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Resonant Raman amplification of ultrashort pulses in aV-type medium

V. V. Kozlov, P. G. Polynkin, and M. O. Scully
Department of Physics, Texas A & M University, College Station, Texas 77843

and Max-Planck-Institut fu¨r Quantenoptik, 85748 Garching, Germany
~Received 10 December 1998!

Propagation of a pair of ultrashort coherent pulses in aV-type medium is studied. Both pulses are supposed
to be resonant with corresponding atomic transitions. It is shown that the resonant character of the atom-field
interaction yields ‘‘pulse locking,’’ in which two pulses propagate with equal group velocities. Additionally, in
the presence of Raman inversion, the system exhibits resonantly enhanced gain for the probe pulse. These two
effects add together to decrease the pump laser threshold intensity by orders of magnitude in comparison with
conventional~far-off-resonant! Raman laser schemes.@S1050-2947~99!06304-0#

PACS number~s!: 42.55.Ye, 42.50.Gy, 84.30.Ng
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I. INTRODUCTION

Creation of new sources of coherent UV and x-ray rad
tion is an important and challenging task of modern opti
Ordinary lasers operating with population inversion ha
among other features, one crucial obstacle to high-freque
generation: the spontaneous decay rate grows proportion
to the transition frequency cubed (v3); therefore creation of
population inversion on a high-frequency transition is pro
lematic, and conventional lasers with inversion require ra
excitation rates in order to operate in the high-frequency
main.

On the other hand, two mechanisms of coherent light a
plification are known which do not require population inve
sion directly on the amplifying transition: Raman gain@1#
and gain without inversion~commonly referred to as LWI!
@2#. Although population inversion is no longer needed
these two cases, practical implementation of both exam
in high-frequency generation is not free from technical di
culties.

Both Raman and LWI gain require strong pumping~or
driving! of an active medium with external coherent las
fields. Of course, the closer the fields are tuned to the co
sponding atomic resonances, the stronger the atom-field
teraction is, and, typically, the higher Raman and LWI ga
are. On the other hand, approaching atomic resonances
to resonantly enhanced absorption and dispersion of
pumping fields, and this imposes a limit on the density
active atoms and, therefore, on the gain of the laser tra
tion.

An additional difficulty involves the inhomogeneou
broadening~Doppler broadening, for the case of gaseous m
dium!. In the frequency up-conversion regime, the pump
~or driving! field has a lower frequency than that of the las
field. Typically, both LWI and Raman-gain effects involv
some specific detuning between the two fields. If the f
quency of the laser field is higher than that of the drivi
field, then relative detuning between the fields is different
different groups of atoms of an inhomogeneously broade
medium, resulting in a reduced net gain.

One may think that both the above-mentioned obsta
can be overcome by pumping the medium with a short pu
For example, if the duration of the pulse is chosen to
PRA 591050-2947/99/59~4!/3060~11!/$15.00
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smaller than the relaxation times in the system, then suc
pulse is not attenuated while propagating through the m
dium. Furthermore, if the pulse is so short that its spec
width exceeds the linewidth of the inhomogeneously bro
ened atomic transition, then the problem of inhomogene
broadening is mitigated. The only remaining question is h
the two mechanisms of inversionless amplification—Ram
and LWI gain—will work in such a pulsed regime.

In fact, multilevel systems driven by short optical puls
have been a subject of extensive experimental study.
basis of LWI in a Lambda-type medium—the effect of ele
tromagnetically induced transparency~EIT!—has been dem-
onstrated using short pulses@3#. Since some fixed pump
pulse energy has to be spent to convert the medium in
coherent state necessary for EIT, and field strength ha
overcome effects of inhomogeneous broadening, pu
pulses in those experiments were strong~a power density on
the order of 107 W/cm2).

Raman gain has been very well studied in the pulsed
gime. The reason for working with short pulses in this cas
simple: To avoid strong absorption and dispersion of
pumping laser field, it is conventionally taken to be detun
far from the corresponding atomic resonance frequen
Since, at such a detuning, atom—pumping-field interactio
weak, the threshold intensity of the pump field is so high t
it is available only in the form of a short pulse. Typical pum
intensities in these kinds of experiments are on the orde
108 W/cm2 and higher@1#. In the present paper we wil
pump the system resonantly, and therefore will be dea
with much weaker pulses: The pump pulse area will be
the order of severalp ~meaning that the pumped transitio
undergoes small number of Rabi cycles!, while for the
above-mentioned experiments it was thousands ofp or
more.

There are also several theoretical works on inversion
amplification with short pulses. In Ref.@4#, the gain of the
weak probe pulse relied on the initial preparation of act
atoms in some specific coherent superposition of atomic b
states. In Ref.@5# only part of the pulse in a driven medium
was shown to be amplified, but then the rest of it was s
jected to absorption. In Ref.@6# the instability of the weak
probe pulse in aV-type medium resonantly driven by sho
3060 ©1999 The American Physical Society
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2p pulse was studied. Gain for the probe was predicted,
it was attributed to the temporal ‘‘inversion window
opened on the probed transition by the 2p driving pulse. In
a recent paper@7#, the far-off-resonant Raman gain was r
vised, and an anti-Stokes Raman laser without inversion
been proposed. It has been found that a multilevel sys
may yield gain independently of the initial distribution o
population among atomic states, provided that incohe
pumping mechanisms are strong enough to redistrib
atomic populations considerably within duration of the c
herent pump pulse. This, of course, requires either v
strong sources of incoherent pumping, or a very long pu
of the coherent pumping field.

Pursuing practical aspects of efficient frequency u
conversion, in the present paper we will study in detail c
herent pulse amplification in theV-type medium pumped by
a short laser pulse. The duration of the pump pulse is s
posed to be shorter than all relaxation times in the medi
Both pump and probe pulses are tuned close to corresp
ing atomic resonance frequencies. Atoms constituting
medium are not supposed to be initially prepared in a coh
ent superposition of bare atomic states. We will show a
lytically and numerically that, in the system under consid
ation, linear gain without inversionis impossible. At the
same time, the resonant character of the atom-field inte
tion has two practically important consequences: In the p
ence of Raman inversion the probe pulse can experie
strong resonantly enhanced two-photon gain. Furtherm
the system yields a ‘‘pulse locking,’’ i.e., the probe a
pump pulses propagate together, with the same group ve
ity, and without a substantial change of shape while pro
gating ~this effect is similar to the propagation of simulton
in a three-level medium@8#!. Since the pulses are chosen
have a duration considerably shorter than all relaxation tim
in the medium, the gain in the system under consideratio
not accompanied by devastating absorption of the pu
pulse. This is in contrast to the case of long pulses, whe
transfer of energy from the resonant pump pulse into sp
taneously emitted photons limits the propagation dista
and, consequently, the net gain for the probe. Hence the
for the probe pulse is higher than in conventional, far-o
resonant, Raman laser schemes, and the threshold pow
the pump source can be reduced by orders of magni
compared to those schemes.

In the weak probe pulse case, it is possible to study
system analytically. In this limit we will derive the formul
for the probe energy gain; this formula is valid for the ar
trary shape of the pulses. When the amplified probe pu
acquires an appreciable value, analytical study becomes
ficult, and we study this regime numerically. We will dem
onstrate that, in this case, the two-photon gain does not
crease. Conversely, when the intensity of the probe p
becomes comparable to or even exceeds that of the p
pulse, the amplification rate of the probe increases. Pr
pulse amplification ends only with the vanishing of the pum
pulse, i.e., with a complete exchange of pump photons
probe photons.

The physics beyond the resonant two-photon amplifi
tion and ‘‘pulse locking’’ effects will be discussed in deta
It will be shown, that, in spite of the fact that the 2p pulse of
the pump opens a temporary ‘‘inversion window’’ on th
d
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probed transition, this population inversion does not contr
ute to the probe gain at all, and all gain comes from
resonant two-photon Raman-like process.

We will usually take the pump pulse in the form of th
2p soliton @9#, because such a pulse is distortion free, a
yields the most clear pattern of the probe amplification. If t
pump pulse is initially prepared in a form different from th
2p soliton, then the pulse dynamics becomes more com
cated, showing an interplay between effects of self-indu
transparency for the pump pulse and two-photon gain for
probe. This situation will be discussed, and we will consid
a specific example of the pump pulse with area equal to 4p.

II. DESCRIPTION OF THE MODEL

Consider aV-type three-level system with the groun
stateub& and excited statesua& and uc&, as shown in Fig. 1.
Transition ub&↔uc& is driven by a short pulse with a Rab
frequencyV(z,t). A probe ~or laser! pulse with Rabi fre-
quencya(z,t) is applied to the transitionub&↔ua&. We sup-
pose the carrier frequency of the both pulses to be tune
exact resonance with the corresponding transitions and
pulses to be free of phase modulation. Then, in the slo
varying envelope approximation, the temporal and spa
evolution of the pulse envelopes is governed by wave eq
tions

F ]

]z
1

nV

c

]

]t GV~z,t !5 ikVrcb , ~1!

F ]

]z
1

na

c

]

]t Ga~z,t !5 ikarab , ~2!

with propagation constants

kV5kV`cb
2 N/e0\nV ,

ka5ka`ab
2 N/e0\na . ~3!

rab andrcb are off-diagonal density matrix elements in th
rotating frame,kV andka are wave vectors of the pump an
probe fields in vacuum,̀ cb and `ab are dipole matrix ele-
ments of the transitionsuc&↔ub& andua&↔ub& ~supposed to
be real, for simplicity!, andN is the density of resonant at
oms. In Eqs.~1! and ~2!, nV and na stand for the host re-
fractive index at frequencies of the pump and probe fiel
respectively. Slowly varying amplitudes of the pump a

FIG. 1. Level scheme of theV-type medium showing coheren
pump (V) and laser (a) fields, decaysga andgc, and incoherent
pump ratesr a and r c .
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probe electric fields,EV andEa , are related to the Rabi fre
quenciesV anda according to

EV5
\V

`cb
, Ea5

\a

`ab
. ~4!

We suppose the medium to be homogeneously broade
The semiclassical density matrix equations of motion un
the rotating wave approximation are

]

]t
rab52Gabrab2

i

2
a~raa2rbb!2

i

2
Vrac , ~5!

]

]t
rac52Gacrac1

i

2
arbc2

i

2
V* rab , ~6!

]

]t
rcb52Gcbrcb2

i

2
V~rcc2rbb!2

i

2
arca , ~7!

]

]t
raa52garaa1r arbb2

i

2
~a* rab2arba!, ~8!

]

]t
rbb5garaa1gcrcc2~r a1r c!rbb1

i

2
~a* rab2arba!

1
i

2
~V* rcb2Vrbc!, ~9!

]

]t
rcc52gcrcc1r crbb2

i

2
~V* rcb2Vrbc!, ~10!

where Gab , Gac , and Gcb are dephasing rates, an
ga , gc , r c , and r a are the decay and pumping rates ind
cated in Fig. 1. The analysis is referred to the case of
closedV system, so that one of Eqs.~8!–~10! is to be re-
placed by the normalization condition

raa1rbb1rcc51. ~11!

In the above equations,V5V* anda5a* . ~The fields are
resonant and therefore can be chosen real.! We will suppose
that durations of the both pulses are much less than all in
herent decay and pumping rates in the system.

Before the arrival of the pulses, the medium is under
effect of continuous incoherent pumping, and thereby is p
pared in the following manner:

rbb
0 [rbb~ t→2`!5

1

11r a /ga1r c /gc
,

raa
0 [raa~ t→2`!5

r a /ga

11r a /ga1r c /gc
, ~12!

rcc
0 [rcc~ t→2`!5

r c /gc

11r a /ga1r c /gc
.

All the coherences~i.e., off-diagonal elements of the densi
matrix! are initially zero, so thatthe system is not initially
prepared in a coherent state. We will consider the case whe
initially there is no population inversion on the laser tran
tion: raa

0 ,rbb
0 . If, in addition to that, there is an inversion o
ed.
r

e

o-

e
-

-

a two-photon transitionua&→ub&→uc&, i.e., raa
0 .rcc

0 , we
say that the system is prepared in a state with Raman in
sion. In the opposite case ofraa

0 ,rcc
0 there is no inversion of

any kind.

III. ANALYSIS IN THE WEAK PROBE FIELD
APPROXIMATION

A. Evolution of the pump pulse

With an eye toward a partial analytical analysis, we su
pose that the pulses are so short that all incoherent term
the density-matrix equations~10! can be neglected. Suppos
also that the probe pulse is weak, so that it does not ex
any appreciable population to the stateua&, and a linear
approximation ina is applicable. In this limit, the probe
does not change atomic populations and has a negligible
fect on the dynamics of the pump pulse. Consequently,
problem of the pump dynamics is reduced to that of a pu
propagating in a resonant two-level medium@9#. The equa-
tions for rcb , rcc , andrbb decouple from the other densit
matrix equations:

]

]t
rcb52 i

V

2
~rcc2rbb!,

~13!
]

]t
~rcc2rbb!522iVrcb .

Since the pump field is resonant,rcb is always purely imagi-
nary. The system of equations~13! has a conservation law—
the length of the Bloch vector for the two-level subsyste
ub&-uc& remains constant:

~rcc2rbb!
22~2rcb!

25~rcc
0 2rbb

0 !2. ~14!

This allows us to solve Eq.~13! in terms of the Bloch angle
u:

rcc2rbb5~rcc
0 2rbb

0 !cosu, ~15!

rcb52
i

2
~rcc

0 2rbb
0 !sinu, ~16!

where

u~ t,z!5E
2`

t

dt8V~ t8,z!, ~17!

so thatu(t51`, z)5Q(z) is total area of the pump pulse
Substituting Eq.~16! into Eq. ~1!, we find a closed equation
for dynamics of the Bloch angle~and, therefore, of the pump
pulse! in the form

F ]2

]z]t
1

nV

c

]2

]t2Gu5
kV

2
~rcc

0 2rbb
0 !sinu. ~18!

B. Evolution of the probe pulse

As follows from Eq.~2!, the probe pulse is driven by th
off-diagonal elementrab of the density matrix. The latte
depends on the evolution of the pump pulse viarbb and
two-photon polarizationrac . Note again that the population
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do not depend on the dynamics of the probe pulse~the linear
approximation ina). Thereforeraa is equal toraa

0 and does
not change in time. Upon introducing new variables

R5rab1rac ,

Q5rab2rac ,

we may rewrite Eqs.~5! and ~6! in the following ways:

Ṙ52 i
a

2
~raa2rbb!1 i

a

2
rbc2 i

V

2
R,

~19!

Q̇52 i
a

2
~raa2rbb!2 i

a

2
rbc1 i

V

2
Q.

Then the formal solutions forR andQ read

R5
i

2
exp~2 iu/2!

3E
2`

t

dt8a@2~raa2rbb!1rbc#exp~ iu/2!, ~20!
nt
rg

ob

n
r-
n

n

th

-
ca
o

Q52
i

2
exp~ iu/2!

3E
2`

t

dt8a@~raa2rbb!1rbc#exp~2 iu/2!,

where the Bloch angleu is defined in Eq.~17!. For the off-
diagonal density-matrix elementrab we find

rab52
i

2
ReH exp~2 iu/2!

3E
2`

t

dt8a@~raa2rbb!2rbc#exp~ iu/2!J . ~21!

Using normalization condition~11! and Eq.~15!, one can
obtain an expression for population difference (rbb2raa) in
the form

rbb2raa5~rcc
0 2raa

0 !2~rcc
0 2rbb

0 !cos2~u/2!. ~22!

Substituting this and Eq.~16! into Eq. ~21! yields
rab52
i

2
~raa

0 2rbb
0 !cos~u/2!E

2`

t

dt8a cos~u/2!2
i

2
~raa

0 2rcc
0 !sin~u/2!E

2`

t

dt8a sin~u/2!. ~23!

Finally, combining Eqs.~23! and ~2!, we find an equation governing evolution of the probe pulse:

F ]

]z
1

na

c

]

]t Ga5
ka

2
3F ~raa

0 2rbb
0 !cos~u/2!E

2`

t

dta cos~u/2!1~raa
0 2rcc

0 !sin~u/2!E
2`

t

dt8a sin~u/2!G . ~24!

Define the total energy of the probe pulse:

Ja~z![
«0cna

2

2 E
2`

1`

dtuE au2~z,t !5
«0c\2na

2

2`ab
2 E

2`

1`

dtuau2~z,t !; ~25!

then, integrating Eq.~24! over time, we find

]

]z
Ja~z!5

N\vab

4
3H ~raa

0 2rbb
0 !F E

2`

1`

dta cos~u/2!G2

1~raa
0 2rcc

0 !F E
2`

1`

dta sin~u/2!G2J . ~26!
si-
on,

e of
nce
on,
se
e

lly,
e
is

to
Equation~26! is the main analytical result of the prese
paper. It describes the evolution of the probe pulse ene
for arbitrary shapes of the two pulses as long as the pr
pulse remains weak. The first term on the right-hand side
Eq. ~26! is proportional to the bare population inversio
(raa

0 2rbb
0 ) and, due to our initial assumption that this inve

sion is negative, corresponds to the one-photon absorptio
the probe on the transitionua&↔ub&. This absorption is,
however, modified by the presence of the pump pulse, a
under certain pulse shapes@obeying *2`

1`dta cos(u/2)50#,
may be canceled. The second term is proportional to
Raman inversion between the two upper statesua& and
uc&, (raa

0 2rcc
0 ), and, if this inversion is positive, corre

sponds to the two-photon gain of the probe pulse. One
see that, at any pointz of the propagation, one of the tw
y
e

of

of

d,

e

n

kinds of inversion is necessary for gain on the probe tran
tion. This proves that, in the system under considerati
linear LWI gain with ultrashort pulses is impossible.

Note that Eq.~26! describes the evolution of thetotal
energy of the probe pulse. Therefore, even in the absenc
any kind of inversion, some part of the pulse can experie
gain, but then the remaining part will experience absorpti
so that the total probe pulse energy will typically decrea
~as in Ref.@5#!. It can, however, remain constant under som
specific pulse shapes, as will be shown below. Additiona
Eq. ~26! does not tell anything about the evolution of th
probe pulse envelope. For instance, if Raman inversion
prepared in the system, and, according to Eq.~26!, the probe
pulse experiences energy gain, it is nota priori clear that the
pulse would preserve its shape: it could spread out due
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resonantly enhanced dispersion, decompose into weake
shorter pulses, etc. Of course, an increase of the total p
energy in such a case is of no practical value.

To investigate the dynamics of the probe envelope,
~24! has to be solved together with Eq.~18!. We will show
below that, if the atoms are initially prepared in the grou
state (rbb51, and the Raman inversion is equal to zer!,
then special matching of shapes of the pump and pr
pulses leads tofull absorption and distortion cancellationfor
the probe. If launched into the medium in such a match
form, the two pulses propagate without changing shap
Furthermore, we will show that even if the pulses do n
meet the matching condition at the entrance to the medi
they quickly evolve to a matched state after a short trans
process. The presence of small Raman inversion in the
dium does not disturb the shape-preserving propagatio
the two pulses: the time scale of the transient proces
considerably faster than that of the two-photon amplificat
process.

C. Stationary pulse propagation

In order to obtain a clear picture of pulse dynamics in
system under consideration, one can separate the effe
linear absorption cancellation from the two-photon Ram
amplification. To do so, first consider the case when the
dium is not excited,raa

0 5rcc
0 50, so that Raman amplifica

tion vanishes. Further, any pulse with an area greater thap
in a resonant two-level medium breaks up into a sequenc
the 2p soliton pulses after a short transient process@9#.
Then, if relaxation in the medium is negligible, each of t
2p pulses propagates through the medium without any
tenuation or reshaping. For a better understanding of
probe dynamics in the pumped medium under considerat
we want the pump pulse to behave in the simplest poss
way. Therefore, in our following considerations, we choo
the pump pulse to be initially injected into the medium in t
form of the 2p soliton of Hahn and McCall. If the pump
pulse is prepared in a form different from the 2p soliton, the
situation becomes more complex, and we will postpon
discussion of such a case until Sec. V.

The probe pulse is supposed to be weak, and its area
much less thanp. It is known, that, in a resonant two-leve
medium, such a pulse would take an oscillatory form a
rapidly spread out@10#. In the presence of the pump puls
the situation is completely different. We performed nume
cal simulations showing that the pump pulse, if launched i
the medium in the form of the 2p soliton, causes the prob
pulse to attain stationary bell-shaped form, and then b
pulses propagate with stationary shapes and equal group
locities ~Fig. 2!. This effect of ‘‘pulse locking’’ takes place
independently of the initial shape of the probe pulse.

Under the assumption of stationary pulse shapes, th
shapes can be found analytically. The problem reduce
solving Eqs.~18! and~24! for the probe envelopea and the
Bloch angleu, in terms of a single dimensionless variab
u5(t2z/v)/tV (v is a group velocity of the both pulses
tV is duration of the pump pulse!

d2u

du2 5
kV

2 S 1

v
2

nV

c D 21

sin„u~u!…, ~27!
nd
lse

.

e

d
s.
t
,

nt
e-
of
is
n

e
of

n
e-

of

t-
e
n,
le
e

a

be

d

-
o

th
ve-

se
to

da

du
5

ka

2 S 1

v
2

na

c D 21

cos„u~u!/2…

3E
2`

u

du8a~u8!cos„u~u8!/2…. ~28!

Writing Eqs. ~27! and ~28!, we explicitly used the fact tha
atoms are initially prepared in the ground stateub&, so that
rbb

0 51, andraa
0 5rcc

0 50.
Since the probe pulse is supposed to be weak, and d

not influence the pump pulse at all, the latter propagates
like usual 2p soliton in a two-level medium. Accordingly
the only localized solution of Eq.~27! reads

V~u!5
2

tV cosh~u!
. ~29!

The group velocity of the soliton is defined by the relati
@9#

1

v
5

nV

c
1

kVtV
2

2
. ~30!

Then, from Eq.~17!, we find

cos„u~u!/2…5tanh~u!. ~31!

Using Eq.~31! one can rewrite Eq.~28! as follows:

e2 cotanh~u!
d

duFcotanh~u!
d

du
a G5a, ~32!

FIG. 2. Input and output intensity profiles of the pump a
probe pulses as functions of dimensionless retarded time. The
dium is initially prepared in the ground stateub&. The total dimen-

sionless propagation distancez̄[kVtVz550. At the entrance to the
medium, the pump pulse has a 2p soliton shape@Eq. ~29!#; the
input probe pulse is intentionally chosen to be different from
‘‘locked’’ shape @Eq. ~36!#.



r

e
o
a
te

he
io

f
e

n

ta
e
n
g
-

e
fro

a-

ga-

re-

e

he

n-

e

u-
in-

es

ar
ity
vel

ear
of

x is
mp-
ut
for

PRA 59 3065RESONANT RAMAN AMPLIFICATION OF ULTRASHORT . . .
where

e25
kV

ka
12

nV2na

ckatV
2

. ~33!

Substitution

x5 ln~coshu! ~x runs from 0 tò ! ~34!

reduces Eq.~32! to

d2a

dx2
2e22a50. ~35!

Therefore, for the localized solution of Eq.~31!, we find

a5a0e2x/e5
a0

coshe~u!
, ~36!

wherea0 is the amplitude of the probe pulse. Parametee
has to be real, i.e.,

kV.2
na2nV

ctV
, ~37!

otherwise the localized solution does not exist.
It is easy to show that a pair of pulses~29! and~36! makes

the linear absorption term in Eq.~26! for the probe energy
equal to zero for anyz. The simultaneous propagation of th
two pulses can be referred to as ‘‘pulse locking:’’ the tw
pulses have equal group velocities, in contrast with the c
when they propagate independently. As we already poin
out, if the pump pulse has a 2p soliton shape@Eq. ~29!#, the
initial form of the weak probe pulse is not essential: t
probe pulse of arbitrary envelope evolves toward the stat
ary ‘‘pulse-locked’’ form @Eq. ~36!# ~Fig. 2!. Furthermore,
we will show numerically in Sec. II D, that the effect o
‘‘pulse locking’’ is retained in the nonlinear regime when th
probe pulse becomes strong.

D. Linear probe pulse amplification

Now consider the case when nonzero Raman inversio
prepared in the medium:

r a

ga
.

r c

gc
⇒raa

0 .rcc
0 . ~38!

As before, the pulses are short enough not to be devas
by absorption. Therefore, transfer of the coherent pulse
ergy into spontaneously emitted photons is negligible, a
the pulses are not devastated by absorption while propa
ing. According to Eq.~26!, the probe pulse energy will in
crease during the propagation. If the Raman inversion
small,

raa2rcc!rbb2raa ~39!

~which is the case we will concentrate on!, one can separat
the process of pulse reshaping toward the matched state
the amplification process.@Roughly, reshaping has (rbb

0

2raa
0 )/(raa

0 2rcc
0 ) times faster time scale than amplific
se
d

n-

is

ted
n-
d
at-

is

m

tion.# Thus, during the first short stage of the probe propa
tion, it is reshaped into the matched form~36!. After that the
probe pulse is amplified adiabatically, while its shape is p
served.

In the following we will suppose that the host index of th
medium is the same for the pump and probe pulses:nV

5na . Substituting Eqs.~28!, ~31!, and~36! into Eq.~26!, we
find the energy gain coefficient for the probe pulse in t
matched state:

Ga[
1

Ja

]Ja

]z
5

ka

2na
tV~raa

0 2rcc
0 ! f ~e!, ~40!

where

f ~e!5e22
F E

2`

1`

du cosh2~11e!~u!G2

E
2`

1`

du cosh22e~u!

~41!

ande is simply the square root ratio of the propagation co
stants:

e5AkV

ka
5Avcb`cb

2

vab`ab
2

. ~42!

The functionf (e) is plotted in Fig. 3. One can see that th
larger the probe transition oscillator strength~at fixed oscil-
lator strength of the driven transition!, the higher the linear
gain for the probe that can be achieved. We will show n
merically in Sec. IV that this tendency persists in the nonl
ear stage of amplification when the probe pulse becom
strong.

IV. NONLINEAR PROBE PULSE AMPLIFICATION

The analytical results of Sec. III are obtained in the line
approximation in the probe field. As the probe pulse intens
increases, one cannot neglect its effect on dynamics of le
populations and on the pump pulse. To study this nonlin
regime of the probe amplification, we solve the system
Maxwell-Schrödinger equations~1!, ~2!, and ~5!–~10! nu-
merically. We again suppose that the host refractive inde
the same for both the pump and probe fields. This assu
tion considerably simplifies computations. Then, witho
loss of generality, we can put the host refractive index
both fields equal to unity.

FIG. 3. Plot of the functionf (e) as given by Eq.~41!.
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Our numerical procedure is standard@11#, and we de-
scribe it here only briefly. First, having chosen the incoher
pump ratesr a andr b and decay constantsga andgc , we find
the populations in the medium prior to arrival of the puls
We do this by solving the master equations~8!, ~9!, and~11!
in the steady state witha5V50:

2garaa
0 1r arbb

0 50,

garaa
0 1gcrcc

0 2r arbb
0 2r crcc

0 50, ~43!

raa
0 1rbb

0 1rcc
0 50.

We introduce the dimensionless coordinatez̄ and retarded
time t̄ as follows:

z̄5kVtVz, ~44!

t̄ 5
t2z/c

tV
. ~45!

We also define dimensionless Rabi frequenciesV̄ and ā:

V̄5tVV, ā5tVa. ~46!

All decay and pumping rates are also measured in unit
1/tV . Then the wave equations~1! and~2! can be rewritten
in terms of the above dimensionless quantities in the follo
ing ways:

]V̄

] z̄
5 ircb ,

]ā

] z̄
5 i e22rab , ~47!

with e defined in Eq.~42!. The density-matrix equation
have exactly the same form as Eqs.~5!–~10! with replace-
mentst→ t̄ , V,a→V̄,ā. We solve propagation problem fo
the Rabi frequenciesV̄,ā( z̄, t̄ ) in the following way.

The fourth-order predictor-corrector method is used
both z̄ and t̄ integrations. Given the time dependence of t
fields at some value of propagation distancez̄, we integrate
the master equations~5!–~10! in retarded timet̄ and find
off-diagonal elements of the density matrixrab and rbc as
functions of t̄ at this fixed positionz̄. According to Eqs.
~47!, these matrix elements drive the fields, and we pro
gate the whole distributionsV̄,ā( t̄ ) a step further inz̄. This
integration scheme has been found to be stable for br
range of step sizes inz̄ and t̄ .

We found that, after being launched into the medium w
Raman inversion, weak probe pulse quickly attains
matched form~36!, and then its amplitude steadily increase
t

.

of

-

r
e

-

ad

e
.

Before the probe pulse amplitude becomes comparabl
that of the pump, evolution of the probe is accurately d
scribed by Eq.~24!. When the probe pulse gains substant
energy, the gain coefficient for the probe considerably
creases. Amplification of the probe ends with a vanishing
the pump pulse, and, ideally, all photons of the pump ev
tually become exchanged with the photons of the probe.@By
ideal here we mean the case when the pulses are so shor
relaxation in the medium can be completely neglected.
addition, the probe pulse at the entrance to the medium
to be so weak compared to the pump pulse, so that the
ergy lost while reshaping it into the matched form~36! is
negligible.# A typical picture of the pulse dynamics is show
in Figs. 4~a! and 4~b!.

We studied in detail how efficient resonant Raman sc
tering is in the system under consideration in the freque
up- and down-conversion regimes. As we pointed out abo
ideally, all photons of the pump are exchanged on the p
tons of the probe, one by one. Therefore, the maximum o
put energy of the probe is simply equal to the input energy
the pump multiplied by the ratio of the corresponding atom
frequencies:

Ja
out

JV
in

5
vab

vbc
. ~48!

The question of interest is the following: what length of t
medium is needed for the probe pulse to attain the maxim

FIG. 4. Three-dimensional~3D! plot of the pump and probe
intensity as a function of retarded time and propagation distan
The medium is prepared in a state with 5% Raman inversion:raa

0

50.05,rbb
0 50.95, andrcc

0 50. Frequencies and dipole matrix ele
ments are the same for the pump and laser transitions. The i
pump pulse has 2p soliton shape@Eq. ~29!#.
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possible energy given by Eq.~48!? In the following consid-
eration we takeequal dipole matrix elements of the two tra
sitions: `ab5`cb . In Fig. 5 the total energy of the pulses
plotted as a function of the propagation distance for differ
frequencies of the probe. We have shown analytically in S
III that, in the weak probe field limit, a larger oscillato
strength of the probe transition yields a higher gain for
probe pulse. As follows from Fig. 5, this is true for the no
linear stage of amplification as well: If the pump frequen
is kept fixed, then length of conversion of the pump into t
probe decreases with increasing frequency of the probe.

In Fig. 6 the probe and pump pulseareaversus distance is
shown for the three different cases of Fig. 5. In all thr
cases the area of the probe pulse tends to 2p, and the pulse
is reshaped to become a typical 2p soliton of self-induced
transparency~SIT!:

a5
2

ta cosh~u!
,

where ~49!

u5~ t2z/vp!/ta .

vp is a final group velocity of the probe pulse. This is b
cause, at this developed stage of amplification, the pr
pulse has enough energy to excite a considerable popula
into the stateua&. Therefore, effects of SIT become comp

FIG. 5. Pump, probe, and total~pump plus probe! energy vs
propagation distance for different values of the probe field f
quency:~a! vab5vcb , ~b! vab52vcb , and~c! vab50.5vcb . For
all three cases, the dipole matrix elements of the pump and l
transitions are the same, and the medium is prepared with 5%
man inversion:raa

0 50.05,rbb
0 50.95, andrcc

0 50; the input pump
pulse has a 2p soliton shape.
t
c.

e

e

-
e

ion

rable to the two-photon amplification. Eventually, when t
pump pulse becomes weak and almost does not affect
probe, the SIT effect dominates. As a result, the probe pu
at the output is always a 2p soliton. Recalling that the fina
number of photons in the probe pulse is equal to the ini
number of photons in the pump pulse, one can deriv
simple relation between the initial duration of the pum
pulsetd and the final duration of the probe pulseta :

ta5tV /e2. ~50!

Thus, in the up-conversion regime (e.1), the output dura-
tion of the probe is smaller than the input duration of t
pump, and the medium acts as a pulse compressor.

V. ESSENTIAL PHYSICS

In this section we will discuss the physics beyond t
two-photon resonant amplification of the probe pulse in
medium under consideration. Due to the interdependent
namics of the fields and populations, this question is no
trivial as it may seem. As before, we will not consider t
case whenraa

0 .rbb
0 , i.e., no population inversion is initially

created directly on the laser transition. Then, as follows fr
Eq. ~26!, gain for the probe takes place only when atoms
prepared in a state with Raman inversion:raa

0 .rcc
0 . This

suggests that the amplification is due to the stimulated
man scatteringua&→ub&→uc&. On the other hand, resonant
pumping the 2p pulse temporarily transfersall population
from ground stateub& to stateuc&. Under the same condition
raa

0 .rcc
0 , this population transfer results in a tempora

-

er
a-

FIG. 6. Pump, probe, and total~pump plus probe! pulse area vs
propagation distance for the three different cases of Fig. 5.
probe pulse at the output is always a 2p soliton due to the domi-
nance of the SIT effect in the final stage of the probe amplificati
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‘‘window’’ of inversion on the laser transition. Conse
quently, one may think that the gain for the probe pulse
due to this temporary inversion window.

To check what actually happens in the system, we p
formed an additional numerical simulation: We slightly d
tuned frequencies of both pulses from the correspond
atomic transitions, keeping them in a two-photon resonan
In this case, the 2p pulse of the pump@Eq. ~29!# still propa-
gates without absorption and dispersion, but excites
population fromub& to uc& to a lesser extent: if the pum
frequency detuning isD, then the maximal population tem
porarily excited to the stateuc& is @11(DtV)2#21. Obvi-
ously, there is some value ofD at which the inversion win-
dow disappears, andraa(z,t),rbb(z,t) for any z and t. If
the ‘‘window’’ is the reason for the probe gain, then the ga
must vanish or considerably decrease at this detuning. Fi
7 demonstrates that this does not happen. The gain in
case persists, although it is slightly weaker than for reson
pulses. This proves that the mechanism responsible for
probe amplification is two-photon Raman scattering, and
the temporary inversion window.

Additionally, we studied the evolution of populations an
coherences in the system under the action of the pump
probe pulses. Having fixed some positionz where the probe
pulse is expected to attain an appreciable amplitude~i.e., the
probe experiences the nonlinear gain described in Sec.!,
we plot elements of the density matrix as functions of tim
~Fig. 8!. As follows from Eqs.~1! and ~2!, the pulses are
amplified when the imaginary part of the corresponding m
trix elementsrcb and rab is negative; otherwise the pulse
are absorbed. In the usual far-off-resonant Raman amplifi
tion, the ground stateub& participates in the process on
virtually: By means of the two-photon processua&→ub&
→uc&, population is transferred from stateua& to stateuc&,
and absorption of the pump photon is simultaneously acc
panied by emission of the probe photon. In the resonant c
~which is the subject of consideration here!, the situation is
quite different. The ground stateub& participates in the pro-
cess of Raman scattering, and the population of this state
be considerably changed by the fields. As a result, imagin
parts ofrcb andrab oscillate with time synchronously@Fig.

FIG. 7. Energy of the pulses vs propagation distance for par
eters of Fig. 5~a!, but with the pump and probe fields detuned fro
the corresponding resonances:DV5Da51/tV . At this detuning,
the population of stateua& never exceeds the population of sta
ub&—raa(z,t),rbb(z,t)—so that population inversion on the las
transition is absent. Two-photon probe gain, however, is redu
only slightly compared to the resonant case of Fig. 5~a!, where this
population inversion exists temporarily.
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8~b!#; therefore, amplification~and absorption! of the pump
and probe pulses happens at the same time: both pulse
first absorbed, then both are amplified. Due to the prese
of Raman inversion, curves Im@rcb(t)# and Im@rab(t)# are
not symmetric: The first one has a larger absorptive part,
the second a larger gaining part. Hence the net results
amplification for the probe pulse and absorption for t
pump pulse.

In Fig. 8~c! we plot the populations as functions of tim
for the case of Fig. 8~a!. Comparison of Figs. 8~b! and 8~c!
shows that, for the resonant case, the dominant part of
gain takes place whenraa,rbb and raa,rcc , i.e., there is
no inversion of any kind in the system, neither the us
one-photon inversion nor Raman inversion. However, we do
not refer to this effect as gain without inversion. The reas
for this is that, what matters practically is how the populati
is distributed among atomic statesbefore arrival of the
pulses.~Although, of course, this is a terminological que
tion.!

To demonstrate the advantage of using resonant pulse
the system under consideration, in Fig. 9 we plot the ene
of the probe pulse as a function of propagation distance
the case when the pulses are in two-photon resonance
detuned far from the atomic resonance frequencies. Comp
son with Fig. 5~a! shows that, indeed, conversion of th

-

d

FIG. 8. Time dependence of density-matrix elements under
multaneous action of pump and probe fields:~a! Rabi-frequency
envelope of the pump and probe pulses,~b! time dependence of the
polarizations driving the fields, and~c! time dependence of the
populations. Both fields are on resonance. A comparison of~b! and
~c! shows that most of the probe gain takes place when there i
inversion of any kind in the system.



as
p

te
a

-
h

r
ck
fo
to

e-
a

he
la
th
o
e

m

er
e

a
tte
e
e
d’
A
ar
ta
b

a
b

tin
te
m
w

ely

ort
p
f the
’’
the
in-

ifi-
pre-
y
gth

ho-
en-
l
in-
that
le.
en
nd
ve

.S.
tion
e

tio

ge
of

ion
the
4

PRA 59 3069RESONANT RAMAN AMPLIFICATION OF ULTRASHORT . . .
pump into a probe is greatly enhanced in the resonant c
In the previous discussion we dealt mainly with a pum

pulse in the form of a 2p soliton. If the medium is pumped
by a pulse with an area noticeably exceeding 2p, the situa-
tion becomes more complicated.

According to the theory of SIT, a pulse of any area grea
than p in a resonant two-level medium breaks up into
sequence of 2p solitons@9#. After that all the solitons propa
gate through the medium independently of each other. T
happens because the 2p soliton in a two-level medium, afte
exciting population from the ground state, brings it all ba
leaving the medium in exactly the same state as it was be
the arrival of the soliton. Therefore, subsequent soli
pulses do not ‘‘feel’’ the preceding ones.

However, this is not generally true for a multilevel m
dium in the presence of additional fields. In such a case, e
of the 2p pulses may not leave a medium in exactly t
same state as it was before arrival of the pulse. In particu
populations in the medium can be redistributed, and
pulse can leave behind a trace of excited polarization. B
of these will affect propagation of the subsequent puls
Such a situation is illustrated in Fig. 10, where the pu
pulse initially has an area equal to 4p. After entering the
medium, the pump quickly breaks up into two 2p soliton
pulses. These two solitons have different amplitudes; th
fore they propagate through the medium with different v
locities. The faster propagating 2p pump pulse creates
pulse on the probe transition, and amplification of the la
proceeds in exactly the same way as we discussed befor
the case of individual 2p pulse of the pump. So does th
second pump pulse, but only until the probe pulse, ‘‘locke
to the first pump pulse, attains a considerable amplitude.
ter that both pump and probe pulses of the first pair
strong enough to change the state of the medium subs
tially, creating a negative Raman inversion for the pro
pulse of the second pair (raa,rcc), and exciting the polar-
ization on forbidden transitionua&↔uc&(racÞ0). But nega-
tive Raman inversion for the probe means positive Ram
inversion for the pump; therefore, at some point, the pro
pulse of the second pair starts to attenuate while propaga
and the corresponding pump pulse grows. This ‘‘opposi
propagation dynamics ends with a vanishing of the pu
pulse of the first pair. Eventually, at the output, we have t

FIG. 9. Pump, probe, and total pulse energy vs propaga
distance for the parameters of Fig. 5~a!, but with both fields detuned
far from the corresponding resonances:DV5Da510/tV . The
length of complete conversion of pump into probe is much lar
than for resonant case of Fig. 5~a!, demonstrating the advantage
using resonant pulses.
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2p pulses on the probe transition, with the pump complet
absorbed.

VI. CONCLUSION

We have considered resonant amplification of a sh
probe pulse in aV-type medium driven by a strong pum
pulse. It has been shown that the resonant character o
atom-field interaction yields the effect of ‘‘pulse locking,
i.e., the pump and probe pulses propagate together, with
same group velocity. Further, in the presence of Raman
version in the medium, the two-photon Raman-like ampl
cation is resonantly enhanced, and, if the pump pulse is
pared in the form of a 2p soliton, this is not accompanied b
fast resonant absorption of the pump. Therefore, the len
of the complete conversion of pump photons into probe p
tons is considerably reduced in comparison with conv
tional ~far-off-resonant! Raman laser operation. Analytica
formulas describing the pulse dynamics in the linear-
probe approximation have been derived. Those show
linear gain without inversion in this scheme is impossib
The nonlinear regime of the probe amplification has be
studied numerically. Various aspects of frequency up- a
down-conversion via resonant two-photon amplification ha
been discussed.
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FIG. 10. 3D plot of the pump and probe intensity as a funct
of retarded time and propagation distance. All parameters are
same as in Fig. 4, but the input pump pulse has an area equal top.
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