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Resonant Raman amplification of ultrashort pulses in av-type medium
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Propagation of a pair of ultrashort coherent pulses itgpe 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 schemd$1050-294®9)06304-Q

PACS numbdis): 42.55.Ye, 42.50.Gy, 84.30.Ng

I. INTRODUCTION smaller than the relaxation times in the system, then such a
pulse is not attenuated while propagating through the me-
Creation of new sources of coherent UV and x-ray radia-dium. Furthermore, if the pulse is so short that its spectral
tion is an important and challenging task of modern opticswidth exceeds the linewidth of the inhomogeneously broad-
Ordinary lasers operating with population inversion havegened atomic transition, then the problem of inhomogeneous
among other features, one crucial obstacle to high-frequendyroadening is mitigated. The only remaining question is how
generation: the spontaneous decay rate grows proportionaltfie two mechanisms of inversionless amplification—Raman
to the transition frequency cubed)f); therefore creation of and LWI gain—will work in such a pulsed regime.
population inversion on a high-frequency transition is prob- |n fact, multilevel systems driven by short optical pulses
|ematiC, and conventional lasers with inversion require rapiq"lave been a Subject of extensive experimenta| Study_ The
excitation rates in order to operate in the high-frequency dopasis of LWI in a Lambda-type medium—the effect of elec-
main. _ _ tromagnetically induced transparen@iT)—has been dem-
_On the other hand, two mechanisms of coherent light amggtrated using short pulsd8]. Since some fixed pump
plification are known which do not require population inver- 156 energy has to be spent to convert the medium into a
sion directly on the amplifying transition: Raman g4t coherent state necessary for EIT, and field strength has to

and gain without inversionicommonly referred to as LWI overcome effects of inhomogeneous broadening, pump
[2]. Although population inversion is no longer needed in '

these two cases, practical implementation of both examplep ulses in those experiments were stréagower density on

in high-frequency generation is not free from technical diffi—t?]e order of 1_6 Wient). _
culties. Raman gain has been very well studied in the pulsed re-

Both Raman and LWI gain require strong pumpifay g_ime. The reason for working with_short pulsgs int_his case is
driving) of an active medium with external coherent laserSimple: To avoid strong absorption and dispersion of the
fields. Of course, the closer the fields are tuned to the corrdUmping laser field, it is conventionally taken to be detuned
sponding atomic resonances, the stronger the atom-field ifar from the corresponding atomic resonance frequency.
teraction is, and, typically, the higher Raman and LWI gainSince, at such a detuning, atom—pumping-field interaction is
are. On the other hand, approaching atomic resonances lea@€ak, the threshold intensity of the pump field is so high that
to resonantly enhanced absorption and dispersion of thiis available only in the form of a short pulse. Typical pump
pumping fields, and this imposes a limit on the density ofintensities in these kinds of experiments are on the order of
active atoms and, therefore, on the gain of the laser transit0® W/cn? and higher[1]. In the present paper we will
tion. pump the system resonantly, and therefore will be dealing

An additional difficulty involves the inhomogeneous with much weaker pulses: The pump pulse area will be on
broadeningDoppler broadening, for the case of gaseous methe order of severatr (meaning that the pumped transition
dium). In the frequency up-conversion regime, the pumpingundergoes small number of Rabi cyglesvhile for the
(or driving) field has a lower frequency than that of the laserabove-mentioned experiments it was thousandsmobr
field. Typically, both LWI and Raman-gain effects involve more.
some specific detuning between the two fields. If the fre- There are also several theoretical works on inversionless
qguency of the laser field is higher than that of the drivingamplification with short pulses. In Ref4], the gain of the
field, then relative detuning between the fields is different forweak probe pulse relied on the initial preparation of active
different groups of atoms of an inhomogeneously broadenedtoms in some specific coherent superposition of atomic bare
medium, resulting in a reduced net gain. states. In Ref[5] only part of the pulse in a driven medium

One may think that both the above-mentioned obstaclewas shown to be amplified, but then the rest of it was sub-
can be overcome by pumping the medium with a short pulsgected to absorption. In Ref6] the instability of the weak
For example, if the duration of the pulse is chosen to bgrobe pulse in &/-type medium resonantly driven by short
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21 pulse was studied. Gain for the probe was predicted, and - |a)
it was attributed to the temporal “inversion window” P
opened on the probed transition by the Ariving pulse. In

a recent papef7], the far-off-resonant Raman gain was re-

vised, and an anti-Stokes Raman laser without inversion has \
been proposed. It has been found that a multilevel system "
may Yield gain independently of the initial distribution of '
population among atomic states, provided that incoherent

pumping mechanisms are strong enough to redistribute

atomic populations considerably within duration of the co-

herent pump pulse. This, of course, requires either Very g, 1. Level scheme of the-type medium showing coherent

strong sources of inC(_)her_ent pumping, or a very long pulsgump @) and laser &) fields, decaysy, and y., and incoherent
of the coherent pumping field. pump rates, andr..

Pursuing practical aspects of efficient frequency up-
conversion, in the present paper we will study in detail co-probed transition, this population inversion does not contrib-
herent pulse amplification in thé-type medium pumped by ute to the probe gain at all, and all gain comes from the
a short laser pulse. The duration of the pump pulse is supresonant two-photon Raman-like process.
posed to be shorter than all relaxation times in the medium. We will usually take the pump pulse in the form of the
Both pump and probe pulses are tuned close to correspong-r soliton [9], because such a pulse is distortion free, and
ing atomic resonance frequencies. Atoms constituting thgields the most clear pattern of the probe amplification. If the
medium are not supposed to be initially prepared in a coherpump pulse is initially prepared in a form different from the
ent superposition of bare atomic states. We will show ana2 7 soliton, then the pulse dynamics becomes more compli-
lytically and numerically that, in the system under consider-cated, showing an interplay between effects of self-induced
ation, lineargain without inversionis impossible. At the transparency for the pump pulse and two-photon gain for the
same time, the resonant character of the atom-field interagrobe. This situation will be discussed, and we will consider
tion has two practically important consequences: In the presg specific example of the pump pulse with area equakto 4
ence of Raman inversion the probe pulse can experience
strong resonantly enhanced two-photon gain. Furthermore, Il. DESCRIPTION OF THE MODEL
the system vyields a “pulse locking,” i.e., the probe and
pump pulses propagate together, with the same group veloc- Consider aV-type three-level system with the ground
ity, and without a substantial change of shape while propastate|b) and excited statel®) and|c), as shown in Fig. 1.
gating (this effect is similar to the propagation of simultons Transition|b)«|c) is driven by a short pulse with a Rabi
in a three-level mediurfi8]). Since the pulses are chosen to frequency(Q(z,t). A probe (or lasej pulse with Rabi fre-
have a duration considerably shorter than all relaxation timeguencya(z,t) is applied to the transitiofb)« |a). We sup-
in the medium, the gain in the system under consideration ipose the carrier frequency of the both pulses to be tuned to
not accompanied by devastating absorption of the pumpxact resonance with the corresponding transitions and the
pulse. This is in contrast to the case of long pulses, where pulses to be free of phase modulation. Then, in the slowly
transfer of energy from the resonant pump pulse into spornvarying envelope approximation, the temporal and spatial
taneously emitted photons limits the propagation distancevolution of the pulse envelopes is governed by wave equa-
and, consequently, the net gain for the probe. Hence the gations
for the probe pulse is higher than in conventional, far-off-

resonant, Raman laser schemes, and the threshold power of J +nn J Q . 1
the pump source can be reduced by orders of magnitude gz c at (Z=1xapen, @
compared to those schemes.

In the weak probe pulse case, it is possible to study the d « )
system analytically. In this limit we will derive the formula 17 7| ¥V =1Kapab, 2

for the probe energy gain; this formula is valid for the arbi-
trary shape of the pulses. When the amplified probe puls@ith propagation constants
acquires an appreciable value, analytical study becomes dif-

ficult, and we study this regime numerically. We will dem- ngkﬂgoﬁbN/eoth,
onstrate that, in this case, the two-photon gain does not de-
crease. Conversely, when the intensity of the probe pulse Ka:kagong/eohna. 3

becomes comparable to or even exceeds that of the pump

pulse, the amplification rate of the probe increases. Probg,, andp, are off-diagonal density matrix elements in the

pulse amplification ends only with the vanishing of the pumprotating framek, andk, are wave vectors of the pump and

pulse, i.e., with a complete exchange of pump photons int@robe fields in vacuumgp., and g, are dipole matrix ele-

probe photons. ments of the transitionc)«|b) and|a)«|b) (supposed to
The physics beyond the resonant two-photon amplificabe real, for simplicity, andN is the density of resonant at-

tion and “pulse locking” effects will be discussed in detail. oms. In Egs.(1) and (2), np andn, stand for the host re-

It will be shown, that, in spite of the fact that therdulse of  fractive index at frequencies of the pump and probe fields,

the pump opens a temporary “inversion window” on the respectively. Slowly varying amplitudes of the pump and
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probe electric fields€, and&,,, are related to the Rabi fre- a two-photon transitioja)—|b)—|c), i.e., p3.>poc, we

guencied) and « according to say that the system is prepared in a state with Raman inver-
sion. In the opposite case pf,<p2. there is no inversion of
A€ ha any kind
Eo=—1), E,=—0. (4) y Kind.
Pcb Pab
) Ill. ANALYSIS IN THE WEAK PROBE FIELD
We suppose the medium to be homogeneously broadened. APPROXIMATION
The semiclassical density matrix equations of motion under
the rotating wave approximation are A. Evolution of the pump pulse

P i i With an eye toward a partial analytical analysis, we sup-
—pab=—TapPab—= (Paa—Pob) — = LPac, (5) pose that the pulses are so short that all incoherent terms in
at 2 2 the density-matrix equationd0) can be neglected. Suppose
also that the probe pulse is weak, so that it does not excite
(6) any appreciable population to the std&, and a linear
approximation in« is applicable. In this limit, the probe
does not change atomic populations and has a negligible ef-
fect on the dynamics of the pump pulse. Consequently, the
problem of the pump dynamics is reduced to that of a pulse
propagating in a resonant two-level medijiej. The equa-

J i i
Epac: - Facpac"'z APpc™ EQ* Pab:

J i i
Epcb: _Fcbpcb_EQ(Pcc_Pbb) - Ea'pcay (7)

d P, tions for p¢p, pec, @ndpy, decouple from the other density
gtPaa™ — YaPaat laPbb™ E(a Pab™ @Pba); (8 matrix equations:
4 Lo ip =—i5(pec™Pop)
prb: YaPaaT YePec— (FatTc)pppt E(a’ Pab™ ®Pba) atFeb 2 \Fec Fob/s
(13
! i 2iQ
—(Q*pp— — - =—2i .
[of H
+5 (Q* pep— Qppe) 9) pr (Pcc™ Pob) Pcb

9 i Since the pump field is resonapt,, is always purely imagi-
ZiPec= YePeet T ePbb— E(Q*pcb—ﬂpbc), (100  nary. The system of equatioli$3) has a conservation law—

the length of the Bloch vector for the two-level subsystem
where T, I',e, and T',, are dephasing rates, and |b)-|c) remains constant:
Ya» Yer Fe, @andr, are the decay and pumping rates indi-

_ 2_ 2_,.0_ 0,2
cated in Fig. 1. The analysis is referred to the case of the (Peepbp)™~ (2pcb) "= (Pec™ Ppp)™ (14)
closedV system, so that one of Eq&8)—(10) is to be re-  Thjs allows us to solve Eq13) in terms of the Bloch angle
placed by the normalization condition o:
Paat Poot pec=1- (1D Pcc™ Pbb™— (ch_pgb)cosal (15
In the above equation$§)=Q* anda=a*. (The fields are i
resonant and therefore can be chosen y&¥He will suppose Peb=— E(pgc— poL)sing, (16)

that durations of the both pulses are much less than all inco-
herent decay and pumping rates in the system.
Before the arrival of the pulses, the medium is under theWhere
effect of continuous incoherent pumping, and thereby is pre- t
o(t,z)= J

pared in the following manner: dt’'Q(t’,z), (17)
0 1 ;
pbbprb(t—>—00)=W, so thatf(t=+=, z)=0(2) is total area of the pump pulse.
alYa™lclYe Substituting Eq(16) into Eq. (1), we find a closed equation
for dynamics of the Bloch angl@nd, therefore, of the pump
/
pl.=p (tﬂ_w):rf"—ya (120  pulsg in the form
aa Faa 1+ra/ya+relys’
(92 Ng ﬁz Ka, o 0 .
o= et —) = e qzat e )"z (e pelSnG (19
ceree L+rglyat+redye

All the coherence$i.e., off-diagonal elements of the density B. Evolution of the probe pulse

matrix) are initially zero, so thathe system is not initially As follows from Eq.(2), the probe pulse is driven by the
prepared in a coherent stat®#Ve will consider the case when off-diagonal elemenp,, of the density matrix. The latter
initially there is no population inversion on the laser transi-depends on the evolution of the pump pulse pig and

tion: pga< pgb. If, in addition to that, there is an inversion on two-photon polarizatiop,.. Note again that the populations
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do not depend on the dynamics of the probe puise linear

i .
approximation ine). Thereforep,, is equal top?, and does Q=—exni 0/2)
not change in time. Upon introducing new variables
t
R=past pac % [ 4t al(paa= o)+ puclexsi—i072),
Q=Pab™ Pac, where the Bloch anglé is defined in Eq(17). For the off-
we may rewrite Eqs(5) and (6) in the following ways: diagonal density-matrix elemept,, we find
. L« L« Q i ]
RZ_'E(Paa_Pbb)""EPbc_'ERr Pab:_ER exp(—i6/2)
(19
- L a o . Q b -
Q=—i §(Paa_ Pob) — 1 prc-i-l EQ X ~ dt’a[(paa— pob) —Poclexpior2) . (21)
Then the formal solutions foR andQ read Using normalization conditior{l1l) and Eq.(15), one can
, obtain an expression for population differengg— p.a) in
i
R=exp(~i6/2) the form

Pbb_Paa:(ch_Pga)_(PSC_pgb)cos’z( 6/2). (22

t
X dt' o] — — + expi6/2), (20 r . . .
ffoc o = (Paa™Pop) + Poclexp(i 0/2), (20 Substituting this and Eq16) into Eq. (21) yields

i t i t
pab= "5 (Paa— Ppp)COL 0/2) f dt’ a cog(6/2) = 5 (pga— pec)SIn(6/2) f dt’ a sin(6/2). (23)

Finally, combining Eqs(23) and(2), we find an equation governing evolution of the probe pulse:

J N, d
—+ =
gz ¢ at|”

(paa pbb)cos(0/2f dta’COS(H/Z)-i-(paa pcc)sm(0/2)f dtasm(ﬁ/Z)} (29

Define the total energy of the probe pulse:

2 2
o2, = e f dt|al?(zt); (25)

Ju(2)

then, integrating Eq(24) over time, we find

+ (pga_ ch)

Jd Nfiwab o 0 +x 2 +o i 2
EJQ(Z)Z 7 X4 (Paa= Pobb) f dta cog 6/2) f dtasin(6/2)| ;. (26)

Equation(26) is the main analytical result of the present kinds of inversion is necessary for gain on the probe transi-
paper. It describes the evolution of the probe pulse energgion. This proves that, in the system under consideration,
for arbitrary shapes of the two pulses as long as the probginear LWI gain with ultrashort pulses is impossible
pulse remains weak. The first term on the right-hand side of Note that Eq.(26) describes the evolution of thetal
Eq (26) is proportional to the bare population inversion energy of the probe pulse. Therefore, even in the absence of
(Paa ppy) and, due to our initial assumption that this inver- any kind of inversion, some part of the pulse can experience
sion is negative, corresponds to the one-photon absorption gfain, but then the remaining part will experience absorption,
the probe on the transitiofa)« |b). This absorption is, so that the total probe pulse energy will typically decrease
however, modified by the presence of the pump pulse, andas in Ref[5]). It can, however, remain constant under some
under certain pulse shapgsbeying /" dta cos(/2)=0],  specific pulse shapes, as will be shown below. Additionally,
may be canceled. The second term is proportional to th&q. (26) does not tell anything about the evolution of the
Raman inversion between the two upper stai@s and probe pulse envelope. For instance, if Raman inversion is
|c), (pga—pgc), and, if this inversion is positive, corre- prepared in the system, and, according to ), the probe
sponds to the two-photon gain of the probe pulse. One capulse experiences energy gain, it is agtriori clear that the
see that, at any poirg of the propagation, one of the two pulse would preserve its shape: it could spread out due to
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resonantly enhanced dispersion, decompose into weaker and 45
shorter pulses, etc. Of course, an increase of the total pulse 4 Pumppulee
energy in such a case is of no practical value. 351

To investigate the dynamics of the probe envelope, Eq. 3r
(24) has to be solved together with E{.8). We will show 0P 25|
below that, if the atoms are initially prepared in the ground 2r “out”
state p,p,=1, and the Raman inversion is equal to 2ero 18]
then special matching of shapes of the pump and probe T .
pulses leads téull absorption and distortion cancellaticior 05 ¢
the probe. If launched into the medium in such a matched 6e-08 — ,
form, the two pulses propagate without changing shapes. probe pulse
Furthermore, we will show that even if the pulses do not Be06
meet the matching condition at the entrance to the medium, 4606
they quickly evolve to a matched state after a short transient
process. The presence of small Raman inversion in the me- laf* 3e06 |
dium does not disturb the shape-preserving propagation of wos| rout
the two pulses: the time scale of the transient process is
considerably faster than that of the two-photon amplification 1606
process. o Lo

40 50 60 70 80 90 100

dimensionless retarded time, £ = 74" (t — z/c)
C. Stationary pulse propagation
) ) L FIG. 2. Input and output intensity profiles of the pump and

In order to obtain a clear picture of pulse dynamics in theprope pulses as functions of dimensionless retarded time. The me-
system Underlconﬂderauo_n, one can separate the effect @fim is initially prepared in the ground stdte). The total dimen-
Ilnear.abs_orptmn cancel!aﬂon frqm the two-photon Ramaryi,iess propagation distanze «, 7oz=50. At the entrance to the
amplification. To do so, first consider the case when the Mefmedium, the pump pulse has ar2soliton shapdEq. (29)]; the
dium is not excitedpg,=pc.=0, so that Raman amplifica- input probe pulse is intentionally chosen to be different from the
tion vanishes. Further, any pulse with an area greater than “locked” shape[Eq. (36)].
in a resonant two-level medium breaks up into a sequence of
the 27 soliton pulses after a short transient proc¢sb da «,[1
Then, if relaxation in the medium is negligible, each of the ﬁ:7(
2 pulses propagates through the medium without any at-
tenuation or reshaping. For a better understanding of the u
probe dynamics in the pumped medium under consideration, Xf du’a(u’)cog6(u’)/2). (28)
we want the pump pulse to behave in the simplest possible o

way. Therefore, in our following considerations, we ChooseWritin Egs. (27) and (28), we explicitly used the fact that
the pump pulse to be initially injected into the medium in theatomsgarg iﬁitially prepar,ed in th% grglund stép, so that
form of the 27 soliton of Hahn and McCall. If the pump o _ 0_ 0 _ '

ppb=1, andpz,=pe=0.

p_ulse'is prepared in a form different from ther%pliton, the Since the probe pulse is supposed to be weak, and does
situation becomes more complex, and we will postpone a " ’ .

. : ; not influence the pump pulse at all, the latter propagates just
discussion of such a case until Sec. V.

The probe pulse is supposed to be weak, and its area to l%iée usual & .soliton in.a two-level medium. Accordingly,
much less thanr. It is known, that, in a resonant two-level e only localized solution of Eq27) reads

medium, such a pulse would take an oscillatory form and

rapidly spread ouf10]. In the presence of the pump pulse, Qu)= .
the situation is completely different. We performed numeri- 7o cOSHu)
cal simulations showing that the pump pulse, if launched intg i i i , ,
the medium in the form of the 2 soliton, causes the probe The group velocity of the soliton is defined by the relation
pulse to attain stationary bell-shaped form, and then botlgg]

pulses propagate with stationary shapes and equal group ve- 2

locities (Fig. 2). This effect of “pulse locking” takes place 1 no KaTa (30)

n -1
;—?“) cog6(u)/2)

(29

independently of the initial shape of the probe pulse. v ¢ 2
Under the assumption of stationary pulse shapes, these

shapes can be found analytically. The problem reduces téhen, from Eq.(17), we find

solving Eqs.(18) and(24) for the probe envelope and the

Bloch angled, in terms of a single dimensionless variable coqf(u)/2)=tanK(u). (3D

u=(t—z/v)/mq (v is a group velocity of the both pulses, _ .

7q is duration of the pump pulse Using Eq.(31) one can rewrite Eq(28) as follows:
d20_KQ 1 ng -1 in(o 5 5 d d _ 32
FTT-A N P sin(é(u)), (27 € cotanmu)ﬁ cotanmu)ﬁa =a, (32)
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where 100
K Nng—n o
=421 (33) \
Ka CK4TO RN
F(e) S
Substitution 01} \\\
x=In(coshu) (x runs from 0 tox) (34) 00ty \\\\
reduces Eq(32) to 00 T T 6 8 10 12 14 16 18 20
d2 e=/ka/Ka
o
-2 _
e € o (35 FIG. 3. Plot of the functiorf(e) as given by Eq(41).

tion.] Thus, during the first short stage of the probe propaga-
tion, it is reshaped into the matched fo(B86). After that the
probe pulse is amplified adiabatically, while its shape is pre-
, (36) served.

cosif(u) In the following we will suppose that the host index of the

. . medium is the same for the pump and probe pulsgs:
where a is the.amphtude of the probe pulse. Parameter =n,, . Substituting Eqs(28), (31)T)andF236) intg Eq.(2%),$v5§
has to be real, i.e., find the energy gain coefficient for the probe pulse in the
matched state:

Therefore, for the localized solution of E1), we find

. @0
a=age =

S 3
T eny 37 10y ke o o

. . . . GaEJ_ E = on. To(Paa— Pcc) f(€), (40

otherwise the localized solution does not exist. @ @
It is easy to show that a pair of puls€9) and(36) makes where

the linear absorption term in E@26) for the probe energy
equal to zero for anyg. The simultaneous propagation of the oo 2
two pulses can be referred to as “pulse locking:” the two [ ducosh 1*9(u)
pulses have equal group velocities, in contrast with the case fle)=e 2 -~ (41)
when they propagate independently. As we already pointed Fmducosh*ze(u)
out, if the pump pulse has am2soliton shapéEqg. (29)], the Cw

initial form of the weak probe pulse is not essential: the

probe pulse of arbitrary envelope evolves toward the stationand e is simply the square root ratio of the propagation con-
ary “pulse-locked” form[Eg. (36)] (Fig. 2). Furthermore, stants:

we will show numerically in Sec. Il D, that the effect of

“pulse locking” is retained in the nonlinear regime when the K wcbpgb
probe pulse becomes strong. €=\ —= > (42)
Ka WapP ap
D. Linear probe pulse amplification The functionf(e) is plotted in Fig. 3. One can see that the
Now consider the case when nonzero Raman inversion ikirger the probe transition oscillator strengt fixed oscil-
prepared in the medium: lator strength of the driven transitinrthe higher the linear

gain for the probe that can be achieved. We will show nu-
E>r_c:> 0 0 (39) merically in Sec. IV that this tendency persists in the nonlin-
Ya Yo Paa~ Pcc- ear stage of amplification when the probe pulse becomes

strong.

As before, the pulses are short enough not to be devastated
by absorption. Therefore, transfer of the coherent pulse en- |y, NONLINEAR PROBE PULSE AMPLIFICATION
ergy into spontaneously emitted photons is negligible, and
the pulses are not devastated by absorption while propagat- The analytical results of Sec. Ill are obtained in the linear
ing. According to Eq.(26), the probe pulse energy will in- approximation in the probe field. As the probe pulse intensity

crease during the propagation. If the Raman inversion igcreases, one cannot neglect its effect on dynamics of level
small, populations and on the pump pulse. To study this nonlinear

regime of the probe amplification, we solve the system of
Paa— PecPbb— Paa (39 Maxwell-Schralinger equationg1), (2), and (5)—(10) nu-
merically. We again suppose that the host refractive index is
(which is the case we will concentrate)pone can separate the same for both the pump and probe fields. This assump-
the process of pulse reshaping toward the matched state frofion considerably simplifies computations. Then, without
the amplification process[Roughly, reshaping hasp§, loss of generality, we can put the host refractive index for
—p2)(p2,— p2) times faster time scale than amplifica- both fields equal to unity.
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Our numerical procedure is stande{ml], and we de- 0 pump pulse
scribe it here only briefly. First, having chosen the incoherent
pump rates , andr, and decay constantg, andy., we find - |
the populations in the medium prior to arrival of the pulses. P 5 |
We do this by solving the master equatidBg (9), and(11) ’
in the steady state with=0=0: 10 \ ﬂ
. J | \
~ YaPaa ™ Tabiy=0, e T
0 S A
di 7 150 N < H\ Y“l T
z 200 7 T
0 0 0 0 ~ :
YaPaaT YcPcc™ FaPbb~ M cPcc=0, (43 0 e —e——
[ 25 50 75 100 125 150
retarded time, ¥
0 0 0
Paa™t PobT Pec=0-
4.0
. probe pulse
We introduce the dimensionless coordinat@and retarded 20
time t as follows:
laf? 20
N 0
Z=K0T0Z, (44 1
0.0 |
B —]
1 | — I
e s+ ESEEN
= o . (45) 25?400 ~ TN
[ 25 50 75 100 126 150
retarded time,
We also define dimensionless Rabi frequenéleand a: FIG. 4. Three-dimensional3D) plot of the pump and probe
intensity as a function of retarded time and propagation distance.
Q= 70 Q a= Toa. (46) The medium is prepared in a state with 5% Raman inversi@g:

=0.05,pp,=0.95, andp’.=0. Frequencies and dipole matrix ele-
All decay and pumping rates are also measured in units opents are the same for the pump and laser transitions. The input
1/7, . Then the wave equatiori$) and(2) can be rewritten PUMP pulse has 2 soliton shapdEd. (29)].
in terms of the above dimensionless quantities in the follow-

ing ways: Before the probe pulse amplitude becomes comparable to
' that of the pump, evolution of the probe is accurately de-
o scribed by Eq(24). When the probe pulse gains substantial
— =ipep, energy, the gain coefficient for the probe considerably in-
dz creases. Amplification of the probe ends with a vanishing of
the pump pulse, and, ideally, all photons of the pump even-
Ja . tually become exchanged with the photons of the prpBeg.
a_?: i€ %pap, (47)  ideal here we mean the case when the pulses are so short that

relaxation in the medium can be completely neglected. In
addition, the probe pulse at the entrance to the medium has

with e defined in Eq.(42). The density-matrix equations to be so weak compared to the pump pulse, so that the en-

have exactly the same form as E¢8)—~(10) with replace- ergy lost while reshaping it into the matched fof86) is
mentst—t, ),a— (), . We solve propagation problem for negjigible] A typical picture of the pulse dynamics is shown
the Rabi frequencieQ,a(z,t) in the following way. in Figs. 4a) and 4b).

The fourth-order predictor-corrector method is used for We studied in detail how efficient resonant Raman scat-
bothz andt integrations. Given the time dependence of thetering is in the system under consideration in the frequency
fields at some value of propagation distazceve integrate  UP- @nd down-conversion regimes. As we pointed out above,
the master equationg)—(10) in retarded timet and find ideally, all photons of the pump are exchanged on the pho-

: q ) , tons of the probe, one by one. Therefore, the maximum out-
off-diagonal elements of the density matpy, and py,. as

. = o - | put energy of the probe is simply equal to the input energy of
functions oft at this fixed positionz. According to Egs.

] . \ the pump multiplied by the ratio of the corresponding atomic
(47), these matrix elements drive the fields, and we propafrequencies:

gate the whole distributioré,;(t_) a step further ire. This

integration scheme has been found to be stable for broad J‘;‘“_ Wap

range of step sizes inandt. Ji('; o (48)
We found that, after being launched into the medium with

Raman inversion, weak probe pulse quickly attains theThe question of interest is the following: what length of the
matched forn(36), and then its amplitude steadily increases.medium is needed for the probe pulse to attain the maximum
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FIG. 5. Pump, probe, and totéump plus probeenergy vs FIG. 6. Pump, probe, and totgjump plus probepulse area vs

propagation distance for different values of the probe field fre-Propagation distance for the three different cases of Fig. 5. The
quency:(a) wap=wep, (0) ®ap=2wep, and(c) wap=0.50,. For ~ Probe pulse at the output is always a 2oliton due to the domi-

all three cases, the dipole matrix elements of the pump and lasdlance of the SIT effect in the final stage of the probe amplification.
transitions are the same, and the medium is prepared with 5%
man inversion;p2,=0.05,p2,=0.95, andp?.=0; the input pump
pulse has a 2 soliton shape.

R?‘éble to the two-photon amplification. Eventually, when the
pump pulse becomes weak and almost does not affect the
probe, the SIT effect dominates. As a result, the probe pulse
at the output is always a7 soliton. Recalling that the final
number of photons in the probe pulse is equal to the initial
number of photons in the pump pulse, one can derive a
§imple relation between the initial duration of the pump
ulse rq and the final duration of the probe pulsg:

possible energy given by E¢8)? In the following consid-
eration we takeequal dipole matrix elements of the two tran-
sitions p.,=@cp- In Fig. 5 the total energy of the pulses is
plotted as a function of the propagation distance for differen
frequencies of the probe. We have shown analytically in sed
[l that, in the weak probe field limit, a larger oscillator
strength of the probe transition yields a higher gain for the 7,=T7ol €. (50)
probe pulse. As follows from Fig. 5, this is true for the non-
linear stage of amplification as well: If the pump frequency Thus, in the up-conversion regimex1), the output dura-
is kept fixed, then length of conversion of the pump into thetion of the probe is smaller than the input duration of the
probe decreases with increasing frequency of the probe. Pump, and the medium acts as a pulse compressor.

In Fig. 6 the probe and pump pulaesaversus distance is

shown for the three different cases of Fig. 5. In all three V. ESSENTIAL PHYSICS
cases the area of the probe pulse tends#p &nd the pulse
is reshaped to become a typicalr Zoliton of self-induced In this section we will discuss the physics beyond the
transparencySIT): two-photon resonant amplification of the probe pulse in the
medium under consideration. Due to the interdependent dy-
2 namics of the fields and populations, this question is not as
- 7, cosh(u)’ trivial as it may seem. As before, we will not consider the
case Wherpga>p8b, i.e., no population inversion is initially
where (49) created directly on the laser transition. Then, as follows from
Eq. (26), gain for the probe takes place only when atoms are
u=(t—2lv,)r,. prepared in a state with Raman inversigi,>p2.. This

suggests that the amplification is due to the stimulated Ra-
v, is a final group velocity of the probe pulse. This is be-man scatteringa)— |b)—|c). On the other hand, resonantly
cause, at this developed stage of amplification, the probpumping the 2r pulse temporarily transferall population
pulse has enough energy to excite a considerable populatidrom ground statéb) to state|c). Under the same condition,
into the statda). Therefore, effects of SIT become compa- pJ,>p2., this population transfer results in a temporary
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FIG. 7. Energy of the pulses vs propagation distance for param- 3 /, h
eters of Fig. %a), but with the pump and probe fields detuned from E 0.0 / N
the corresponding resonances;=A,=1/7,. At this detuning, 8 0.2 1m (put) I
the population of stat¢a) never exceeds the population of state :
|b)—paa(z,t) <ppp(z,t)—so that population inversion on the laser -0.4
transition is absent. Two-photon probe gain, however, is reduced 1.0
only slightly compared to the resonant case of Fig),5vhere this P
population inversion exists temporarily. 0.8
@
“window” of inversion on the laser transition. Conse- §_ 06
qguently, one may think that the gain for the probe pulse is 3 04
due to this temporary inversion window. e
To check what actually happens in the system, we per- = 02
formed an additional numerical simulation: We slightly de- | Poa -
tuned frequencies of both pulses from the corresponding 00368 90 92 94

atomic transitions, keeping them in a two-photon resonance.
In this case, the 2 pulse of the pumpEqg. (29)] still propa-
gates without absorption and dispersion, but excites the FIG. 8. Time dependence of density-matrix elements under si-
population from|b) to |c) to a lesser extent: if the pump multaneous action of pump and probe fielda: Rabi-frequency
frequency detuning id, then the maximal population tem- envelope of the pump and probe pulsgs,time dependence of the
porarily excited to the statéc) is [1+(Am)2]—1_ Obvi- polarizations driving the fields, an¢t) time dependence of the
ously, there is some value df at which the inversion win- Populations. Both fields are on resonance. A comparisdi)cdnd
dow disappears, anfl,(z,t)<ppy(z.t) for any z andt. If _(c) shc_)ws that most of the probe gain takes place when there is no
the “window” is the reason for the probe gain, then the gaininversion of any kind in the system.
must vanish or considerably decrease at this detuning. Figure
7 demonstrates that this does not happen. The gain in th&b)]; therefore, amplificatiofand absorptionof the pump
case persists, although it is slightly weaker than for resonardnd probe pulses happens at the same time: both pulses are
pulses. This proves that the mechanism responsible for thiérst absorbed, then both are amplified. Due to the presence
probe amplification is two-photon Raman scattering, and nobf Raman inversion, curves [mp.,(t)] and Inj p,,(t)] are
the temporary inversion window. not symmetric: The first one has a larger absorptive part, and
Additionally, we studied the evolution of populations and the second a larger gaining part. Hence the net results are
coherences in the system under the action of the pump arahplification for the probe pulse and absorption for the
probe pulses. Having fixed some positibwhere the probe pump pulse.
pulse is expected to attain an appreciable amplitude the In Fig. 8(c) we plot the populations as functions of time
probe experiences the nonlinear gain described in Seg. IVfor the case of Fig. @. Comparison of Figs. ®) and &c)
we plot elements of the density matrix as functions of timeshows that, for the resonant case, the dominant part of the
(Fig. 8. As follows from Egs.(1) and (2), the pulses are gain takes place whep,,<ppp, and paa<pecc, i-€., there is
amplified when the imaginary part of the corresponding mano inversion of any kind in the system, neither the usual
trix elementsp., and p,, is negative; otherwise the pulses one-photon inversion nor Raman inversiéfowever, we do
are absorbed. In the usual far-off-resonant Raman amplificarot refer to this effect as gain without inversion. The reason
tion, the ground statéb) participates in the process only for this is that, what matters practically is how the population
virtually: By means of the two-photon procea)— |b) is distributed among atomic statdsefore arrival of the
—|c), population is transferred from staa) to state|c), pulses.(Although, of course, this is a terminological ques-
and absorption of the pump photon is simultaneously accontion.)
panied by emission of the probe photon. In the resonant case To demonstrate the advantage of using resonant pulses in
(which is the subject of consideration hgréhe situation is the system under consideration, in Fig. 9 we plot the energy
quite different. The ground state) participates in the pro- of the probe pulse as a function of propagation distance for
cess of Raman scattering, and the population of this state cdhe case when the pulses are in two-photon resonance but
be considerably changed by the fields. As a result, imaginargletuned far from the atomic resonance frequencies. Compari-
parts ofp., andp,;, oscillate with time synchronouslfFig.  son with Fig. %a) shows that, indeed, conversion of the

retarded time,
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FIG. 9. Pump, probe, and total pulse energy vs propagation vetarded time, ¥
distance for the parameters of Figah but with both fields detuned
far from the corresponding resonancesy=A_,=10/7,. The o
length of complete conversion of pump into probe is much larger probe pulse
than for resonant case of Fig(a, demonstrating the advantage of %
using resonant pulses. lof? 20
A A A 10|
pump into a probe is greatly enhanced in the resonant case.
In the previous discussion we dealt mainly with a pump o
. . . . 200 A
pulse in the form of a z soliton. If the medium is pumped ===ttt
by a pulse with an area noticeably exceeding, 2he situa- astance, 2 S0 ==
tion becomes more complicated. 800 E==
According to the theory of SIT, a pulse of any area greater 1000 — s 00 st
than 7 in a resonant two-level medium breaks up into a rotarded time, ¥

sequence of 2 soIiton§[9]. Aﬁer that all the solitons propa- . FIG. 10. 3D plot of the pump and probe intensity as a function
gate through the medium independently of each other. Th'Bf retarded time and propagation distance. All parameters are the

happens because therZoliton in a two-level medium, after same as in Fig. 4, but the input pump pulse has an area equa to 4
exciting population from the ground state, brings it all back,

leaving the medium in exactly the same state as it was beforg . pulses on the probe transition, with the pump completely
the arrival of the soliton. Therefore, subsequent soliton,sorped.
pulses do not “feel” the preceding ones.

However, this is not generally true for a multilevel me-
dium in the presence of additional fields. In such a case, each

of the 2 pulses may not leave a medium in exactly the We have considered resonant amplification of a short
same state as it was before arrival of the pulse. In particularprobe pulse in a&/-type medium driven by a strong pump
populations in the medium can be redistributed, and theuilse. It has been shown that the resonant character of the
pulse can leave behind a trace of excited polarization. Botlatom-field interaction yields the effect of “pulse locking,”

of these will affect propagation of the subsequent pulses.e., the pump and probe pulses propagate together, with the
Such a situation is illustrated in Fig. 10, where the pumpsame group velocity. Further, in the presence of Raman in-
pulse initially has an area equal tar4 After entering the  version in the medium, the two-photon Raman-like amplifi-
medium, the pump quickly breaks up into twar2soliton  cation is resonantly enhanced, and, if the pump pulse is pre-
pulses. These two solitons have different amplitudes; therepared in the form of a 2 soliton, this is not accompanied by
fore they propagate through the medium with different ve-fast resonant absorption of the pump. Therefore, the length
locities. The faster propagatingnm2pump pulse creates a of the complete conversion of pump photons into probe pho-
pulse on the probe transition, and amplification of the lattetons is considerably reduced in comparison with conven-
proceeds in exactly the same way as we discussed before fgonal (far-off-resonant Raman laser operation. Analytical
the case of individual Z pulse of the pump. So does the formulas describing the pulse dynamics in the linear-in-
second pump pulse, but only until the probe pulse, “locked” probe approximation have been derived. Those show that
to the first pump pulse, attains a considerable amplitude. Aftinear gain without inversion in this scheme is impossible.
ter that both pump and probe pulses of the first pair are'he nonlinear regime of the probe amplification has been
strong enough to change the state of the medium substastudied numerically. Various aspects of frequency up- and
tially, creating a negative Raman inversion for the probedown-conversion via resonant two-photon amplification have
pulse of the second paip{,<p.c), and exciting the polar- been discussed.

ization on forbidden transitiofa)«|c)(pac.#0). But nega-

tive Raman inversion for the probe means positive Raman ACKNOWLEDGMENTS
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