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Light amplification mechanisms in a coherently coupled atomic system

Yifu Zhu
Department of Physics, Florida International University, Miami, Florida 33199

~Received 17 October 1996!

We analyze transient properties of light amplification in a coherently coupled three-levelL-type system and
study the system evolution from the transient regime into the steady state. From the time evolution of the
atomic coherence and population distribution, we discuss the transient light amplification mechanism with and
without population inversion. We also solve the density-matrix equations in the steady state and derive the
conditions for the existence of specific light amplification mechanisms, such as light amplification without
inversion in any standard state basis, light amplification by stimulated Raman scattering, and light amplifica-
tion from population inversion in the dressed states.@S1050-2947~97!10206-2#

PACS number~s!: 42.50.Gy, 42.50.Hz, 32.80.Bx, 42.65.Tg
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I. INTRODUCTION

There have been considerable interests recently in
study of light amplification and lasing in coherently coupl
multilevel atomic systems without population inversion@1#.
In many aspects, the inversionless laser gain studied in m
tilevel atomic systems can be viewed as a generalizatio
earlier results observed in studies of coherently driven tw
level systems@2–8#. However, the multilevel systems ar
important in that they may be used to create laser gain
frequencies far removed from that of the coherent coup
fields, thus provide possibilities for the generation of coh
ent radiation in the short-wave length regime. Many coher
coupling schemes for laser gain without inversion have b
proposed and dependence of the gain on various system
rameters has been examined@9–14#. Experimental observa
tions of inversionless gain and lasing have been reported
several groups@15–21#.

Mechanisms of phase-insensitive optical amplificat
can be divided into several categories: light amplificat
from population inversion between the upper and lower tr
sition states; light amplification from stimulated Raman tra
sition; light amplification from population inversion in th
dressed states; and light amplification without population
version in any standard atomic states: the bare ato
states and the dressed states. Imamoglu, Field, and H
showed that the steady-state light amplification without
version in any standard atomic states can be found in a r
nantly drivenL-type three-level atomic system@9#. Here we
present a detailed analysis of theL-type three-level system
including laser gain in the time-dependent transient reg
and the steady state. In particular, we distinguish differ
gain mechanisms in theL system and derive conditions i
the steady state under which the different gain mechan
may take place. In Sec. II, we present an analysis of the t
evolution of the atomic coherence and population distri
tion in the closedL-type atomic system. We consider th
situation in which there is an applied incoherent pump fi
as well as the situation in which there is no incoherent pu
field. The steady-state responses of the system under the
situations are qualitatively different: with an incohere
pump field, theL system may exhibit steady-state laser g
without inversion in any standard atomic states; without
551050-2947/97/55~6!/4568~8!/$10.00
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incoherent field, theL system does not exhibit steady-sta
laser gain. This is expected from the requirement of ene
conservation. However, transient laser gain can exist in thL
system with or without the incoherent pump. From the
analyses, we identify the physical mechanisms to which
transient gain may be attributed. In Sec. III, we show tha
the steady state, when the frequency of the coupling lase
near the atomic resonance frequency, there is laser gain w
out population inversion in any standard atomic states.
intermediate coupling-laser detunings, there is a Raman
version in atomic states, the existing laser gain in theL
system can be attributed to stimulated Raman scattering
nally, for sufficiently large coupling-laser detunings, both t
Raman inversion and population inversion in the dres
states occur, the laser gain is due to both the Raman gain
the gain from the dressed state inversion.

II. TRANSIENT ANALYSIS

We consider a closedL-type, three-level system with th
ground statesu1& and u2&, and excited stateu3&, as illustrated
in Fig. 1. The transitionu2&↔u3& of frequencyv23 is driven
by a strong-coupling laser of frequencyv1 with Rabi fre-
quency 2V. The transitionu1&↔u3& of frequencyv31 is
pumped with a rateL by an incoherent field~broadband
excitation!. g31 (g32) is the spontaneous decay rate fro
stateu3& to stateu1& ~u2&!. There is no dipole allowed coupling
between statesu2& and u1&. A weak probe laser of frequenc

FIG. 1. Coherently and incoherently coupledL-type three-level
system.
4568 © 1997 The American Physical Society
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55 4569LIGHT AMPLIFICATION MECHANISMS IN A . . .
vp with Rabi frequency 2g is applied to the transition
u1&↔u3&. V andg are chosen to be real. The semiclassi
density-matrix equations of motion under the electric-dip
and the rotating-wave approximations can be written as

dr11
dt

52Lr111~L1g31!r331 ig~r312r13!,

dr22
dt

5g32r331 iV~r322r23!,

dr33
dt

5Lr112~L1g311g32!r331 ig~r132r31!

1 iV~r232r32!,

dr12
dt

52S L

2
1 i ~D2D1! D r122 iVr131 igr32,

dr13
dt

52S 2L1g311g32

2
1 iD D r132 iVr121 ig~r332r11!,

dr23
dt

52S L1g311g32

2
1 iD1D r232 igr211 iV~r332r22!,

~1!

where D15v322v1 , and D5v312vp are the coupling-
laser and probe-laser detunings, respectively. The closur
the system requiresr111r221r3351. The gain-absorption
coefficient for the probe laser~the coupling laser! coupled to
the transitionu1&↔u3& ~u2&↔u3&! is proportional to Im(r13)
@ Im(r23)#. If Im(r13).0, the probe laser will be amplified
Similarly if Im(r23).0, the coupling laser will be amplified
Taking D15D50, we begin by examining time-depende
numerical solutions of Eq.~1! with and without the incoher-
ent pump. The parameters for the numerical solutions
chosen such that the conditions for laser gain in the ste
state are satisfied@9#. Explicitly, the normalized parameter
areV520g31, g3252g31, g50.1g31, L53g31, or 0.

With a resonant coupling laser and a resonant probe l
(D15D50), we found that r13(t)5 i Im@r13(t)# and
r23(t)5 i Im@r12(t)#, and r12(t)5Re@r12(t)#. The disper-
sive response for the probe laser and the coupling laser
ishes, and the two-photon coherencer12 is real. The time
evolution of the atomic response is plotted in Fig. 2 with t
initial condition r11(0)5r22(0)50.5 and the otherr i j50
( i , j51–3). Figure 2~a! shows the time evolution of the
population distribution in theL system without the incoher
ent pump (L50). As expected,r22 andr33 show oscillatory
behavior and reach the steady-state valuesr225r33;0.
Sinceg!V andg i j ( i , j51–3), the probability for the at-
oms being excited to stateu3& is very small, and the optica
pumping from the coupling laser results inr11;1 in the
steady state. The atomic population evolution with the in
herent pump (L53g31) is plotted in Fig. 2~b!. It is seen that
the r22 andr33 oscillation is similar to that in Fig. 2~a!, but
now r33 and r22 eventually reach a nonzero steady-st
value. Note that the additional damping due toL causes a
faster decay of the atomic response, and the atomic sys
reaches the steady-state faster withL53g31 than with L
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50. The time evolution of Im(r13) is plotted in Fig. 2~c!. It
shows similar oscillatory behavior versus time, i.e., the probe
laser exhibits periodic amplification and absorption. The
time evolution of Im(r23) is plotted in Fig. 2~d!. With and

FIG. 2. Calculated time evolution of the atomic response in the
three-levelL system.~a! Without the incoherent pump field (L
50), the population distributionr i i ( i51–3) vs the normalized
time tg31. ~b! With the incoherent pump field (L53g31), the
population distribution r i i ( i51–3) vs the normalized time
tg31. ~c! Im(r13)/g ~proportional to the probe gain-absorption co-
efficient! vs the normalized timetg31. ~d! Im(r23)/V ~proportional
to the coupling-laser gain-absorption coefficient! vs the normalized
time tg31. The chosen parameters areg3252g31, V520g31, g
50.1g31, D150, and D50. The initial conditions arer11(0)
5r22(0)50.5, and the otherr i j (0)50 (i , j51–3).
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without the incoherent pump, the transient behavior
Im(r13) and Im(r23) is qualitatively the same. They all osci
late with the same frequency. Comparing Figs. 2~c! and 2~d!,
it is seen that Im(r13) and Im(r23) are oscillating nearly in
phase with each other. The two lasers experience gai
absorption at the same time. There is a phase differe
;p/2 between Im(r13) @ Im(r23)# andr33. The transient am-
plification of the probe laser and the coupling laser occ
after r33 reaches the maximum values. The amplification
the probe laser and the coupling laser occurs in the t
interval in whichdr33/dt,0 and the peak amplification co
incides with the time at which the change in the slope
r33 is steepest. The transient gain-absorption of the coup
laser is similar to the Rabi oscillation of a strongly drive
two-level system. However, the origin of the probe-laser a
plification is quite different. Note from Figs. 2~a! and 2~b!,
one always hasr33,r11 andr22,r11. Therefore, there is no
population inversion for the probe transitionu1&↔u3&. As
will be shown later, this is the necessary and sufficient c
dition of population noninversion in either the bare atom
states or the dressed states, and the transient probe am
cation is induced by the oscillatory atomic coherencer12
only. One may wonder if this transient light amplification
from the stimulated Raman scatteringu2&→u3&→u1& be-
tween statesu2& andu1&. Examination of Figs. 2~c! and 2~d!
rules out such a possibility. If the probe laser is amplified
stimulated Raman scatteringu2&→u3&→u1&, the coupling la-
ser has to be attenuated in the Raman scattering pro
(u2&→u3& corresponds to the absorption of a coupling-la
photon, u3&→u1& corresponds to the emission of a prob
laser photon!, and vice versa: i.e., Im(r13) and Im(r23) have
to have ap phase difference between them in order for t
stimulated Raman gain to occur. This is in contradiction w
the in-phase solutions presented in Figs. 2~c! and 2~d!. Fur-
thermore, for the Raman gain to occur for the probe lase
Raman inversion condition,r22.r11, must be satisfied. This
is impossible for the resonantly coupledL system as shown
by Figs. 2~a! and 2~b! with or without the incoherent pump
r22 is always less thanr11, there is no Raman-type popula
tion inversion. Raman gain cannot be attributed to the tr
sient probe amplification. The time evolution of the tw
photon coherencer12 is plotted in Fig. 3. In the bare stat
picture,r12 is responsible for laser gain in the inversionle
system@14#. Note that the magnitude of Re(r12) is reduced
with the addition of the incoherent pump field, yet th
steady-state laser gain occurs in theL system only with a
sufficiently strong incoherent field. To understand this b
havior, we write the steady stater13 as

r1352i
g~r332r11!2Vr12
2L1g311g32

. ~2!

The probe gain@}Im(r13)# is contributed to by two terms
the population differencer332r11(,0) and the two-photon
coherencer12(,0). Without the incoherent pump (L50),
the negative contribution from the first term is greater th
the positive contribution from ther12 term, and the probe
laser can only be attenuated in the steady state. With
incoherent pump field, even though the two-photon coh
encer12 is reduced, the much greater increase of the po
lation differencer332r11 results in a positive value fo
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Im(r13). Therefore, the steady-state laser gain without pop
lation inversion occurs in theL system as a combined effect
of the increased population probabilityr33 ~decreasedr11!
and the residual two-photon coherencer12.

The transient evolution of the atomic response in las
fields depends on the initial condition. Figure 4 shows th
time evolution of the population distribution and the atomi
coherence in theL system when the atoms are initially in the
stateu1& @r11(0)51 and otherr i j (0)50# and the incoherent
pumping rate isL53g31. It is seen in Fig. 4~a! that r11
monotonically decreases to its steady-state value whiler22
and r33 reach the steady-state value oscillatorily. In th
steady state,r11.r22.r33. It is interesting to note in Fig.
4~b! that the oscillatory frequency of Im(r13) is about half
the oscillatory frequency of Im(r23). Similar behavior can
also be observed when the atom is initially in stateu2& as
shown in Fig. 5. Figure 5~a! shows the time evolution of the
population distribution. Herer11, r22, andr33 oscillate with
the same frequency, and reach the same steady-state va
as that in Fig. 4~a!. Under these two initial conditions, the
time evolution of the atomic coherence is such that for som
periods of time, both the coupling laser and probe laser a
amplified or absorbed simultaneously; for other times, th
coupling laser is amplified~absorbed! while the probe laser
is absorbed~amplified!. The oscillation of Im(r13) is notice-
ably anharmonic. A Fourier analysis indicates that it contain
two frequency components: the main component is the o
cillation with half the Rabi frequencyV while the other con-
tribution comes from the oscillation with the Rabi frequenc
2V. There is a subtle yet important difference for the atom
response under these two initial conditions. Forr11(0)51,
the time evolution is such thatr11.r22 is always valid, no
transient probe amplification from the stimulated Rama
scatteringu2&→u1&. However, forr22(0)51, there are ini-
tial periods of times in whichr22.r11, i.e., the transient
Raman inversion exists and the transient probe amplificati
can occur from the stimulated Raman scatteringu2&→u1&. In

FIG. 3. The two-photon atomic coherence Re(r12) vs the nor-
malized timetg31. The parameters are the same as that in Fig.
Note that with the incoherent pump field~the curve with
L53g31!, the magnitude of the two-photon coherence is reduced
comparison with Re(r12) at L50. The initial conditions are the
same as that in Fig. 2.
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55 4571LIGHT AMPLIFICATION MECHANISMS IN A . . .
spite of this difference, the time evolution of Im(r13) is simi-
lar under the two different initial conditions. The two-photo
coherence Re(r12) corresponding to the initial conditions
r11(0)51 and r22(0)51 is plotted in Fig. 6. The anhar-
monic oscillation of Re(r12) with the initial condition
r22(0)51 is clearly seen. There is a phase difference;p
for Re(r12) between the two initial conditions.

Our calculations show the rich transient dynamics of t
three-levelL system coupled by multiple laser fields. With
strong-coupling laser~V@g i j , L, andg! and a weak probe
laser ~g!g i j and L!, the atomic coherencer23 oscillates
dominantly with the Rabi frequency 2V, irrespective of the
initial conditions. The oscillation of the atomic coherenc
r13 and r12 contains two frequencies: the Rabi frequen
2V and half of the Rabi frequencyV. Depending on the
initial conditions, one frequency component may domina
the other@see Figs. 2~c!, 3, and 4~b!# or both frequency com-
ponents have to be accounted for@see Figs. 5~b! and 6#. The
characteristics of the transient oscillation is similar with a
without the incoherent pump filed. As expected, we fou
that with a strong-coupling laser, the oscillation frequenc
are independent of the ratio of the spontaneous decay r
g32 andg31.

The density-matrix equation provides a statistical descr
tion of atomic systems and its solutions provide a probabil
analysis of the atomic responses, i.e., the statistical beha
of many identical atoms. The two-photon coherencer12 that
has been attributed to the laser gain in theL system is in-
duced by several nonlinear optical processes and differ

FIG. 4. Calculated time evolution of the atomic response in t
three-levelL system under the initial conditions:r11(0)51 and the
other r i j (0)50 (i , j51–3). The incoherent pumpL53g31 and
the other parameters are the same as that in Fig. 2.~a! The popula-
tion distribution r i i ( i51–3) vs the normalized timetg31. ~b!
Im(r13)/g and Im(r23)/V vs the normalized timetg31. Note that
the oscillation frequency of Im(r23) is about twice the oscillation
frequency of Im(r13).
e
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initial conditions may favor or suppress a certain process. A
shown in Fig. 2, Im(r13) and Im(r23) are in phase, and the
probe laser and the coupling laser can be amplified simulta
neously when the atom is in stateu3&. Whenr11(0)51, near
t;0, we have Im(r23).0 and Im(r13),0 @see Fig. 4~b!#,

e
FIG. 5. Calculated time evolution of the atomic response in the

three-levelL system under the initial conditions:r22(0)51 and the
other r i j (0)50 (i , j51–3). The incoherent pumpL53g31 and
the other parameters are the same as that in Fig. 2.~a! The popula-
tion distribution r i i ( i51–3) vs the normalized timetg31. ~b!
Im(r13)/g and Im(r23)/V vs the normalized timetg31. Note that
the oscillation frequency of Im(r23) is about twice the oscillation
frequency of Im(r13) as shown in Fig. 4~b!.

FIG. 6. Two-photon atomic coherence Re(r12) vs the normal-
ized timetg31 under the two different initial conditions shown in
Figs. 4 and 5, respectively. The parameters are the same as that
Fig. 2. Note that the oscillation frequency of Re(r12) is the same as
that of Im(r13) in Figs. 4 and 5.
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indicating the stimulated two-photon Raman proce
u1&→u3&→u2&; when r22(0)51, near t;0, we have
Im(r13).0 and Im(r23),0 @see Fig. 5~b!#, indicating the
reverse stimulated two-photon Raman proc
u2&→u3&→u1&. At later times, Im(r23) and Im(r13) may
have the same sign or opposite sign with different popula
probabilities. The statistical analysis derived from solvi
the density-matrix equation does not separate out diffe
nonlinear optical processes and it is not clear to us that
ambiguous determination of a given nonlinear process
results dominantly in the inversionless probe gain can
resolved from the numerical calculations presented here.
ter understanding of the atomic response can certainly
obtained if each individual, nonlinear photon scattering p
cess can be separated and accounted for. Recently S
et al.discussed inversionless gain and lasing in a ladder-t
three-level system@22#. They suggested that an irreversib
nonlinear process involving spontaneous emission may c
tribute to the inversionless gain. In the three-levelL-type
system, the existence of steady-state inversionless gain
quiresg32.g31. This suggests that an irreversible multiph
ton scattering process similar to that proposed by Sellinet al.
for a ladder-type system may be responsible for the inv
sionless probe amplification in theL-type system, in which
the spontaneous emission occurs fromu3&→u2&, followed by
the stimulated absorption of a coupling-laser photon fr
u2&→u3&, and finally the stimulated emission of a prob
laser photon fromu3&→u1& leads to the inversionless gain
Becauseg32.g31, the reverse process, in which the spon
neous emission first occurs fromu3&→u1&, followed by the
absorption of a probe-laser photonu1&→u3&, and finally the
emission of a coupling-laser photonu3&→u2&, is not as
strong. Since a spontaneous-emission triggered process
not require population inversion, the net effect of these t
nonlinear processes may result in the inversionless gain
the probe transitionu3&→u1&. It is interesting to note that in
a three-level V-type system, the existence of inversionl
gain also requires that the spontaneous-emission rate fo
coupling transition is greater than that of the probe transit
@14#, which is consistent with the physical picture of inve
sionless gain associated with an irreversible, spontane
emission triggered nonlinear process. Further studies a
these lines should be worthwhile.

III. STEADY-STATE ANALYSIS

It is easy to derive the analytical steady-state solution
Eq. ~1! with D15D50. With a strong-coupling laser,V
@g i j , L, andg is satisfied. Then, the first-order steady-st
solutions to Eq.~1! become very simple. The steady-sta
atomic polarizationsr13 andr12, and the two-photon coher
encer23 are found to be

r135 i
gL~g322g31!

V2~6L12g31!
, ~3!

r2352 i
Lg32

V~6L12g31!
, ~4!
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r1252
2gg31

V~6L12g31!
. ~5!

The steady-state population probabilities are given by

r335r225
L

3L1g31
, ~6!

and

r115
L1g31

3L1g31
. ~7!

These solutions are consistent with the numerical results
sented in Figs. 2–6. If there is no incoherent pump.
steady-state light amplification can be observed in theL sys-
tem. With an incoherent pump field, Im(r13).0 ~assuming
thatg32.g31 is always satisfied!, i.e., the probe laser is am
plified while the coupling laser is attenuated.

Next, we address the question of different light ampli
cation mechanisms in theL system. With an incoheren
pump field (LÞ0), the probe amplification occurs both i
the transient regime and in the steady state. In the ste
stater11.r22>r33, there is no population inversion in th
bare state basis consisting of statesu1&, u2&, andu3&. The only
other meaningful state basis is the dressed state basis
sisting of statesu1&, u1&, and u2&. For a resonant coupling
laser, the semiclassical dressed statesu1& andu2& are simply
given by @23#: u1&51/&@ u2&1u3&] and u2&51/&@ u2&
2u3&]. Then the population distribution in the dressed sta
is given by

r115r225
r221r33

2
5r225r33. ~8!

Thus, in the dressed state basis, one hasr11,r11 and
r22,r11: no population inversion in the dressed sta
either. Furthermore, sincer22,r11, there is no Raman in-
version, and the probe amplification cannot be attributed
the stimulated Raman gainu2&→u3&→u1&. The light ampli-
fication is solely due to the coherence induced interferen
The coupling laser generates a pair of dressed statesu1& and
u2& separated by the Rabi frequency 2V. In the dressed state
picture, the atoms will not absorb the probe laser atD50
since the probability amplitudes for transitions ofu1&→u1&
and u1&→u2& interfere destructively. However, for th
stimulated emissionu1&→u1& and u2&→u1&, the probabil-
ity amplitudes add atD50 and result in the probe amplifi
cation @24,25#. In the bare-state picture, the two-photon c
herencer12 is induced between the two ground statesu1& and
u2& by the coupling laser and the probe laser, which result
light amplification without population inversion@14#.

From the above analysis, it is clear that the criterion
light amplification without population inversion in any sta
dard state basis isr11>r22>r33, which is satisfied atD1
50. It is obvious that the population distribution in theL
system depends on the coupling laser detuningD1 . When
D1Þ0, other light amplification mechanisms may take pla
With a weak probe laser~g!V, g i j , andL!, the steady-state
population probabilities with an arbitrary detuningD1 in the
bare states are given by
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r115
4V2~L1g311g32!~L1g31!

4V2~L1g311g32!~3L1g31!1Lg32@4D1
21~L1g311g32!

2#
, ~9!

r225
4V2L~L1g311g32!1Lg32@4D1

21~L1g311g32!
2#

4V2~L1g311g32!~3L1g31!1Lg32@4D1
21~L1g311g32!

2#
, ~10!

and

r335
4V2L~L1g311g32!

4V2~L1g311g32!~3L1g31!1Lg32@4D1
21~L1g311g32!

2#
. ~11!
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Settingr222r1150, we obtain a critical value ofuD1u

Dc15S V2g31~L1g311g32!

Lg31
2

~L1g311g32!
2

4 D 1/2
'VS g31~L1g311g32!

Lg31
D 1/2. ~12!

When uD1u,Dc1 , the population distribution satisfiesr11
.r22>r33. The L system exhibits light amplification by
coherence only, as discussed before. WhenuD1u.Dc1 , the
population distribution satisfiesr22.r11.r33, and a popu-
lation inversion for the Raman transitionu2&→u1& occurs.
The probe amplification may be viewed as due to the stim
lated Raman scatteringu2&→u3&→u1& in which the atoms
absorb a coupling-laser photon and then emit a probe-l
photon. In the dressed state picture, the semiclassical dre
statesu1& and u2& are given by@23#

u1&5sin uu2&1cosuu3&, ~13!

u2&5cosuu2&2sin uu3&. ~14!

Where tan(2u)5V/D1 (0<2u<p). The corresponding
population probabilities are given by

r115~sin u!2r221~cosu!2r33, ~15!

and

r225~cosu!2r221~sin u!2r33. ~16!

Let r112r1150 ~or r222r1150!, one obtains the secon
critical valueDc2 (.Dc1) for uD1u. When uD1u,Dc2 , one
hasr11,r11 andr22,r11: there is no population inver
sion in the dressed states. However, whenuD1u.Dc2 , the
population distribution satisfiesr22.r11 ~for D1.0! or
r11.r11 ~for D1,0!, and a population inversion in th
dressed states occurs. The probe amplification may pro
through the stimulated emission between the inver
dressed state transition. As shown by Eqs.~9!–~11!, r22 in-
creases with increasinguD1u, andr11 andr33 decrease with
increasinguD1u. In summary, whenuD1u,Dc1 , the popula-
tion distribution satisfiesr11.r22>r33, the light amplifica-
tion results from the laser induced atomic coherence~no
population inversion in any standard atomic states!. When
uD1u becomes greater thanDc1 , the population distribution
satisfiesr22.r11.r33. Raman inversion takes place an
-

er
sed

ed
d

light amplification occurs from the stimulated Raman tran
tion u2&→u1&. Further increases ofuD1u above the second
critical valueDc2 will bring the population distribution to
r22.r11.r11 , (D1.0) or r11.r11.r22 , (D1,0),
i.e., besides the Raman inversion, population inversion a
occurs in the dressed states. The light amplification can
cur from the stimulated Raman transition and the dres
state inversion. To show graphically the three regions
population distribution and the associated light amplificat
mechanisms, we have calculated numerically the steady-s
atomic response versusD1 and the results are plotted in Fig
7. The relevant parameters are the same as those chos
Fig. 2. Figure 7~a! shows the atomic population distribu
tion versusD1 in the bare-state basis and Fig. 7~b! shows the
atomic population distribution versusD1 in the dressed state
basis. Three regions of population distribution are separa
by the vertical dashed lines. In region I (uD1u<Dc1), popu-
lation distribution satisfiesr11.r22>r33 in the bare states
and r11.r22>r11 in the dressed states. Light amplifi
cation occurs from the atomic coherence. In region II (Dc1

,uD1u<Dc2), the population distribution satisfiesr22.r11
.r33 in the bare states andr11.r22.r11 in the dressed
states. Although no population inversion exists for the pro
transition in either the bare states or the dressed states
Raman inversionr22.r11 occurs. The light amplification
may be viewed as due to the stimulated Raman scatte
processu2&→u3&→u1&. In region III (uD1u.Dc2), the popu-
lation distribution becomesr22.r11.r33 in the bare states
andr22.r11.r11 in the dressed states. The light amp
fication can be attributed to both the population inversion
the dressed states and the stimulated Raman scattering
frequencies at which the probe laser experiences amplifi
tion depend onD1 and are shifted away from the resona
frequency of the atomic transitionu3&↔u1& asD1 increases.
This behavior is shown in Fig. 7~c!. When D1 is much
smaller thanV, the probe gain occurs nearD50, the reso-
nance frequency of the bare-state transitionu3&↔u1&. As
D1 increases, the frequency of the probe gain is gradu
shifted fromD50 toD5(V21D1

2)1/2, which corresponds to
one of the Autler-Townes’ doublet transitions. The ma
mum gain without population inversion in any standa
atomic states is much smaller than the maximum gain w
the Raman inversion and the dressed state inversion, w
indicates the inefficiency of light amplification by coheren
~no population inversion in any standard atomic states!.
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IV. CONCLUSION

In summary, we have presented an analysis of the tim
evolution of atomic response in a coherently coupledL-type
three-level system and analyzed the steady-state conditi
for the onset of different light amplification mechanisms. W

FIG. 7. ~a! Steady-state atomic population distribution in th
bare atomic states vs the coupling-laser detuningD1 /g31. ~b! The
steady-state atomic population distribution in the dressed states
the coupling-laser detuningD1 /g31. Three regions of population
distribution in~a! and~b! are separated by the vertical dashed line
~c! The steady-state Im(r13) at D50 ~dashed line! and D5(V2

1D1
2)1/2 ~solid line! vs D1 /g31, respectively. The relevant param

eters areg2152g31, V520g31, g50.1g31, i.e., the same as that in
Fig. 2.
.

e

ns

have shown that transient light amplification by coheren
~without population inversion in any standard atomic stat!
can be observed in theL system with or without the inco-
herent pump field, and the steady-state light amplification
coherence can occur only with an incoherent pump field.
have identified three regions of population distribution det
mined by the coupling-laser detuningD1 and discussed the
corresponding light amplification mechanisms. Specifica
whenuD1u<Dc1 , the light amplification by coherence can b
observed in theL system; whenDc1,uD1u<Dc2 , the light
amplification can be attributed to the stimulated Raman s
tering in the bare states; whenuD1u.Dc2 , the light amplifi-
cation may be viewed as due to population inversion in
dressed states and the stimulated Raman scattering in
bare states. The three light amplification mechanisms ex
ing in the L system also occur in a coherently coupl
V-type three-level system and the dependence of the l
amplification mechanism on the coupling detuningD1 is
very similar between the two systems@26#. The analysis pre-
sented here further demonstrates the existence of t
phase-insensitive light amplification mechanisms in coh
ently coupled atomic systems and reveals a common fea
in light amplification without inversion in any standar
atomic states in various atomic systems, i.e., the coup
laser has to be tuned near the resonant frequency of the
sen atomic transition. In bothV andL systems, the existenc
of the steady-state inversionless gain requires that
spontaneous-emission rate for the coupling transition
greater than that of the probe transition. This suggests tha
irreversible, spontaneous-emission triggered multipho
process may be important for the inversionless light amp
cation. It is also interesting to note that although theL and
V systems exhibit similar light amplification mechanisms u
der comparable conditions, the photon statistics of the la
oscillators with these two systems as the gain media with
same light amplification mechanism~light amplification by
coherence! is quite different: the quantum fluctuations
an inversionless laser with theL system as the gain medium
can be well below the standard quantum limit~amplitude
squeezing! under normal operating conditions@27#, while the
quantum fluctuation in an inversionless laser with theV sys-
tem as the gain medium is always above the standard q
tum limit @28#.
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