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Optical continua generation in a coherently prepared Raman medium
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It is shown that broadband optical continua may be generated as light propagates through a coherently
prepared medium. Stimulated Raman scattering is a parametric process responsible for the spectral broadening.
Even though the generation of spectral components is limited by the dispersion of the medium, numerical
estimates for realistic parameters show feasibility of generating coherent optical continua with total bandwidth
of several hundred terahertz without implementation of any dispersion compensating technique. Finally, a
technique for producing broadband coherent optical spectra and, thus, ultrashort pulses of radiation is pro-
posed.
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I. INTRODUCTION

During last two decades, progress in ultrashort pulse g
eration and amplification techniques resulted in the deve
ment of lasers generating extremely short~several femtosec
onds! and very high-peak power~up to 1015 W) optical
pulses @1#. Such an enormous result may be obtained
using different mode-locking techniques for ultrashort pu
generation combined with the idea of chirped pulse amp
cation. However, both generation and amplification of
trashort pulses are usually based on the existence of a
media with very broad~up to ;100 THz) amplification
spectra, such as yttrium aluminum garnet YAG, sapph
LiSAF, etc. doped with transition-metal ions. Thus, the d
ration of generated pulse and its wavelength are restricte
the parameters of these media.

In parallel with this progress, hollow-fiber and paramet
amplification techniques resulted in generation of sub-10
pulses. These two techniques are considered the most ad
tageous since they allow for wide tunability of the genera
pulses in combination with high-energy per pulse~see, for
example,@2# and references therein!.

A possibility of ultrashort pulse generation has been p
dicted theoretically@3# and confirmed experimentally@4# by
Harris and Sokolov and Hakutaet al. It is based on a stimu
lated collinear Raman scattering of light as it propaga
through the Raman medium. It has been shown that the
ciency of a Raman sideband generation can be very hig
the excited Raman coherence is close to maximal. There
very broad spectrum from near infrared~IR! up to vacuum
ultraviolet ~VUV ! can be generated. It has been also sho
that the generated spectrum allows pulse compression
normally dispersive medium and that the pulse repetition
is determined by the frequency of the Raman transiti
However, as is well known, efficient coherence excitation
Raman transition is possible only if there is a populat
difference at this transition. This requires high frequency
this transition so that there is a population difference due
thermal distribution. In other works@3,4#, the energy of Ra-
man transition was chosen to be (3 –4)3103 cm21. Such
high frequency corresponds to the pulse repetition pe
5–10 fs. Therefore, it is impossible to separate a single p
from the sequence.
1050-2947/2001/64~6!/063819~8!/$20.00 64 0638
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The only way to decrease the pulse repetition rate is
lower the frequency of the Raman transition. Thus, a mec
nism of excitation of Raman coherence between equ
populated levels must be proposed. In@5#, it has been shown
that low-frequency coherence may be excited due to re
ation processes at optical transitions that are typically
glected when considering Raman scattering. This eff
originates from well-known coherent population trappi
~CPT! ~for review, see@6#!. The technique proposed in@5#
allows one to generate very broad coherent optical spe
~hundreds of teraherz! with rather low-frequency separatio
between the two subsequent sidebands (;1 –10 GHz),
which implies a low-pulse repetition rate after pulse co
pression. In fact, the idea presented in@5# is a generalization
of the approach proposed by Sokolov and Harris. Howe
the efficiency of the CPT process is very low in the case
far-off-resonant electromagnetic field. Thus, the creation
Raman coherence requires rather intense fields and se
restrictions on the relaxation rates at both Raman and op
transitions. Besides that, very strong electromagnetic-fi
propagating in the medium may experience undesirable n
linear self action, such as spatial self focusing, which mi
place a restriction on the length of propagation in the m
dium and, thus, significantly reduce the width of genera
coherent spectrum.

In this paper, a possibility to avoid the difficulties, d
scribed in the previous paragraph, is proposed. It is c
nected to the idea that low-frequency Raman coherence
be prepared in the CPT process under the action of the
ternal driving field resonant to the optical transition in t
medium. Then, a rather weak probe field is scattered du
the excited coherence producing Raman sidebands with
quency separation equal to the frequency of the excited
herence. In this case, no self action of the probe field
occur. Moreover, the efficiency of Raman coherence pre
ration may be significantly increased due to the reson
character of interaction between the driving field and
medium. The situation is very similar to that described in t
paper by Husset al. @7#. In that work, a generation of fou
additional Raman sidebands in a coherently driven sod
vapor has been observed experimentally. The reason for
low efficiency of the sideband generation demonstrated
@7# is a very low density of active atoms (;1012– 1013
©2001 The American Physical Society19-1
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ROMAN KOLESOV PHYSICAL REVIEW A 64 063819
cm23). In this paper, it will be shown that at much high
densities it is possible to generate up to 104–105 additional
Raman sidebands and, thus, produce very broa
(;100 THz) coherent optical spectrum.

The outline of the paper is as follows. In Sec. II mas
equations describing the propagation of a polychrom
electromagnetic field through a coherently prepared med
will be derived. They describe the Raman sideband gen
tion process. In Sec. III, the propagation equations for si
bands will be solved both analytically in the cases of
dispersion and linear group dispersion of the medium
numerically for the case of realistic dispersion. It will b
shown that, even though the dispersion limits the genera
of different Raman sidebands, it is still possible to gener
coherent optical spectra with a total bandwidth of seve
hundred teraherz for real parameters of active medium. H
ever, it requires a rather long propagation path and, thus
necessity of exciting Raman coherence in very lo
(;1 –2 m) samples. In Sec. IV, a cavity technique is p
posed to reduce the length of the medium that should
driven. As it will be shown, exploiting cavity one may ge
erate very broad optical continua without the need for dr
ing long samples. Finally, in Sec. V, the process of coher
population trapping in the active medium will be consider
in detail. It will be shown how the Raman coherence may
excited in an optically thick sample due to electromagn
cally induced transparency~EIT! accompanying the CPT
process. The combination of cavity technique~see, Sec. IV!
and the possibility of CPT in an optically thick sample r
sults in a very reliable and efficient technique for the gene
tion of broadband coherent optical spectra that might co
pete with parametric amplification and hollow-fib
techniques. In the conclusion~Sec. VI! the main results of
this paper will be summarized.

II. MODEL OF ATOMIC SYSTEM AND PROPAGATION
EQUATIONS

Let us consider an interaction of a three-level Raman m
dium with an electromagnetic field consisting of equa
spaced spectral components propagating along thez axis~see
Fig. 1!. The spectral components of the electromagnetic fi
are plain waves with no spatial structure in the transve
direction. A boundary problem of the Raman sideband g

FIG. 1. The scheme of the interaction of a three-level medi
with polychromatic electromagnetic field.
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eration, in which a monochromatic field of frequencyv0 is
incident onto the coherently prepared medium atz50, is
considered. The amplitude of the electric field in the elect
magnetic probe wave inside the medium is given by

E5
1

2 (
k

~Eke
2 ivkt1c.c.!, ~1!

whereEk is the local complex amplitude of each individu
monochromatic wave,vk5v01kd is its frequency,v0 is
the carrier frequency of the wave packet, andd is a fre-
quency spacing between the two subsequent compon
The amplitudesEk are independent of time andEk(z50)
50 for all k exceptk50. The medium is assumed to b
prepared by some external driving in a coherent state w
the populationsr11 and r22 for the ground-state sublevel
andr3350 and the coherencer215s exp(2idt1ikz), oscil-
lating with frequencyd corresponding to the frequency di
ference of the two subsequent electromagnetic modes. H
it is assumed that the complex amplitude of the coherencs
is neither time nor spatially dependent. It is also implied th
the wave-numberk is independent ofd. The frequency of
the transition 1↔2 is chosen to be close tod, so that the
coherence at this transition may be efficiently excited
some external driving. The frequencies of the two opti
transitions 3↔1,2 are much larger thand. The components
of the electromagnetic field are tuned far from resona
with optical transitions, so thatuv31,322vku@d for all k. The
dipole moments of the transitions 3↔1,2 are chosen being
equal: m315m325m. Finally, the incident electromagneti
field is assumed to be rather weak, so that it does not af
the populationsr j j , j 51,2,3, and the coherencer21.

The equation for the amplitudesEk may be written in the
form

d2Ek

dz2
1

vk
2

c2
«kEk52

8p

c2
vk

2Pk . ~2!

Here, «k is the dielectric constant of the medium for th
frequencyvk and Pk is the kth component of the polariza
tion P associated with the Raman-active atoms

P5(
k

~Pke
2 ivkt1c.c.!. ~3!

The polarizationP is given by the following expression:

P5NTr~m̂r̂ !5Nm~r131r311r231r32!, ~4!

whereN is the density of active atoms andr3 j5r j 3* are the
off-diagonal elements of the density matrix describing t
atomic system. In turn, the evolution ofr3 j is governed by
the following set of equations:

ṙ3 j1 iv3 jr3 j1 i
mE

\
~r332r j j 2rk j!52Gr3 j , ~5!

whereG is the relaxation rate of the optical coherences,j ,k
51,2, j Þk. In further consideration, the detuning
9-2
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v31,322vk are assumed to be much greater than the ho
geneous optical linewidthG, thus, it is possible to neglec
relaxation terms in the right-hand side of Eqs.~5!. Moreover,
the detuningsv31,322vk are not assumed to be small com
pared to the carrier frequency and the frequencies of
optical transitions, i.e., the rotating-wave approximation
not valid. Thus, we seek the solution of the set of Eqs.~5! in
the form

r3 j5(
k

~u3 j
(k)e2 ivkt1v3 j

(k)eivkt!. ~6!

Thekth component of the optical polarization may be writt
as follows:

Pk5Nm~u31
(k)1v31

(k)* 1u32
(k)1v32

(k)* !. ~7!

The steady-state solution for the amplitudesu3 j
(k) andv3 j

(k) is
given by

u31
(k)5

Ṽkr111Ṽk21seikz

v312vk
, ~8!

u32
(k)5

Ṽkr221Ṽk11s* e2 ikz

v322vk
, ~9!

v31
(k)5

Ṽk* r111Ṽk11* seikz

v311vk
, ~10!

v32
(k)5

Ṽk* r221Ṽk21* s* e2 ikz

v321vk
, ~11!

whereṼk5Ekm/2\.
Seeking the solution of propagation Eq.~2! in the form

Ṽk5Vke
ikkz, where kk5vkA«k/c, and assuming that th

amplitudesVk vary very slowly along the propagation pat
it is easy to derive the propagation equation for amplitu
Vk

dVk

dz
5 i ñk~Vkn121Vk21s12e

i (k2Dkk)z

1Vk11s21e
i (Dkk112k)z!. ~12!

Here, the following notations are introduced:

ñk5
2pvkm

2N

\c2kk

, Dkk5kk2kk21 , ~13!

n1252vkS v31r11

v31
2 2vk

2
1

v32r22

v32
2 2vk

2D , ~14!

s125svkS 1

v312vk
1

1

v321vk
D , ~15!

s215s* vkS 1

v311vk
1

1

v322vk
D . ~16!
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Equation~12! is the master equation describing the propa
tion of the electromagnetic field through the medium. In t
next section, the solution of this equation will be found bo
analytically and numerically.

III. THE SOLUTION OF PROPAGATION EQUATION

In order to obtain the analytical solution of propagati
Eq. ~12!, the following approximations are used. First, th
constantsn12, s12, ands21 are assumed to be independe
of k. This is valid if the total width of the generated spectru
is much less than the one-photon detuning of the optical fi
from the resonance with optical transitions 1,2↔3. More-
over,s125s21* [sn12 sinced!v31,326vk for all k, thus, Eq.
~12! may be rewritten in the following form:

dVk

dz
5 in~Vk1Vk21sei (k2Dkk)z1Vk11s* ei (Dkk112k)z!,

~17!

wheren5 ñn12 and the quantitiess and n are evaluated a
vk5v0.

In order to proceed with solving Eq.~17!, one has to
specify the refractive indexnk5A«k. In the simplest case o
the refractive index being equal ton0 independently ofk ~no
dispersion!, one hasDkk5dn0 /c[Dk. Introducing Fourier
transformation as

B~u,z!5(
k

Vke
iuk, ~18!

one may obtain the equation for amplitudeB:

dB

dz
5 iBn~11sei [u1(k2Dk)z]1s* e2 i [u1(k2Dk)z] !.

~19!

Taking into account the boundary condition atz50, one ob-
tains its solution:

B~u,z!5V0einzexpF4inusu

Dk8
sin

Dk8z

2
cosS Dk8z

2
1u1w D G ,

~20!

whereDk85k2Dk and w is the phase of coherences de-
fined ass5usueiw. One may easily find the solution forVk in
terms of Bessel functions

Vk5
1

2pE0

2p

Be2 iukdu5 i kV0einzJkS 4nusu
k2Dk

sin
~k2Dk!z

2 D .

~21!

It is clearly seen that the amplitude ofVk is a periodic func-
tion of z if kÞDk. Thus, the efficient Raman sideband ge
eration is limited by the distanceL5p/(k2Dk) when the
relative phase of the two subsequent sidebands equals tp.
However, if k5Dk5dn0 /c, the sideband generation pro
cess is efficient at any length, and, therefore, one may g
erate a arbitrarily wide spectrum. The number of genera
sidebands is proportional to the length of the medium,
9-3
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ROMAN KOLESOV PHYSICAL REVIEW A 64 063819
amplitude of the coherenceusu, and the propagation consta
n. The total generated bandwidth may be estimated asDv
54nusuLd, whereL is the length of the active medium.

Let us now consider a more realistic case in which
refractive indexnk depends onk linearly

nk5n01
]n

]v U
v5v0

kd5n01n1kd. ~22!

In this case, the propagation equation reads as follows:

dVk

dz
5 in@Vk1~sVk21ei (f122k1k)z

1s* Vk11e2 i (f122k1k)z!eik1z#, ~23!

where f15k2(n01n1v0)d/c and k15n1d2/c. Thus, the
condition for k should be modified in order to make th
sideband generation process more efficient, so thatf150.
However, even under this condition, phase mismatch is
eliminated completely. The sideband generation proc
stops when the relative phase of the two subsequent s
bands 2k1kz becomes equalp. Using this fact, one may
easily estimate the total width of the spectrum that can
generated. The number of generated sidebands iskgen
54nusuz, therefore, the length of the medium must satis
the following condition:

2k1L
kgen

2
54n1usund2L2/c,p. ~24!

The total width of the generated spectrum is then given
the following expression:

Dv tot;2Apcusun
n1

. ~25!

Let us now turn to the estimates for real media. In orde
generate wider spectrum, one should have a high densit
active atoms. Such densities may be achieved in solid-s
media. On the other hand, the coherence decay rate a
transition 1↔2 should be low, so that one could excite ma
mal coherenceusu. This condition is typically satisfied a
Zeeman transitions in rare-earth doped solid hosts at
temperatures. Moreover, as it has already been shown
repetition rate of a generated pulse sequence is determ
by the frequency of Raman transition. Thus, in order to
tain a rather low repetition rate~several gigahertz! one has to
use Zeeman or hyperfine transitions, whose frequencies l
the desired range. The third condition is the existence o
rather broad spectral region in which the absorption of li
is low. Typically, rare earths in solid hosts have many 4f n

levels inside the band gap, so that it is rather hard to fin
broad spectral region that does not contain any 4f n↔4 f n

transitions that may cause the absorption of generated s
bands. However, there is at least one exception, namely
rium in different solid hosts. This rare-earth metal typica
enters solids in a trivalent state. Ce31 ion has only one elec
tron in a 4f shell. The structure of electronic levels of Ce31
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in a low-symmetry site is shown in Fig. 2. One can see t
there is a wide region of transparency for this ion from ne
IR (3 –4 mm) up to UV (;300 nm). Furthermore
4 f 1↔5d1 transitions of Ce31 are electric-dipole allowed
which makes the efficiency of stimulated Raman scatter
rather high.

For the estimates, the following parameters will be us
The wavelength of the lowest 4f 1↔5d1 transition is chosen
350 nm ,which is a typical value for most crystals containi
cerium @8#. One of the exceptions is Ce31:YAG for which
this wavelength is close to 500 nm. The population dec
rate of the 5d1 state varies in the range 40–60 ns, thus, it
natural to take it being equal to 50 ns. This allows one
calculate the dipole moment of the optical transitions. T
carrier wavelength is chosenl05500 nm. The case o
maximal coherenceusu51/2 is considered, which implies
that r115r2251/2. The refractive index of the medium i
approximated by the one-oscillator formula:

n2511
Al2

l22B2
, ~26!

whereA and B are constants. This relation will be used
calculaten0 and n1 for the estimates. Moreover, it will be
exploited in order to calculatekk for each sideband in the
numerical simulations. Typically, for real crystals,A lies
within the range 1.5–2.5~for YAG A52.28 @9#! and B
;100 nm (B5109 nm for YAG!. For the estimatesA52
andB5100 nm are chosen. All these data allow one to d
rive the propagation constantn585 cm21. The linear dis-
persion is described byn151.3310217 s. Thus, it is pos-
sible to estimate the maximal width of generated spectr
Dv tot'2p3180 THz. This value corresponds to the pul
duration;10 fs. It is worth noting that this value may b
achieved without any dispersion compensating techniq
Now, it is possible to estimate the length at which this sp
trum is generated. Ford52p310 GHz, which corresponds

FIG. 2. Energy level scheme of Ce31 ion in a site of low sym-
metry.
9-4
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OPTICAL CONTINUA GENERATION IN A COHERENTLY . . . PHYSICAL REVIEW A64 063819
to the pulse repetition period 0.1 ns, 1.83104 sidebands may
be generated. This requires a propagation lengthL
;100 cm.

Now, it is needed to present the results of numerical sim
lation of Eq. ~12!. They are shown in Fig. 3. Unlike th
previous discussion, no approximations have been use
this simulation except that the absorption of the optical fi
has been neglected. This means that Eqs.~13!–~16! are used
to calculate coefficients in Eq.~12! and Eq.~26! is used to
calculatekk for each sideband. All the parameters used in
were taken the same as in the previous paragraph exced,
which is now chosen to be 2p3100 GHz. This choice ofd
has been made in order to make numerical calculations
very time consuming. However, the presented results con
analytical estimates for the width of the generated spect
and the required length of the medium. The wave numbe
the coherencek is chosen to be equal to (n01n1v0)d/c
wheren1 is calculated at frequencyv0. Figure 3~a! shows
the dependence of the total width of the generated spec
on the propagation length. For comparison, the width of
generated spectrum, when the correction for linear disper
n1v0d/c is neglected, is plotted as well. In Fig. 3~b!, the
amplitudes of generated sidebands are plotted agains
sideband number atL513 cm. It can be seen that the sid
bands with higher frequencies are generated more efficie
since they are closer to the resonance with an optical tra
tion. According to the analytical estimates, the efficient g

FIG. 3. ~a! The dependence of the total generated bandwidth
the propagation distance is shown. Curves a and b indicate spe
bandwidths with and without correction for linear dispersion,
spectively.~b! Raman sideband electric-field amplitudes are plot
against the wavelength atz'13 cm. Amplitudes are normalize
with respect to the amplitude of the incident field. Approximate
1500 sidebands are generated.
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eration of new sidebands should stop atL'10 cm. This
value is qualitatively consistent withL'13 cm obtained in
the numerical simulation. Finally, the total bandwidth 1
THz well coincides with analytical estimate 180 THz. Thu
for d52p310 GHz, the same bandwidth of generated s
nal can be obtained but forL5130 cm.

As is clearly seen, a rather long propagation length
required in order to generate coherent optical continua w
the total bandwidth;100 THz. For such a long propagatio
path, absorption of the probe field should be taken into
count. In order to compare the propagation length require
obtain the maximal width of generated spectrum with a
sorption length, let us take YAG doped with cerium as
example of an active medium. For pure YAG, it is know
that the absorption coefficient in near IR and red is 1
31023 cm21, while for green and yellow light it is 324
31023 cm21. These values correspond to the absorpt
length 2.526 m which is larger than the required 130 cm
Another contribution to the absorption of the probe lig
comes from dopant ions Ce31. The main contribution to the
absorption associated with cerium originates from the low
4 f 1-5d1 transition. The estimates for this absorption chan
give absorption length 2–3 m for concentration 1020 cm23

of cerium ions in the case of a rather large (;104 cm21)
detuning of the probe field from the resonance with t
4 f 1-5d1 transition. Thus, the generation length appears to
less than the absorption one. This means that optical c
tinuum may be generated almost without loss of energy.

So far, the coherences21 was assumed given. However,
is difficult to excite low-frequency coherence in such a lo
sample. In the next section, it will be shown how this dif
culty can be avoided by using cavity technique.

IV. EXPLOITING CAVITY TO REDUCE THE LENGTH OF
THE MEDIUM

Let us discuss how the experimental setup should be
ranged in order to generate coherent broadband optical s
tra according to the technique proposed in Sec. III. As it w
mentioned, the propagation length of the probe field ins
the crystal should be fairly large~several tens of centime
ters!. It is very difficult to produce a low-frequency cohe
ence in such a long sample. In order to avoid this difficu
one may use cavity as it is shown in Fig. 4. The driving fie
illuminates the active medium in the direction perpendicu
to the direction of the propagation of the probe field. Ho

n
tral
-
d

,

FIG. 4. Cavity technique of broadband optical continua gene
tion. The length of the driven part of the medium isL1;1 cm for
d;10 GHz and for the other parameters specified in the text.
9-5
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ROMAN KOLESOV PHYSICAL REVIEW A 64 063819
ever, as it is already known from Eq.~21!, the phase match
ing condition for the probe field is not satisfied in this ca

In order to fulfill the phase-matching condition, one has
introduce spatial modulation of the coherences21 with
wave-numberk5(n01n1v0)d/c. This may be done by il-
luminating only the central half of lengthL15pc/d(n0

1n1v0) of the sample. In this case, the propagation proc
may be described in the following way: First, the probe fie
propagates through the illuminated medium and gener
Raman sidebands. When the generation process stops
probe field starts propagating through the part of the sam
without coherence. During this stage, Raman sidebands
additional phase, so that when they come back to the illu
nated part of the sample, they have right phases to cont
the generation of sidebands. The lengths of the two part
the medium that are not illuminated by the driving fie
should be exactlyL1/2, thus, the total length of the medium
inside the cavity is 2L1. The estimates for the same param
eters as were used in Sec. III and ford52p310 GHz give
L1'8.29 mm.

At each pass through the driven part of the medium, ab
100 sidebands are generated. Thus, in order to gene
broadband spectrum, the probe field should pass through
medium several tens or even several hundred times. The
flection coefficient of the output mirror should be adjusted
that the number of passes of the probe beam through
cavity corresponds to the maximal width of the genera
spectrum. The width of the spectrum plotted vs the propa
tion length is shown in Fig. 5. In this simulation, the fr
quency of Raman transition is chosend52p3100 GHz for
the same reason as in Sec. III, while the other parameter
the same as for the previous simulation. In this case,L1
50.83 mm. One can see the change in the spectral b
width at each pass through the active part of the medium
should be noted that in this case, the generation proce
approximately two times less efficient compared to the c
considered in Sec. III. This is due to the fact that now o
half of the medium participates in the generation proc
while the dispersion is determined by the whole samp
However, this technique allows for efficient driving of th

FIG. 5. The dependence of the total spectral bandwidth on
propagation distance inside the cavity. Spectral broadening at
pass through the active medium can be seen. The maximal b
width correspond to'120 passes through the medium.
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medium even though the efficiency of spectral broadenin
slightly reduced.

The transverse dimensions of the sample are limited
the divergence due to diffraction. It is easy to find that for t
propagation path;1 m and the wavelength 500 nm th
transverse size of the probe beam should be;1 mm. This
value is much greater than the absorption length of the d
ing field (;10–20 mm). However, as it has been pointe
out in the introduction, the propagation length of the drivi
field may be increased significantly due to EIT accompa
ing the CPT process. This will be discussed in the next s
tion.

In fact, the limitation placed on the transverse dimensio
of the sample by diffraction may be removed by usi
spherical mirrors for the cavity. However, fabrication of su
tiny mirrors with appropriate curvature and a certain refle
tion coefficient in a huge-frequency range seems to
troublesome.

V. CREATION OF LOW-FREQUENCY COHERENCE

Let us discuss how low-frequency coherence at Ram
transition may be established by means of CPT. As is w
known, CPT is a process in which each atom is prepared
coherent superposition of the two ground-state sublevels~so-
called ‘‘dark’’ state! via spontaneous decay from the upp
level. This situation is illustrated in Fig. 6. In order to pr
pare an ensemble of atoms in a ‘‘dark’’ state, each at
should absorb at least one photon from the driving field a
consequently decay. Thus, the energy required to preparenat
atoms in the ‘‘dark’’ state is at leastEdark5nat\v, wherev
is the frequency of the driven optical transition~here, it is
assumed thatv31 andv32 are very close to each other:v31
5v325v). For the above example of crystal doped wi
Ce31 and the dimensions of the illuminated part as shown
Fig. 4, one obtainsnat;1018 and Edark;0.5–1 J. Further-
more, the coherence at Raman transition 1↔2 should be
created~i.e., the ‘‘dark’’ state should be populated! much
faster than it decays. Typically, for Zeeman transitions
rare-earth ions, the transverse relaxation-timeT2, determined
primarily by spin-lattice relaxation, may be as low a
102 s21 at low temperatures@10#. Thus, one comes to th
parameters of the driving pulse. It should have total ene
Edark and durationt: T2@t@W21.

In order to give quantitative description of CPT in a
optically thick medium, let us consider the following mode

e
ch
d-

FIG. 6. Coherent population trapping in a three-level mediu
9-6
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The medium is assumed to be infinite along the propaga
direction of the driving field~see Fig. 7!. There is no coher-
ences21 at z51`, the populations of the two ground-sta
sublevels are half, and there is no driving field in this regi
A bichromatic electromagnetic field, whose frequency co
ponents are resonant to the transitions 3↔1 and 3↔2, is
incident on the medium atz52`. The intensities of the
field components are assumed being equal:E15E25E. The
corresponding Rabi frequencyV5Em/2\ where it is im-
plied thatm315m325m. In this region, the coherence at R
man transition is maximal and equal to21/2 which implies
that s21 does not decay. It is clear that there is some in
mediate region in which the medium becomes cohere
prepared. Moreover, this region should move in the posi
direction of thez axis since the CPT process makes the m
dium transparent and allows the driving field to penetr
further. It is easy to derive the set of equations that descr
both the medium and the electromagnetic field. After elim
nation of optical coherences, one obtains

]r

]t
2

2V2

G
~123r2s21!5W~122r!, ~27!

]s21

]t
2

2V2

G
~123r2s21!50, ~28!

]V

]z
1

kd

v

]V

]t
5

2pNm2v2

c2\Gkd

V~123r2s21!. ~29!

Here,r115r225r, G is the optical linewidth, andkd is the
driving field wave number. The two driving fields are a
sumed to be in exact resonance with transitions 3↔1 and
3↔2. This set of equations has two steady-state spati
uniform solutions, one isV50, s2150, r51/2, and the
other one isV5V0 , s21521/2, r51/2, with V0 being
arbitrary constant.

As was mentioned above, there should exist a solu
moving in the positivez direction. Let us seek this solutio
in the form r5r(t2z/v), s215s(t2z/v), and V5V(t
2z/v), wherev is the velocity of propagation of this solu
tion. Thus, the Eqs.~27!–~29! will take the following form:

r82
2V2

G
~123r2s!5W~122r!, ~30!

FIG. 7. The structure of the kink-type wave of coherence pro
gating inside optically thick medium.
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s82
2V2

G
~123r2s!50, ~31!

V8S kd

v
2

1

v D5
2pNm2v2

c2\Gkd

V~123r2s!. ~32!

Here, prime represents the derivative of the correspond
function with respect to its argument. It can be seen from
last two equations that there exists one integral

V2S kd

v
2

1

v D2
2pNm2v2

c2\kd

s5const. ~33!

Taking into account the boundary condition att2z/v5
2` (V50, s50), one finds that const50. Using the
boundary condition att2z/v51` (V5V0 , s521/2), it
is easy to find the velocity of the front propagation

v51/S kd

v
1

pNm2v2

c2\kdV0
2D 51/S kd

v
1

\vN

I 0
D . ~34!

Here,I 0 is the intensity of the driving field att2z/v51`.
The last term in the denominator of this expression is mu
greater than the first one at high densities (N;1020 cm23)
and any achievable intensities of the driving field. Thus, o
obtains

v5
I 0

N\v
~35!

for the velocity of the front. So, if one wants to create low
frequency coherence in a sample of thicknessL during time
t, the intensity of the driving field should be

I 05
LN\v

t
. ~36!

The corresponding energy per unit area in the driving pu
is I 0t5LN\v. This value exactly matches the qualitativ
estimates given in the first paragraph of this section.

It is also interesting to investigate the structure of th
solution. If the intensity of the driving field is lower than th
saturating intensity (V0

2!GW), the populations of the
ground-state sublevels are always half. Taking into acco
the relation betweens andV ~33!, one comes to the follow-
ing equation for the coherences:

s82
2sV0

2

G
~112s!50. ~37!

Its solution has the following form:

s52
1

21expF2
2V0

2

G
~j2j0!G , ~38!

where j5t2z/v and j0 is a constant that determines th
initial position of the moving solution. The characterist

-
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lengthLc5vG/V0
2, which determines the spatial structure

the obtained kink solution, well coincides with the abso
tion length of the driving field in the medium.

Thus, the conclusion is the following: In order to prepa
the sample in a coherent ‘‘dark’’ state, a pulse of bichroma
resonant radiation with total energyEdark5nat\v and dura-
tion t, T2@t@W21, is required. The estimates given in th
beginning of the section show that the required parame
are reasonable, thus, making the establishing of lo
frequency coherence feasible.

VI. CONCLUSION

A possibility of an efficient generation of broadband o
tical continua, based on stimulated Raman scattering of
light propagating through a coherently driven medium,
.

.

06381
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c

rs
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predicted. The proposed technique allows one to gene
very broad (;100 THz) optical continua in almost any de
sired frequency range. The most striking feature of the p
posed way of generating coherent optical continua is tha
dispersion compensation technique is required. Moreo
the implementation of phase-correction techniques, such
chirped mirrors and diffraction grating pairs, may increa
generated spectral bandwidth by several times, thus, ma
it possible to produce even subfemtosecond pulses of op
radiation.
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