition,
substantial frequency conversion occurs in the region oz
>p/2gurabu. Calculations show that, for the parameters
the experiment described below, condition~2! can be satis-
fied for the whole visible region. Condition~2! can be real-
ized by two different methods. One is to reduceDK to near
zero, a conventional method, known as phase matching.
other method is to generate a sufficiently large coherencerab
against the inherent phase mismatchDK. With the use of this
method, the frequency conversion process is free from
restriction on the phase relation between the probe and
generated fields. Therefore, this method can be used
lights with arbitrary spectral and statistical properties. T
practical difficulty of this method lies in the realization of
substantial, long-living Raman coherence. We empha
that, since the medium is thin, the conversion efficien
would be very small unless a substantial coherence
prepared.

Equation ~1! shows that the statistical properties of t
sidebands are determined by the properties of the probe
the prepared coherence. When the probe field is a statistic
random quantity while the fluctuations in the driving fiel
and, consequently, in the prepared coherence are neglig
the probe field and the sidebands have the same norma
correlation functions, that is, the same statistical properti

When solid hydrogen is used as a nonlinear medium
sufficiently large Raman coherence can be easily prep
for the pure vibrational transitionQ1(0) @5,7#. The statesua&
and ub& are the ground (v50,J50) and pure vibrational (v
51, J50) states, respectively, with the energy separat
vba54149.64 cm21, see Fig. 1~b!. The medium is driven by
two coaxial single-mode laser fieldsEp andEs , slightly de-
tuned from the Raman resonance by a detuningd. When the
medium is adiabatically prepared in the phased or antipha
state, the Raman coherence is@4,8#

rab5sgn~d!
Vab

A~d1Vstark!
214uVabu2

. ~3!

HereVstark>(as2bs)(uEpu21uEsu2)/2 is the Stark shift and
Vab>(dsuEsEpu/2)ei (f02kcz) with kc5bpap2bsas is the
two-photon Rabi frequency. The adiabatic preparation
quires the conditionudu@dvL@gab , where gab is the
dephasing rate of the medium anddvL is the laser linewidth
@4,8#. For theQ1(0) transition in solid hydrogen, the depha
ing rategab is extremely low~,1.5 MHz @9#!, even much
lower than that in high-pressure hydrogen gas@10#. There-
fore, the two-photon detuningd can be set to a small value
allowing the generation of a sufficiently large coherence w
relatively weak driving fields. We estimate the necessary
tensity of the driving fields for the production of a substant
coherence to satisfy condition~2!. Assuming the probe fre
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quencyv0520 000 cm21 and using the parameters of hydr
gen @11#, we obtain g>3000 cm21, Dk>25 cm21, and
Dkc>130 cm21. Hence, condition~2! requiresurabu@0.01.
We choosed5250 MHz, takeuEpu5uEsu, and use the pa-
rameters (a0 ,b0 ,d0)5(4.49,4.88,0.57)31027 in the SI
units @8,11#. Then we find that a driving intensity of as low
as 90 MW/cm2 can produce a substantial coherenceurabu
>0.05. This coherence is large enough to satisfy condit
~2! for efficient frequency conversion.

Now we proceed with the experimental part. A sol
parahydrogen crystal was grown from the liquid phase in
optical cell with two sapphire windows@12#. The purity of
parahydrogen obtained by converting normal liquid hyd
gen with a catalyst at around 14 K was greater than 99.
The crystal was optically transparent without any visib
cracks. We set the crystal thickness to 300mm adjusting the
separation between the windows. This thickness is sho
than the coherence lengthl coh>500mm, and is enough for
efficient conversion if a coherenceurabu@0.01 is prepared.

For the coherence preparation, we used two sing
frequency pulsed laser systems, a yttrium-aluminum-ga
~YAG! laser at 1064 nm (vs), and a Ti:sapphire laser at 73
nm (vp). Both systems were injection seeded by continuo
wave single-frequency lasers. The pulse durations@full width
at half maximum~FWHM!# of the YAG and Ti:sapphire out-
puts were 12 and 24 ns, respectively. Their linewidths w
3064 and 1562 MHz, respectively, satisfying the Fourie
transform-limit condition. The laser beams were tempora
superposed and coaxially focused into the crystal with dia
eter of 600mm. We set the peak intensities of the drivin
fields to be the same. We chose the Raman detuningd5
250 MHz, at which the condition for the adiabatic cohe
ence preparation was satisfied and a large value ofurabu was
achieved@8#.

For the incoherent light, we used a fluorescent light fro
a dye solution~Coumarin-500! pumped by a weak YAG-
laser output at 355 nm. The fluorescent light~pulse duration
of 5.2 ns! had a broad, smooth continuous spectrum of 17
cm21 FWHM ~493–540 nm!. Its intensity distribution is uni-
form over the entire solid angle~4p sr!. We picked up the
fluorescent light partially in space and focused it with a le
onto a 50-mm-diameter pinhole, and then transferred the p
hole image to a 500-mm-diameter spot size at the crysta
The fluorescent light beam was parallel over a 1-mm-lo
spatial region including the crystal. We set the fluoresc
light beam coaxial with the driving beams, and carefully a
justed the temporal and spatial overlaps between the be
in the 300-mm-long crystal. It should be noted here that t
thin interaction length of 300-mm enables the beating of th
coherence with even unfocusable lights such as incohe
lights.

We employed an optical multichannel analyzer to meas
the forward emission spectra. To observe only the Ram
sidebands of the fluorescent light, we blocked the driv
beams and their Raman sidebands by a small spatial m
and notch filters. The relative sensitivity of the detection s
tem for different frequencies was calibrated by a stand
light source.

The measurements of the Raman sideband spectra
carried out for two cases, with different bandwidths of t
1-2
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BRIEF REPORTS PHYSICAL REVIEW A 65 025801
incident fluorescent light. First, we restricted the bandwi
of the incident fluorescent beam to 350 cm21 FWHM by
using a bandpass filter. The driving laser intensity was
MW/cm2. Figure 2~a! shows the observed spectra of the sid
bands including the incident fluorescent light. As seen, t
continuous spectral profilesHBP andLBP , nearly identical to
that of the incident beam, appear in the regions of wa
lengths 409–441 nm and 620–696 nm, respectively. The
quency separation between the sidebandsHBP and LBP is
4150 cm21, the same as the Raman shift. The two sideba
were observed collinearly on the axis of the incident bea
and had the same beam divergence as that of the inci
beam. One understands thatHBP and LBP are the Raman
sidebands of the incident fluorescence and that theincoher-
ent fluorescence light beats with the prepared Raman co
ence without any restriction on the medium refractive ind
dispersion. Next, we removed the bandpass filter, and m
sured the spectra of the sidebands of the incident light w
the whole 1770 cm21 bandwidth, see Fig. 2~b!. Again, the
spectrum of the incident light was replicated very well at t
Raman sidebands. Thus, the beating of the fluorescent
with the prepared Raman coherence replicated the incohe
nature into the Raman sidebands regardless of the spe
profile of the incident beam.

We measured the quantum conversion efficiency of
incident fluorescent light to the Raman sidebands for vari
driving laser intensities. The measurements were carried
for the cases with the incident beam bandwidths of 350
1770 cm21. The obtained results were essentially identi
for the two cases. Figure 3 shows the results for the case
the bandwidth of 1770 cm21. The incident beam intensity
was maintained at 1.5 kW/cm2 corresponding to the puls
energy of 15 nJ. As seen from the figure, the convers
efficiency improves quadratically as the driving intensity
creases until 30 MW/cm2, and it almost saturates and eve

FIG. 2. Spectra of the sideband of the incident fluorescent lig
~a! The bandwidth of the incident light is reduced to 350 cm21 by
using a bandpass filter.~b! The whole 1770-cm21 bandwidth of the
incident light is used.LBP and L ~HBP and H! are the lower-
frequency~higher-frequency! sidebands. The intensity in each spe
trum is normalized to its peak value.
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begins to decrease when the driving intensity is about
MW/cm2. The conversion efficiency reaches the peak val
22% and 24% for the higher- and lower-frequency sideban
respectively. The solid and dotted curves represent the re
of the numerical simulations for the higher- and lowe
frequency sidebands, respectively. The numerical sim
tions were based on the wave propagation equations for
three coupled fields with the prepared coherencerab(z)
5urab(0)ue2kcz as a fitting parameter. The effective spat
overlap between the probe and driving beams was taken
account. As seen, the calculations reproduce very well
characteristic behavior of the observed data. The decreas
the conversion efficiency after saturation indicates that
term sz in Eqs. ~1! has exceededp/2. Through the simula-
tions and the fitting, the largest Raman coherence gener
at the driving intensity of 110 MW/cm2 is estimated to be
urabu>0.04. Due to this coherence, substantial frequen
conversion within a coherence length has been realized.

Unlike the case of Fig. 3, we now fix the driving intensi
and, consequently, the prepared Raman coherence, but
the incident fluorescent light intensity. According to Eqs.~1!,
the conversion efficiency of the probe field to its sideban
does not depend on the probe intensity. Figure 4 shows
observed quantum conversion efficiency for the high
frequency sideband as a function of the incident fluoresce
intensity~bottom axis!. The driving intensity was fixed at 70
MW/cm2. We used low probe intensities varying from 32
1000 W/cm2. The figure shows that the conversion efficien
remains constant and high~at 22%! within the experimental
errors, even when the probe intensity is reduced to 32 W/2

corresponding to the incident energy of 330 pJ.
Since the probe light used in our experiments was tem

rally and spatially incoherent, we estimate the photon nu
ber per coherent wave packet in both time and space regi
The number of coherent wave packets in time domain
defined as the ratio of the pulse duration~5.2 ns! to the
autocorrelation~coherence! time ~12 fs!, which is derived

t.

FIG. 3. Quantum conversion efficiency of the incident fluore
cent light~1770 cm21 FWHM! to its Raman sidebands as a functio
of the driving laser intensity. The observed data for the higher-
lower-frequency sidebands are shown by the solid and open cir
respectively. The calculated data are shown by the solid and do
lines, respectively.
1-3
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BRIEF REPORTS PHYSICAL REVIEW A 65 025801
from the Fourier transformation of the fluorescence spect
~1770 cm21 FWHM!. This number is evaluated to b
4.53105. The number of coherent wave packets in spa
domain is defined as the ratio of the focus area~0.25 mm2! of
the fluorescent light to that~13 mm2! of a single-transverse

FIG. 4. Quantum conversion efficiency of the incident fluore
cent light~1770 cm21 FWHM! to its higher-frequency Raman side
band as a function of the incident intensity~bottom axis! or the
incident photon number per wave packet~top axis!. The inset shows
the wave-packet number in time (4.53105) and that in space
(1.93104).
s,

s

.

ta

02580
m

e

mode laser beam with similar wavelength and spatial be
profile. This number is estimated to be 1.93104. Therefore,
the total number of coherent wave packets, defined as
product of the numbers of wave packets in time and spac
8.63109. When the incident fluorescent beam intensity
300 W/cm2 ~3.3 nJ!, the total photon number of the bea
amounts to;8.63109, corresponding to one photon pe
wave packet. The new scale using photon number per co
ent wave packet is shown as the top axis in Fig. 3. This sc
shows that the quantum conversion efficiency is maintai
constant and high, at 22%, even for weak fluorescent lig
with less than one photon per wave packet.

In conclusion, we have shown that a sufficiently lar
Raman coherence prepared in a thin hydrogen crystal, ac
like a local oscillator at a frequency of 4150 cm21, modu-
lates an incoherent fluorescent light and replicates efficie
the 1770-cm21 huge bandwidth of the light into the Rama
sidebands. Since the bandwidth of 1770 cm21 corresponds to
an autocorrelation time of 12 fs, our technique can natura
be extended to replicate a femtosecond pulse into
4150-cm21 higher- and lower-frequency sidebands, who
Fourier synthesis may result in single sub-fs pulses.
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