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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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[. INTRODUCTION The only way to decrease the pulse repetition rate is to
lower the frequency of the Raman transition. Thus, a mecha-
During last two decades, progress in ultrashort pulse gemism of excitation of Raman coherence between equally
eration and amplification techniques resulted in the developpopulated levels must be proposed[®, it has been shown
ment of lasers generating extremely shgdveral femtosec- that low-frequency coherence may be excited due to relax-
onds and very high-peak powefup to 13° W) optical  ation processes at optical transitions that are typically ne-
pulses[1]. Such an enormous result may be obtained byglected when considering Raman scattering. This effect
using different mode-locking techniques for ultrashort pulseoriginates from well-known coherent population trapping
generation combined with the idea of chirped pulse amplifi{CPT) (for review, se€6]). The technique proposed [5]
cation. However, both generation and amplification of ul-allows one to generate very broad coherent optical spectra
trashort pulses are usually based on the existence of activeundreds of teraheyavith rather low-frequency separation
media with very broadlup to ~100 THz) amplification between the two subsequent sidebandsl{10 GHz),
spectra, such as yttrium aluminum garnet YAG, sapphirewhich implies a low-pulse repetition rate after pulse com-
LiSAF, etc. doped with transition-metal ions. Thus, the du-pression. In fact, the idea presented%iis a generalization
ration of generated pulse and its wavelength are restricted byf the approach proposed by Sokolov and Harris. However,
the parameters of these media. the efficiency of the CPT process is very low in the case of
In parallel with this progress, hollow-fiber and parametricfar-off-resonant electromagnetic field. Thus, the creation of
amplification techniques resulted in generation of sub-10-ffRaman coherence requires rather intense fields and severe
pulses. These two techniques are considered the most advaestrictions on the relaxation rates at both Raman and optical
tageous since they allow for wide tunability of the generatedransitions. Besides that, very strong electromagnetic-field
pulses in combination with high-energy per pulsee, for propagating in the medium may experience undesirable non-
example[2] and references thergin linear self action, such as spatial self focusing, which might
A possibility of ultrashort pulse generation has been preplace a restriction on the length of propagation in the me-
dicted theoreticallyf3] and confirmed experimentall¢] by ~ dium and, thus, significantly reduce the width of generated
Harris and Sokolov and Hakutt al. It is based on a stimu- coherent spectrum.
lated collinear Raman scattering of light as it propagates In this paper, a possibility to avoid the difficulties, de-
through the Raman medium. It has been shown that the effscribed in the previous paragraph, is proposed. It is con-
ciency of a Raman sideband generation can be very high ifiected to the idea that low-frequency Raman coherence may
the excited Raman coherence is close to maximal. Thereforée prepared in the CPT process under the action of the ex-
very broad spectrum from near infrarédR) up to vacuum ternal driving field resonant to the optical transition in the
ultraviolet (VUV) can be generated. It has been also showrmedium. Then, a rather weak probe field is scattered due to
that the generated spectrum allows pulse compression inthe excited coherence producing Raman sidebands with fre-
normally dispersive medium and that the pulse repetition ratguency separation equal to the frequency of the excited co-
is determined by the frequency of the Raman transitionherence. In this case, no self action of the probe field can
However, as is well known, efficient coherence excitation abccur. Moreover, the efficiency of Raman coherence prepa-
Raman transition is possible only if there is a populationration may be significantly increased due to the resonant
difference at this transition. This requires high frequency ofcharacter of interaction between the driving field and the
this transition so that there is a population difference due tanedium. The situation is very similar to that described in the
thermal distribution. In other worki3,4], the energy of Ra- paper by Hus®t al. [7]. In that work, a generation of four
man transition was chosen to be (3-4)0° cm !. Such additional Raman sidebands in a coherently driven sodium
high frequency corresponds to the pulse repetition periodrapor has been observed experimentally. The reason for the
5-10 fs. Therefore, it is impossible to separate a single pulsw efficiency of the sideband generation demonstrated in
from the sequence. [7] is a very low density of active atoms~(10'2—10"
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eration, in which a monochromatic field of frequeney is

o @ ® o incident onto the coherently prepared mediumzat0, is
(0% o) considered. The amplitude of the electric field in the electro-
| magnetic probe wave inside the medium is given by
® ® 1 i
Incident | Output E=3 > (Ee tektc.c), (1)
beam beam K
—> Active medium —— > whereE, is the local complex amplitude of each individual
— > monochromatic wavep,= wy+ké is its frequency,w is
. the carrier frequency of the wave packet, afids a fre-
0 L z quency spacing between the two subsequent components.

FIG. 1. The scheme of the interaction of a three-level mediumthe amplitudese, are_independent_of time ar,(z=0)

with polychromatic electromagnetic field. =0 for all k exceptk=0. The.medl_um is assumed to bg
prepared by some external driving in a coherent state with

the populationsp;; and p,, for the ground-state sublevels

and p33=0 and the coherenge,1= o exp(—idt+ikz), oscil-

Raman sidebands and, thus, produce very broad :catlng W'tr]: Irr]eqtl,lencyébcorrespfnldm? to the f:_equercljcy d:_f"

(~100 THz) coherent optical spectrum. ference of the two subsequent electromagnetic modes. Here,
it is assumed that the complex amplitude of the coherence

The outline of the paper is as follows. In Sec. Il master. . . . . S
equations describing the propagation of a polychromatidS neither time nor spatially dependent. It is also implied that

electromagnetic field through a coherently prepared mediurf'lle wave-numbek is independent ob. The frequency of

will be derived. They describe the Raman sideband generdl€ transition -2 is chosen to be close @, so that the
tion process. In Sec. Il the propagation equations for sidecoherence at this transition may be efficiently excited by
bands will be solved both analytically in the cases of noSome external driving. The frequencies of the two optical

dispersion and linear group dispersion of the medium andfansitions 3-1,2 are much larger thaa. The components
numerically for the case of realistic dispersion. It will be of the electromagnetic field are tuned far from resonance

shown that, even though the dispersion limits the generatiolyith optical transitions, so thalo 31 3~ > 5 for all k. The

of different Raman sidebands, it is still possible to generat&liPolé moments of the transitions-31,2 are chosen being
coherent optical spectra with a total bandwidth of severafdual: uai1=pus,=w. Finally, the incident electromagnetic
hundred teraherz for real parameters of active medium. Howfield is assumed to be rather weak, so that it does not affect
ever, it requires a rather long propagation path and, thus, tH&€ populationg;; , j=1,2,3, and the coherengg;.
necessity of exciting Raman coherence in very long The equation for the amplitudds, may be written in the
(~1-2 m) samples. In Sec. IV, a cavity technique is pro-10'm

posed to reduce the length of the medium that should be 5 )

driven. As it will be shown, exploiting cavity one may gen- ﬁ+ @i E,—— 8_7" 2p @)
erate very broad optical continua without the need for driv- A2 | o2 kKT T T Ok

ing long samples. Finally, in Sec. V, the process of coherent

population trapping in the active medium will be consideredHere, ¢, is the dielectric constant of the medium for the
in detail. It will be shown how the Raman coherence may bdrequencyw, and Py is the kth component of the polariza-
excited in an optically thick sample due to electromagnetition P associated with the Raman-active atoms

cally induced transparenc{EIT) accompanying the CPT
process. The combination of cavity techniqsee, Sec. 1Y
and the possibility of CPT in an optically thick sample re-
sults in a very reliable and efficient technique for the genera-
tion of broadband coherent optical spectra that might comThe polarizatiorP is given by the following expression:
pete with parametric amplification and hollow-fiber .

techniques. In the conclusiai®ec. V) the main results of P=NTr(up)=Nu(pi3t pzitpastpao), (4)
this paper will be summarized.

cm %). In this paper, it will be shown that at much higher
densities it is possible to generate up td-400 additional

P:Zk (P "d+c.c). 3

whereN is the density of active atoms arqu=p}‘3 are the
Il. MODEL OF ATOMIC SYSTEM AND PROPAGATION off-diagonal elements of the density matrix describing the
EQUATIONS atomic system. In turn, the evolution pf; is governed by
the following set of equations:
Let us consider an interaction of a three-level Raman me-
dium with an electromagnetic field consisting of equally : . ME
spaced spectral components propagating along #xis (see paj+iwgpsi+iZ—(psg=pji =)= —Lpgy, (5
Fig. 1). The spectral components of the electromagnetic field
are plain waves with no spatial structure in the transversaherel is the relaxation rate of the optical coherendek,
direction. A boundary problem of the Raman sideband gen=1,2, j#k. In further consideration, the detunings
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w3) 35— wy are assumed to be much greater than the homaEquation(12) is the master equation describing the propaga-
geneous optical linewidth’, thus, it is possible to neglect tion of the electromagnetic field through the medium. In the
relaxation terms in the right-hand side of E¢®. Moreover,  next section, the solution of this equation will be found both
the detuningsws; 3~ w are not assumed to be small com- analytically and numerically.

pared to the carrier frequency and the frequencies of the

optical transitions, i.e., the rotating-wave approximation is [II. THE SOLUTION OF PROPAGATION EQUATION

not valid. Thus, we seek the solution of the set of Efsin
the form

st:; (ugl?)efi‘*’kt—i—vg})ei‘”kt), ©6)

In order to obtain the analytical solution of propagation
Eqg. (12), the following approximations are used. First, the
constantng,, Sip, ands,; are assumed to be independent
of k. This is valid if the total width of the generated spectrum
is much less than the one-photon detuning of the optical field

Thekth component of the optical polarization may be writtenfrom the resonance with optical transitions 4,3. More-

as follows: OVer, S1,= S5, =SNy, Since 5< w33 35+ wy for all k, thus, Eq.
(12) may be rewritten in the following form:
P =Nu(ul? +o8* +uld +oi5*). (7)
. . (k) : ko_' Q.+Q é(K*AKk)Z_’_Q * Al (Akgi1—K)Z
The steady-state solution for the amplitudd$ andv§? is a7 vt Qs k+1S5" € ),
given by (17)
u(k)_ﬁkpll+ 0y oe'" ®) where v=7ny, and the quantities and » are evaluated at
st W31~ Wi ' W= wg.

(k) Qkp22+Qk+1‘T* eiiKZ
Uzy = — , 9
W32 Wk

_ﬁﬁplﬁ OF, o€

In order to proceed with solving Eq17), one has to
specify the refractive inder,= /. In the simplest case of
the refractive index being equal tg independently ok (no
dispersion, one hasA k= dng/c=Ak. Introducing Fourier
transformation as

(k)
+ .
@3t @k B(u,2)=> ek, (18)
~ - . X
(k) Q: P22+ szlg* 67“(2 . . .
U3 = , (1) one may obtain the equation for amplituBe

(,()32"!‘ Wy

whereQ, =E,u/2h.

Seeking the solution of propagation E®) in the form
Q=€ where k= w\e/c, and assuming that the

dB . .
E:iBV(l_’_Sel[UJr(KfAK)Z]_f_s*efl[qu(K*AK) ])
(19

amplitudes(), vary very slowly along the propagation path, Taking into account the boundary conditionzat0, one ob-
it is easy to derive the propagation equation for amplitudesains its solution:

Oy

dQy  ~ .
a7z =i D ( QN gt Q15,8 (4w

+ 0y 15pp€' ARKr17)7), (12)

Here, the following notations are introduced:

+uto

(20

B P div|s|  Ax'z Ax'z
(u,2)=0qe'"%ex o sin 5 co 5

whereAx’'=k—Ax and ¢ is the phase of coherensede-
fined ass=|s|e'?. One may easily find the solution f6r, in
terms of Bessel functions

~  27ou?N
yy=—————, AK = K= Kk—1, (13) 1 2m s . iy 4V|S| ) (K_AK)Z
k hC2r, k™ Kk Rk kaﬁ . Be “*du=ikQye'"2, iy e .
(21
31011 W32P22
”12:2“’k( 02— w2 w2 w2> ' 49 tis clearly seen that the amplitude 9, is a periodic func-
st Tk ez Tk tion of zif k# A«. Thus, the efficient Raman sideband gen-
1 1 eration is limited by the distande= 7/(x— Ak) when the
S1o= O'wk< —+ n ) (15 relative phase of the two subsequent sidebands equats to
W31 Wk W32 Wk However, if k=Axk=6ny/c, the sideband generation pro-
1 1 cess is efficient at any length, and, therefore, one may gen-
=g* erate a arbitrarily wide spectrum. The number of generated
$21= 0" Wi + : (16) ) . ; .
0zt o w3 W sidebands is proportional to the length of the medium, the
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amplitude of the coherends|, and the propagation constant
v. The total generated bandwidth may be estimated as
=4v|s|L S, whereL is the length of the active medium.

Let us now consider a more realistic case in which the 5a'
refractive indexn, depends ork linearly

on
ng=ng+ — ké=ngy+n;ké. (22
Jol,_, sx10%em|  (2-3)x10*em
0

In this case, the propagation equation reads as follows:

Oyt (5021202 p—
dz k k=1 4f1 —_— (2-3))(1030111_1 10-50 GHZl

+g* Qk+ lefi(¢172klk)2) ei KlZ], (23) ...
: : Spin-orbit and low Zeeman splitting in
where ¢ =k —(Ng+Nywp)d/c and k= n152/C- Thus, the No interaction symmetry crystal an external magnetic
condition for k should be modified in order to make the field interactions field

sideband generation process more efficient, so ¢hatO0.
However, even under this condition, phase mismatch is not,
eliminated completely. The sideband generation process
stops when the relative phase of the two subsequent sid
bands Zkz becomes equair. Using this fact, one may
easily estimate the total width of the spectrum that can b
generated. The number of generated sidebandsis
=4v|s|z, therefore, the length of the medium must satisfy
the following condition:

FIG. 2. Energy level scheme of €eion in a site of low sym-
etry.

fha low-symmetry site is shown in Fig. 2. One can see that
there is a wide region of transparency for this ion from near
R (3—=4 um) up to UV (~300 nm). Furthermore,
4f1—5d! transitions of C&' are electric-dipole allowed,
which makes the efficiency of stimulated Raman scattering

rather high.
K For the estimates, the following parameters will be used.
2kl gze”=4n1|s|V52L2/c< T (24)  The wavelength of the lowestf4 5d* transition is chosen

350 nm ,which is a typical value for most crystals containing
cerium[8]. One of the exceptions is €& YAG for which
Xhis wavelength is close to 500 nm. The population decay
rate of the Bl* state varies in the range 40—60 ns, thus, it is
natural to take it being equal to 50 ns. This allows one to
(25)  calculate the dipole moment of the optical transitions. The
carrier wavelength is chosehg=500 nm. The case of

. . maximal coherencés|=1/2 is considered, which implies
Let us now turn to the estimates for real media. In orderto[ at pyi=pap=1/2. The refractive index of the medium is
11— P22 .

generate wider spectrum, one should have a high density ; : .
active atoms. Such densities may be achieved in So”d_sta%epproxmated by the one-oscillator formula:

media. On the other hand, the coherence decay rate at the AN2

transition X— 2 should be low, so that one could excite maxi- n?=1+——, (26)

mal coherencds|. This condition is typically satisfied at A2—B2

Zeeman transitions in rare-earth doped solid hosts at low

temperatures. Moreover, as it has already been shown, thvéhere A and B are constants. This relation will be used to
repetition rate of a generated pulse sequence is determin@dlculateny and n, for the estimates. Moreover, it will be
by the frequency of Raman transition. Thus, in order to ob-exploited in order to calculate, for each sideband in the
tain a rather low repetition raiseveral gigaherjzone has to  numerical simulations. Typically, for real crystal8, lies
use Zeeman or hyperfine transitions, whose frequencies lie iwithin the range 1.5-2.5for YAG A=2.28 [9]) and B

the desired range. The third condition is the existence of 100 nm B=109 nm for YAGQ. For the estimatesd=2
rather broad spectral region in which the absorption of lightandB=100 nm are chosen. All these data allow one to de-
is low. Typically, rare earths in solid hosts have marfy’ 4 rive the propagation constamt=85 cm . The linear dis-
levels inside the band gap, so that it is rather hard to find @ersion is described by, =1.3x10"1" s. Thus, it is pos-
broad spectral region that does not contain ari{}«<44f" sible to estimate the maximal width of generated spectrum
transitions that may cause the absorption of generated sidé&-w,,;~27 X180 THz. This value corresponds to the pulse
bands. However, there is at least one exception, namely, ceéluration~10 fs. It is worth noting that this value may be
rium in different solid hosts. This rare-earth metal typically achieved without any dispersion compensating technique.
enters solids in a trivalent state. Ceion has only one elec- Now, it is possible to estimate the length at which this spec-
tron in a 4 shell. The structure of electronic levels of e  trum is generated. Faf=2m7x 10 GHz, which corresponds

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

7TC|S|V

Awioi~2
tot Ny
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Mirrors o)
ﬁlqu (a) ¢¢¢m|2‘n-|l | mll 0)l| e
\E_, 120 & :/ 2L ~1-2 cm 7 Output beam ©
,é 100 d ~1 mm
151 o«
-3 80 R=1 R« Incident
o o
g 4 Active medium
=2 L Driving field _l_.
B 20 o]
3
& > ) 6 3 10 i ~ FIG. 4. Cavity technique of broadband optical continua genera-
z (cm) tion. The length of the driven part of the mediumLig~1 cm for

6~10 GHz and for the other parameters specified in the text.
® eration of new sidebands should stoplat10 cm. This
value is qualitatively consistent with~13 cm obtained in
the numerical simulation. Finally, the total bandwidth 150
THz well coincides with analytical estimate 180 THz. Thus,
for 6=27X10 GHz, the same bandwidth of generated sig-
nal can be obtained but far=130 cm.

As is clearly seen, a rather long propagation length is
required in order to generate coherent optical continua with
the total bandwidth~100 THz. For such a long propagation
path, absorption of the probe field should be taken into ac-
count. In order to compare the propagation length required to

FIG. 3. (a) The dependence of the total generated bandwidth oryptzin the maximal width of generated spectrum with ab-
the propagation distance is shown. Curves a and b indicate Spec“@brption length, let us take YAG doped with cerium as an
bandwidths with and without correction for linear dispersion, re'example of an active medium. For pure YAG, it is known

spectively.(b) Raman sideband electric-field amplitudes are plottedthat the absorption coefficient in near IR and red is 1.5
against the wavelength at=13 cm. Amplitudes are normalized %10-3 em~L. while for green and yellow light it is 3 4 '

with respect to the amplitude of the incident field. Approximately, %10°2 em-L. These values correspond to the absorption

1500 sidebands are generated. length 2.5-6 m which is larger than the required 130 cm.
. ) ) Another contribution to the absorption of the probe light
to the pulse repetition period 0.1 ns, k80" sidebands may  comes from dopant ions @&. The main contribution to the
be generated. This requires a propagation length  ahsorption associated with cerium originates from the lowest
~100 cm. ~_ 4fl-5d! transition. The estimates for this absorption channel
Now, it is needed to present the results of numerical S'm“give absorption length 2—3 m for concentratiorfL.@m™3
lation of Eq. (12). They are shown in Fig. 3. Unlike the ¢ carium ions in the case of a rather large 10' cm™ %)
previous discussion, no approximations have been used ey ning of the probe field from the resonance with the
this simulation except that the absorption of the optical field,1_541 7 ansition. Thus, the generation length appears to be
has been neglected. This means that Ef9—(16) are used  |ogg than the absorption one. This means that optical con-
to calculate coefficients in Eq12) and Eq.(26) is used t0  in,ym may be generated almost without loss of energy.
calculatex, for each S|depand. All thg parameters used init g far, the coherenae,, was assumed given. However, it
were taken the same as in the previous paragraph extept is gifficult to excite low-frequency coherence in such a long
which is now chosen to be2x<100 GHz. This choice 06 sample. In the next section, it will be shown how this diffi-
has been made in order to make numerical calculations nQ,IuIty can be avoided by using cavity technique.
very time consuming. However, the presented results confirm
analytical estimates for the width of the generated spectrun\/ EXPLOITING CAVITY TO REDUCE THE LENGTH OF
and the required length of the medium. The wave number o* ' THE MEDIUM
the coherencec is chosen to be equal tong+n;wg) d/c
wheren; is calculated at frequency,. Figure 3a) shows Let us discuss how the experimental setup should be ar-
the dependence of the total width of the generated spectrumanged in order to generate coherent broadband optical spec-
on the propagation length. For comparison, the width of thera according to the technique proposed in Sec. IIl. As it was
generated spectrum, when the correction for linear dispersiomentioned, the propagation length of the probe field inside
niwgd/c is neglected, is plotted as well. In Fig(k3, the the crystal should be fairly largéseveral tens of centime-
amplitudes of generated sidebands are plotted against thers. It is very difficult to produce a low-frequency coher-
sideband number dat=13 cm. It can be seen that the side- ence in such a long sample. In order to avoid this difficulty,
bands with higher frequencies are generated more efficientlgne may use cavity as it is shown in Fig. 4. The driving field
since they are closer to the resonance with an optical transiluminates the active medium in the direction perpendicular
tion. According to the analytical estimates, the efficient gento the direction of the propagation of the probe field. How-

o

=05

=)

.04

o

=03

o

02

o

.01

Electric field amplitude (arb. units)
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[ ! z(cmz) FIG. 6. Coherent population trapping in a three-level medium.

5 10 15 20

) medium even though the efficiency of spectral broadening is
FIG. 5. The dependence of the total spectral bandwidth on thihlightly reduced.

propagation distance inside the cavity. Spectral broadening at eac
pass through the active medium can be seen. The maximal banﬂ;]
width correspond te=120 passes through the medium.

The transverse dimensions of the sample are limited by
e divergence due to diffraction. It is easy to find that for the
propagation path~1 m and the wavelength 500 nm the
transverse size of the probe beam should~te mm. This
ever, as it is already known from E(R1), the phase match- value is much greater than the absorption length of the driv-
ing condition for the probe field is not satisfied in this case.ing field (~10-20 um). However, as it has been pointed
In order to fulfill the phase-matching condition, one has toout in the introduction, the propagation length of the driving
introduce spatial modulation of the coherengg, with  field may be increased significantly due to EIT accompany-
wave-numberk = (ny+Niwg) 8/c. This may be done by il- ing the CPT process. This will be discussed in the next sec-
luminating only the central half of lengtl,= mc/&(ng tion.
+n,w) of the sample. In this case, the propagation process In fact, the limitation placed on the transverse dimensions
may be described in the following way: First, the probe fieldof the sample by diffraction may be removed by using
propagates through the illuminated medium and generatedPherical mirrors for the cavity. However, fabrication of such
Raman sidebands. When the generation process stops, tHaY mlrror's'wnh appropriate curvature and a certain reflec-
probe field starts propagating through the part of the samplion coefficient in a huge-frequency range seems to be
without coherence. During this stage, Raman sidebands galfPublesome.
additional phase, so that when they come back to the illumi-
nated part c_)f the sqmple, they have right phases to continue \, crReaTION OF LOW-FREQUENCY COHERENCE
the generation of sidebands. The lengths of the two parts of
the medium that are not illuminated by the driving field Let us discuss how low-frequency coherence at Raman
should be exactly /2, thus, the total length of the medium transition may be established by means of CPT. As is well
inside the cavity is R,. The estimates for the same param-known, CPT is a process in which each atom is prepared in a
eters as were used in Sec. lll and ®#27x10 GHz give coherent superposition of the two ground-state sublegels
L,~8.29 mm. called “dark” state via spontaneous decay from the upper
At each pass through the driven part of the medium, abougvel. This situation is illustrated in Fig. 6. In order to pre-
100 sidebands are generated. Thus, in order to generag@re an ensemble of atoms in a “dark” state, each atom
broadband spectrum, the probe field should pass through ttshould absorb at least one photon from the driving field and
medium several tens or even several hundred times. The réonsequently decay. Thus, the energy required to prepgre
flection coefficient of the output mirror should be adjusted scatoms in the “dark” state is at lealy, k= Nah @, Wherew
that the number of passes of the probe beam through thé the frequency of the driven optical transitignere, it is
cavity corresponds to the maximal width of the generatecissumed thabs, and w3, are very close to each otheaws;
spectrum. The width of the spectrum plotted vs the propaga= wz,=w). For the above example of crystal doped with
tion length is shown in Fig. 5. In this simulation, the fre- C€* and the dimensions of the illuminated part as shown in
guency of Raman transition is chosés 27X 100 GHz for  Fig. 4, one obtain®,,~ 10" and Ey,,~0.5-1 J. Further-
the same reason as in Sec. lll, while the other parameters angore, the coherence at Raman transitior-2 should be
the same as for the previous simulation. In this cdse, created(i.e., the “dark” state should be populatediuch
=0.83 mm. One can see the change in the spectral bandaster than it decays. Typically, for Zeeman transitions in
width at each pass through the active part of the medium. ltare-earth ions, the transverse relaxation-tirpedetermined
should be noted that in this case, the generation process [gimarily by spin-lattice relaxation, may be as low as
approximately two times less efficient compared to the casé®* s ! at low temperature§l0]. Thus, one comes to the
considered in Sec. Ill. This is due to the fact that now onlyparameters of the driving pulse. It should have total energy
half of the medium participates in the generation proces& g,k and durationr:  T,>7>W ™1,
while the dispersion is determined by the whole sample. In order to give quantitative description of CPT in an
However, this technique allows for efficient driving of the optically thick medium, let us consider the following model:
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A 202
U’—T(l—Bp—a')=O, (31
v
E=E,,06,=-1/2, E=0,6, =0, kg 1) 2mNple?
Pu=pp=1/2 \ Pu=pp=1/2 o (;_ ;) _Czﬁ—]"KdQ(l_sp_o-)' (32
. Here, prime represents the derivative of the corresponding
z function with respect to its argument. It can be seen from the

FIG. 7. The structure of the kink-type wave of coherence propa-IaSt two equations that there exists one integral

ating inside optically thick medium.
gating p y Jxa 1 27N p 202
Qe ——= —2—a=const. (33
w v C th

The medium is assumed to be infinite along the propagation
direction of the driving field'see Fig. 7. There is no coher- ] ] -
encea,; at z= +, the populations of the two ground-state Taking into account the boundary condition &t z/v =
sublevels are half, and there is no driving field in this region.~* (=0, 0=0), one finds that const0. Using the
A bichromatic electromagnetic field, whose frequency comboundary condition at—z/v =+ (Q=0,, o=-1/2),it
ponents are resonant to the transitions B and 32, is IS €asy to find the velocity of the front propagation

incident on the medium at=—c. The intensities of the o 5
field components are assumed being eqBak E,=E. The =1 Ky mNpw —q Kd “’N). (34)
corresponding Rabi frequend® =Eu/2% where it is im- 0 hrg) o o

plied thatws,= 3= w. In this region, the coherence at Ra-

man transition is maximal and equal t61/2 which implies  Here, | is the intensity of the driving field at—z/v = + .

that o-,; does not decay. It is clear that there is some inter-The last term in the denominator of this expression is much
mediate region in which the medium becomes coherentl@reater than the first one at high densitiés~107° cm™?)
prepared. Moreover, this region should move in the positivédnd any achievable intensities of the driving field. Thus, one
direction of thez axis since the CPT process makes the meobtains

dium transparent and allows the driving field to penetrate

further. It is easy to derive the set of equations that describes V= I_O (35)
both the medium and the electromagnetic field. After elimi- N7 w

nation of optical coherences, one obtains . .
for the velocity of the front. So, if one wants to create low-

op 202 frequency coherence in a sample of thicknesturing time

- T(1_3p_021)zw(1_2p), (270 7 the intensity of the driving field should be
| _LNﬁw 36
&0'21 292 o T '
— 1 (173p=02)=0, (28 _ . . N
The corresponding energy per unit area in the driving pulse
is lg7=LNAw. This value exactly matches the qualitative
a0 kg IQ _277N,u2w2 estimates given in the first paragraph of this section.

Q(1-3p—0z). (29 It is also interesting to investigate the structure of this
solution. If the intensity of the driving field is lower than the
saturating intensity ((2(2)<FVV), the populations of the

Here,p11=p2,=p, I is the optical linewidth, and is the  ground-state sublevels are always half. Taking into account

driving field wave number. The two driving fields are as- the relation between and() (33), one comes to the follow-
sumed to be in exact resonance with transitiorsBand  ing equation for the coherenee
3+—2. This set of equations has two steady-state spatially
uniform solutions, one i€)=0, 0,,=0, p=1/2, and the , ZUQS
other one isQ=0Qq, oy=—1/2, p=1/2, with Q, being o'~ (1+20)=0. (37)
arbitrary constant.

As was mentioned above, there should exist a solutionts solution has the following form:

moving in the positivez direction. Let us seek this solution

09z w at c?hl Ky

in the form p=p(t—2z/v), oy=0c(t—2z/v), and Q=Q(t 1
—z/v), wherev is the velocity of propagation of this solu- o=- 502 : (38)
tion. Thus, the Eqs(27)—(29) will take the following form: 2+ex;{ — To(g—go)
202 where é=t—2z/v and &, is a constant that determines the
T (1-3p— ) = _ 0
P r (1=3p=0)=W(1-2p), (30 initial position of the moving solution. The characteristic
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Iengtthva/QS, which determines the spatial structure of predicted. The proposed technique allows one to generate
the obtained kink solution, well coincides with the absorp-very broad (-100 THz) optical continua in almost any de-
tion length of the driving field in the medium. sired frequency range. The most striking feature of the pro-

Thus, the conclusion is the following: In order to prepareposed way of generating coherent optical continua is that no
the sample in a coherent “dark” state, a pulse of bichromaticdispersion compensation technique is required. Moreover,
resonant radiation with total ener@,«=na# @ and dura- the implementation of phase-correction techniques, such as
tion 7, T,>7>W1 is required. The estimates given in the chirped mirrors and diffraction grating pairs, may increase
beginning of the section show that the required parametergenerated spectral bandwidth by several times, thus, making
are reasonable, thus, making the establishing of lowit possible to produce even subfemtosecond pulses of optical
frequency coherence feasible. radiation.

VI. CONCLUSION
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