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Light amplification mechanisms in a coherently coupled atomic system
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We analyze transient properties of light amplification in a coherently coupled threeAldypk 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 staf&€1050-294®7)10206-3

PACS numbes): 42.50.Gy, 42.50.Hz, 32.80.Bx, 42.65.Tg

[. INTRODUCTION incoherent field, the\ system does not exhibit steady-state
laser gain. This is expected from the requirement of energy
There have been considerable interests recently in theonservation. However, transient laser gain can exist in\the
study of light amplification and lasing in coherently coupledsystem with or without the incoherent pump. From these
multilevel atomic systems without population inversidj.  analyses, we identify the physical mechanisms to which the
In many aspects, the inversionless laser gain studied in muffansient gain may be attributed. In Sec. Ill, we show that in
tilevel atomic systems can be viewed as a generalization dhe steady state, when the frequency of the coupling laser is
earlier results observed in studies of coherently driven twonear the atomic resonance frequency, there is laser gain with-
level systemg2-8]. However, the multilevel systems are Out population inversion in any standard atomic states. For
important in that they may be used to create laser gain dftermediate coupling-laser detunings, there is a Raman in-
frequencies far removed from that of the coherent coupling/€rsion in atomic states, the existing laser gain in the
fields, thus provide possibilities for the generation of coherSystem can be attributed to stimulated Raman scattering. Fi-
ent radiation in the short-wave length regime. Many coherenpally, for sufficiently large coupling-laser detunings, both the
coupling schemes for laser gain without inversion have beeff@man inversion and population inversion in the dressed
proposed and dependence of the gain on various system pgfates occur, the laser gain is due to both the Raman gain and
rameters has been examin-14]. Experimental observa- the gain from the dressed state inversion.
tions of inversionless gain and lasing have been reported by
several gl’OUpélS—Z]]. Il. TRANSIENT ANALYSIS

Mechanisms of phase-insensitive optical amplification . .
can be divided into several categories: light amplification We consider a closed-type, three-level system with the
from population inversion between the upper and lower tran_grognd statesl) anq!Z), and excited stat{8), as |!Iustr_ated
sition states: light amplification from stimulated Raman tranA" Fig- 1. The transition2) —|3) of frequencyw; is driven
sition: light amplification from population inversion in the PY @ strong-coupling laser of frequenay, with Rabi fre-
dressed states; and light amplification without population in9uéncy 2. The transition|1)—[3) of frequency ws, is
version in any standard atomic states: the bare atomiPUmMPed with a rateA by an incoherent fieldbroadband
states and the dressed states. Imamoglu, Field, and HarfCitation. vs; (ys) is the spontaneous decay rate from
showed that the steady-state light amplification without in-State[3) to statg1) (|2)). There is no dipole allowed coupling
version in any standard atomic states can be found in a res§€tween statef?) and|1). A weak probe laser of frequency
nantly drivenA-type three-level atomic systeffl]. Here we
present a detailed analysis of thetype three-level system, 3>
including laser gain in the time-dependent transient regime A, A
and the steady state. In particular, we distinguish different
gain mechanisms in thA system and derive conditions in .
the steady state under which the different gain mechanisn ~ Coupling Laser

may take place. In Sec. I, we present an analysis of the tim¢ Q Incoherent Probe Laser
evolution of the atomic coherence and population distribu- Pump A
tion in the closedA-type atomic system. We consider the 2> g

situation in which there is an applied incoherent pump field

as well as the situation in which there is no incoherent pumg.

field. The steady-state responses of the system under the tw 11>
situations are qualitatively different: with an incoherent

pump field, theA system may exhibit steady-state laser gain  FIG. 1. Coherently and incoherently couplaetype three-level
without inversion in any standard atomic states; without thesystem.
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o, with Rabi frequency 8 is applied to the transition
|1)«|3). Q andg are chosen to be real. The semiclassical

density-matrix equations of motion under the electric-dipole
and the rotating-wave approximations can be written as

dP11_ ;
ar Apiyt+ (A+ y3)pastig(pai—pia),

Population Distribution

dpso .
ot YsPasT Q(p32—p23)s
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a
where A= w3~ 0, and A=w3—w, are the coupling- E
laser and probe-laser detunings, respectively. The closure
the system requirepq1+ poot p3z=1. The gain-absorption
coefficient for the probe laséthe coupling lasgrcoupled to
the transition|1)«|3) (|2)<+|3)) is proportional to 1mg,3)
[Im(py3)]. If Im(p13)>0, the probe laser will be amplified.
Similarly if Im(p,3) >0, the coupling laser will be amplified.
Taking A;=A=0, we begin by examining time-dependent
numerical solutions of Eq1) with and without the incoher-
ent pump. The parameters for the numerical solutions ar
chosen such that the conditions for laser gain in the stead
state are satisfie[B]. Explicitly, the normalized parameters
areQ)=20y3;, y3,=27y31, §=0.1y3;, A=3y3, 0or 0.

With a resonant coupling laser and a resonant probe last
(A;=A=0), we found that pi3(t)=i Im[px(t)] and
p23(t)=i Im[p1x(t)], and p1(t)=Repi(t)]. The disper- s,
sive response for the probe laser and the coupling laser vai
ishes, and the two-photon cohereneg is real. The time

evolution of the atomic response is plotted in Fig. 2 with the FIG. 2. Calculated time evolution of the atomic response in the

initial condition p;,(0)=p5(0)=0.5 and the othep;;=0  {nree-levelA system.(a) Without the incoherent pump fieldA(
(i,j=1-3). Figure 2a) shows the time evolution of the —g) the population distributiop;; (i=1-3) vs the normalized
population distribution in theé\ system without the incoher- time ry,,. (b) With the incoherent pump field=3ysy), the
ent pump A =0). As expectedp,, andpz; show oscillatory  population distributionp;; (i=1-3) vs the normalized time
behavior and reach the steady-state valygs=p33~0. Tya1. (©) Im(p13)/g (proportional to the probe gain-absorption co-
Sinceg<Q andy;; (i,j=1-3), the probability for the at- efficieny vs the normalized timeys; . (d) Im(p,3)/Q (proportional
oms being excited to stat8) is very small, and the optical to the coupling-laser gain-absorption coefficieve the normalized
pumping from the coupling laser results n;~1 in the time 7y;. The chosen parameters ayg,=2ys;, Q=20yz, ¢
steady state. The atomic population evolution with the inco=0.1ys;, A;=0, and A=0. The initial conditions arep;;(0)
herent pump A& =373, is plotted in Fig. 2b). It is seen that =p2(0)=0.5, and the othep;;(0)=0 (i,j=1-3).

the p,, and ps3 oscillation is similar to that in Fig. (&), but

now pgs and p,, eventually reach a nonzero steady-state=0. The time evolution of Imf;3) is plotted in Fig. Zc). It
value. Note that the additional damping dueAocauses a shows similar oscillatory behavior versus time, i.e., the probe
faster decay of the atomic response, and the atomic systelaser exhibits periodic amplification and absorption. The
reaches the steady-state faster wikhl3vy5; than with A time evolution of Imp,3) is plotted in Fig. 2d). With and

Im(p,,,)




4570 YIFU ZHU 55

without the incoherent pump, the transient behavior of 0
Im(p19) and Imfp,3) is qualitatively the same. They all oscil-
late with the same frequency. Comparing Figg) 2and Zd),

it is seen that Imf;5) and Im,g) are oscillating nearly in
phase with each other. The two lasers experience gain ¢
absorption at the same time. There is a phase differenc
~ /2 between Img¢;3) [Im(p,3) ] andpss. The transient am-
plification of the probe laser and the coupling laser occur
after p;5 reaches the maximum values. The amplification of
the probe laser and the coupling laser occurs in the tim
interval in whichdps3/dt<0 and the peak amplification co-
incides with the time at which the change in the slope of
pa3 IS steepest. The transient gain-absorption of the couplini
laser is similar to the Rabi oscillation of a strongly driven T
two-level system. However, the origin of the probe-laser am: ’YSI

plification is quite different. Note from Figs.(@ and Zb),

one always hap;3<pq; andp,,<pq;. Therefore, there is no

population inversion for the probe transiti¢m)<—>|3>. As FIG. 3. The two-photon atomic coherence RgY vs the nor-

will be shown later, this is the necessary and sufficient conmalized timery;,. The parameters are the same as that in Fig. 2.
dition of population noninversion in either the bare atomicNote that with the incoherent pump fieléthe curve with
states or the dressed states, and the transient probe amplifi=37ys3,), the magnitude of the two-photon coherence is reduced in
cation is induced by the oscillatory atomic coherenge comparison with Ref;,) at A=0. The initial conditions are the
only. One may wonder if this transient light amplification is same as that in Fig. 2.

from the stimulated Raman scatterin@)—|3)—|1) be-

tween state$2) and|1). Examination of Figs. @) and 2d) Im(p,3). Therefore, the steady-state laser gain without popu-
rules out such a possibility. If the probe laser is amplified bylation inversion occurs in thA system as a combined effect
stimulated Raman scatterif®)— |3)—|1), the coupling la-  of the increased population probabilips; (decreasegh,;)

ser has to be attenuated in the Raman scattering proceand the residual two-photon coherengg.

(]2)—|3) corresponds to the absorption of a coupling-laser The transient evolution of the atomic response in laser
photon, |3)—|1) corresponds to the emission of a probe-fields depends on the initial condition. Figure 4 shows the
laser photol and vice versa: i.e., Ip(3) and Imp,3) have time evolution of the population distribution and the atomic

to have am phase difference between them in order for thecoherence in thé system when the atoms are initially in the
stimulated Raman gain to occur. This is in contradiction withstate|1) [p;,(0)=1 and otherp;;(0)=0] and the incoherent

the in-phase solutions presented in Fig&) 2and Zd). Fur-  pumping rate isA =3y3,;. It is seen in Fig. &) that pq;
thermore, for the Raman gain to occur for the probe laser, aonotonically decreases to its steady-state value whije
Raman inversion conditiom,,> p1;, must be satisfied. This and ps3; reach the steady-state value oscillatorily. In the

is impossible for the resonantly couplddsystem as shown steady statep,,>p,,>p33. It is interesting to note in Fig.

by Figs. Za) and Zb) with or without the incoherent pump, 4(b) that the oscillatory frequency of lp{y) is about half

p2o is always less thap,q, there is no Raman-type popula- the oscillatory frequency of Impgs). Similar behavior can

tion inversion. Raman gain cannot be attributed to the tranalso be observed when the atom is initially in st as

sient probe amplification. The time evolution of the two- shown in Fig. 5. Figure @) shows the time evolution of the
photon coherencg,, is plotted in Fig. 3. In the bare state population distribution. Hergq;, p2», andpss oscillate with
picture, p,, is responsible for laser gain in the inversionlessthe same frequency, and reach the same steady-state values
system[14]. Note that the magnitude of R&) is reduced as that in Fig. 4a). Under these two initial conditions, the
with the addition of the incoherent pump field, yet thetime evolution of the atomic coherence is such that for some
steady-state laser gain occurs in thesystem only with a periods of time, both the coupling laser and probe laser are
sufficiently strong incoherent field. To understand this be-amplified or absorbed simultaneously; for other times, the

havior, we write the steady statg; as coupling laser is amplifiedabsorbeyl while the probe laser
is absorbedamplified. The oscillation of Img;3) is notice-
. 9(p3z—p11) —Qp1p ably anharmonic. A Fourier analysis indicates that it contains
P15=2 oA Va1t ¥z @ two frequency components: the main component is the os-

cillation with half the Rabi frequenc{ while the other con-
The probe gairff «<Im(p;3)] is contributed to by two terms: tribution comes from the oscillation with the Rabi frequency
the population difference;3— p11(<0) and the two-photon 2Q). There is a subtle yet important difference for the atomic
coherencep,5(<0). Without the incoherent pump\(=0), response under these two initial conditions. bey(0)=1,
the negative contribution from the first term is greater tharthe time evolution is such that;;>p,, is always valid, no
the positive contribution from the,, term, and the probe transient probe amplification from the stimulated Raman
laser can only be attenuated in the steady state. With ascattering|2)—|1). However, forp,,(0)=1, there are ini-
incoherent pump field, even though the two-photon cohertial periods of times in whictp,,>p4;, i.€., the transient
enceps, is reduced, the much greater increase of the popuRaman inversion exists and the transient probe amplification
lation difference ps3—pq; results in a positive value for can occur from the stimulated Raman scattefjg—|1). In
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FIG. 4. Calculated time evolution of the atomic response in the
three-levelA system under the initial conditiong;;(0)=1 and the
other p;;(0)=0 (i,j=1-3). The incoherent pump =3v3; and
the other parameters are the same as that in Fi@) Z.he popula-
tion distribution p; (i=1-3) vs the normalized timeys;. (b)
Im(p13)/g and Imfp,3)/Q) vs the normalized timeyz;. Note that
the oscillation frequency of Impgg) is about twice the oscillation
frequency of Imf,3).

FIG. 5. Calculated time evolution of the atomic response in the
three-levelA system under the initial conditiong;,(0)=1 and the
other p;;(0)=0 (i,j=1-3). The incoherent pumpA =3vy;; and
the other parameters are the same as that in Fi@) Zhe popula-
tion distribution p;; (i=1-3) vs the normalized timey;;. (b)
Im(p13)/g and Imfp,3)/Q vs the normalized timeys,. Note that
the oscillation frequency of Inpgs) is about twice the oscillation
frequency of Imp,3) as shown in Fig. &b).

spite of this difference, the time evolution of Im§) is simi-

lar under the two different initial conditions. The two-photon
coherence Re(,) corresponding to the initial conditions
p11(0)=1 and p,,(0)=1 is plotted in Fig. 6. The anhar-
monic oscillation of Ref;,) with the initial condition
p2o(0)=1 is clearly seen. There is a phase difference
for Re(p;,) between the two initial conditions.

Our calculations show the rich transient dynamics of the
three-levelA system coupled by multiple laser fields. With a
strong-coupling lasef(2> v;;, A, andg) and a weak probe 0.04
laser (g<7y;; and A), the atomic coherence,; oscillates
dominantly with the Rabi frequency(E irrespective of the
initial conditions. The oscillation of the atomic coherence
p13 and p4, contains two frequencies: the Rabi frequency
2Q) and half of the Rabi frequenc{). Depending on the
initial conditions, one frequency component may dominate
the othelfsee Figs. &), 3, and 4b)] or both frequency com- -0.04 ;
ponents have to be accounted feee Figs. tb) and §. The th
characteristics of the transient oscillation is similar with and
without the incoherent pump filed. As expected, we found -0.08 . '
that with a strong-coupling laser, the oscillation frequencies 0 1 2 3
are independent of the ratio of the spontaneous decay rat Ty

31
Y32 and ys;.

The density-matrix equation provides a statistical descrip-
tion of atomic systems and its solutions provide a probability Fig. 6. Two-photon atomic coherence Rgj vs the normal-
analysis of the atomic responses, i.e., the statistical behavigsed time ry,, under the two different initial conditions shown in
of many identical atoms. The two-photon coherepggthat  Figs. 4 and 5, respectively. The parameters are the same as that in
has been attributed to the laser gain in thesystem is in-  Fig. 2. Note that the oscillation frequency of Bgj is the same as
duced by several nonlinear optical processes and differenhat of Im(p,5) in Figs. 4 and 5.

initial conditions may favor or suppress a certain process. As
shown in Fig. 2, Img,3) and Imf,3) are in phase, and the
probe laser and the coupling laser can be amplified simulta-
neously when the atom is in stg®. Whenp,(0)=1, near
7~0, we have Img,3) >0 and Imp,3) <0 [see Fig. 4b)],

Re (p,)




4572 YIFU ZHU 55

indicating the stimulated two-photon Raman process 29731

[1)—|3)—|2); when p,(0)=1, near 7~0, we have P12~ T O (6A+275) 6)
Im(p19)>0 and Imp,3) <0 [see Fig. B)], indicating the 3

reverse  stimulated  two-photon ~ Raman  processrhe steady-state population probabilities are given by
|2)—|3)—|1). At later times, Imfy3) and Imfp,3) may

have the same sign or opposite sign with different population A

probabilities. The statistical analysis derived from solving P33=P22=3AT731' (6)

the density-matrix equation does not separate out different

nonlinear optical processes and it is not clear to us that urand

ambiguous determination of a given nonlinear process that

results dominantly in the inversionless probe gain can be At+yz

resolved from the numerical calculations presented here. Bet- Pu1=3A ¥ Va1 (7)

ter understanding of the atomic response can certainly be

obtained if each individual, nonlinear photon scattering pro-These solutions are consistent with the numerical results pre-
cess can be separated and accounted for. Recently Selented in Figs. 2—6. If there is no incoherent pump. No
et al. discussed inversionless gain and lasing in a ladder-typsteady-state light amplification can be observed inAtsys-
three-level systeni22]. They suggested that an irreversible tem. With an incoherent pump field, Ipjg) >0 (assuming
nonlinear process involving spontaneous emission may corthat y;,> vs; is always satisfied i.e., the probe laser is am-
tribute to the inversionless gain. In the three-levetype plified while the coupling laser is attenuated.

system, the existence of steady-state inversionless gain re- Next, we address the question of different light amplifi-
quiresyz,> y3;. This suggests that an irreversible multipho- cation mechanisms in thd system. With an incoherent
ton scattering process similar to that proposed by Setlal.  pump field (A #0), the probe amplification occurs both in
for a ladder-type system may be responsible for the inverthe transient regime and in the steady state. In the steady
sionless probe amplification in the-type system, in which statep,,>p,,=ps3, there is no population inversion in the
the spontaneous emission occurs fri@n— |2), followed by  bare state basis consisting of statBs|2), and|3). The only

the stimulated absorption of a coupling-laser photon fromother meaningful state basis is the dressed state basis con-
|2)—|3), and finally the stimulated emission of a probe- sisting of stateg1), |+), and|—). For a resonant coupling
laser photon fron}3)—|1) leads to the inversionless gain. laser, the semiclassical dressed sttésand|—) are simply
Becauseys,> y3;, the reverse process, in which the sponta-given by [23]: |+)=1/2[|2)+|3)] and |—)=1/2[|2)
neous emission first occurs frof)—|1), followed by the  —|3)]. Then the population distribution in the dressed states
absorption of a probe-laser photti)— |3), and finally the is given by

emission of a coupling-laser photdd)—|2), is not as

strong. Since a spontaneous-emission triggered process does _ _ ptpsz

not require population inversion, the net effect of these two Pe+=P-—="5 T P2T P33 (8)
nonlinear processes may result in the inversionless gain for

the probe transitiof3)— |1). It is interesting to note that in Thus, in the dressed state basis, one pas <pj; and

a three-level V-type system, the existence of inversionlesp__<p,;: no population inversion in the dressed states
gain also requires that the spontaneous-emission rate for ttether. Furthermore, since,,<pi1, there is no Raman in-
coupling transition is greater than that of the probe transitiorversion, and the probe amplification cannot be attributed to
[14], which is consistent with the physical picture of inver- the stimulated Raman gaj&)— |3)—|1). The light ampli-
sionless gain associated with an irreversible, spontaneoufieation is solely due to the coherence induced interference.
emission triggered nonlinear process. Further studies alonghe coupling laser generates a pair of dressed statgand

these lines should be worthwhile. | —) separated by the Rabi frequenc2.2n the dressed state
picture, the atoms will not absorb the probe laserat0
Il STEADY-STATE ANALYSIS since the probability amplitudes for transitions|&}— |+ )

and |1)—|—) interfere destructively. However, for the
It is easy to derive the analytical steady-state solutions tgtimulated emissioh+)—|1) and|—)—|1), the probabil-
Eqg. (1) with A;=A=0. With a strong-coupling laser) ity amplitudes add ah =0 and result in the probe amplifi-
>vij, A, andg is satisfied. Then, the first-order steady-statecation[24,25. In the bare-state picture, the two-photon co-
solutions to Eq.(1) become very simple. The steady-stateherencep,, is induced between the two ground stdtésand
atomic polarizationg3 andp;,, and the two-photon coher- |2) by the coupling laser and the probe laser, which results in

encep,; are found to be light amplification without population inversidri4].

From the above analysis, it is clear that the criterion of
~ gA(v3— v31) light amplification without population inversion in any stan-

P11 26A+275) (3)  dard state basis ip;;=p,,=ps3, Which is satisfied at\,

=0. It is obvious that the population distribution in the

system depends on the coupling laser detuning When
poz=—| Avs (4) A, #0, other light amplification mechanisms may take place.

Q(6A+2y3y)’ With a weak probe laség<(), ¥, andA), the steady-state

population probabilities with an arbitrary detuning in the
and bare states are given by
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and

P A0%(A+ ya1+ v3) (A + v31) ©
U402 A+ yart ¥a) (BA+ ya) + A ya AAT+ (A + yar+ v39) %]’
CAOPA (A gt ya) T A s AT+ (A + yart va)”] 10
P27 402 (A + yar+ 130 (BA+ y3) + A yad AAT+ (A + yart v59)2]
402N (A + yaq+
( Y31+ ¥32) 11)

Pas= 4O2(A+ ya1+ ¥3) (BA + y31) + A yaf 4AT+ (A + yar+ ¥30)?]

Settingp,,— p11=0, we obtain a critical value dfA,|

A= Q2y3( A+ y31+ v30) B (A+ ya1+ y32)?| 2
ot Ayz 4

Yar( A+ yar+ yap) | M2
Ayz '

wQ( (12
When |A,|<A.;, the population distribution satisfigs;;
>p,=p33. The A system exhibits light amplification by
coherence only, as discussed before. Whef>A,;, the
population distribution satisfies,,> p11>p33, and a popu-
lation inversion for the Raman transitid@)—|1) occurs.

light amplification occurs from the stimulated Raman transi-
tion |2)—|1). Further increases dfA,| above the second
critical value A, will bring the population distribution to
p——>p11>p++, (A>0) or piy>pyy>p—, (4:<0),

i.e., besides the Raman inversion, population inversion also
occurs in the dressed states. The light amplification can oc-
cur from the stimulated Raman transition and the dressed
state inversion. To show graphically the three regions of
population distribution and the associated light amplification
mechanisms, we have calculated numerically the steady-state
atomic response versus; and the results are plotted in Fig.

7. The relevant parameters are the same as those chosen in

The probe amplification may be viewed as due to the stimuFi9- 2. Figure 7a) shows the atomic population distribu-

lated Raman scatterin?)—|3)—|1) in which the atoms

tion versusA ; in the bare-state basis and Figb)f'shows the

absorb a coupling-laser photon and then emit a probe-lasé@tomic population distribution versus, in the dressed state
photon. In the dressed state picture, the semiclassical dresse@sis. Three regions of population distribution are separated

stateg +) and|—) are given by[23]
|+)=sin 0]2)+cos 0|3), (13
| —)=cos 6|2) —sin 6|3). (14

Where tan(Z2)=Q/A; (0=26=<w). The corresponding
population probabilities are given by

p++=(sin 6)%pyo+(cos 6)°pss, (15)
and
p__=(cos 6)°pp+(sin 6)°pss. (16)

Letp,,—p11=0 (or p__—p;1,=0), one obtains the second
critical value A, (>Ag,) for |A;]. When|A;|<A,,, one
hasp, ,<pjiandp__<pq: thereis no population inver-
sion in the dressed states. However, whan|>A,,, the
population distribution satisfiep__>p4; (for A;>0) or
p+4+>pqp (for A;<0), and a population inversion in the

by the vertical dashed lines. In region|AG|<A.;), popu-
lation distribution satisfiepq11>p,,=p33 in the bare states
andp;;>p__=p,, in the dressed states. Light amplifi-
cation occurs from the atomic coherence. In regionAL(
<|A4|=A.,), the population distribution satisfigg,>p1;

> pa5 in the bare states angh;>p__>p, , in the dressed
states. Although no population inversion exists for the probe
transition in either the bare states or the dressed states, the
Raman inversionp,,>p;, occurs. The light amplification
may be viewed as due to the stimulated Raman scattering
procesg2)—|3)—|1). In region lll (|A;|>A,), the popu-
lation distribution becomep,,> p,1>p33 in the bare states
andp__>p.1>p, . in the dressed states. The light ampli-
fication can be attributed to both the population inversion in
the dressed states and the stimulated Raman scattering. The
frequencies at which the probe laser experiences amplifica-
tion depend om\; and are shifted away from the resonant
frequency of the atomic transitid@)«|1) asA; increases.
This behavior is shown in Fig.(@. When A; is much

dressed states occurs. The probe amplification may proceéaller than(), the probe gain occurs near=0, the reso-
through the stimulated emission between the inverted@nce frequency of the bare-state transitjGih—|1). As

dressed state transition. As shown by E@—(11), p,, in-
creases with increasing |, andp,; and ps; decrease with
increasing|A4|. In summary, whenA|<A.,, the popula-
tion distribution satisfiep;> p»»=ps3, the light amplifica-
tion results from the laser induced atomic coherefe
population inversion in any standard atomic stat&¥hen
|A,| becomes greater thah,;, the population distribution

A, increases, the frequency of the probe gain is gradually
shifted fromA =0 to A= (Q?+ A?%)*2, which corresponds to
one of the Autler-Townes’ doublet transitions. The maxi-
mum gain without population inversion in any standard
atomic states is much smaller than the maximum gain with
the Raman inversion and the dressed state inversion, which
indicates the inefficiency of light amplification by coherence

satisfiesp,,>p11>p33. Raman inversion takes place and (no population inversion in any standard atomic states
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FIG. 7. (a) Steady-state atomic population distribution in the
bare atomic states vs the coupling-laser detumingys;. (b) The

have shown that transient light amplification by coherence
(without population inversion in any standard atomic states
can be observed in th& system with or without the inco-
herent pump field, and the steady-state light amplification by
coherence can occur only with an incoherent pump field. We
have identified three regions of population distribution deter-
mined by the coupling-laser detuninyg, and discussed the
corresponding light amplification mechanisms. Specifically,
when|A;|<A,,, the light amplification by coherence can be
observed in the\ system; whem\,;<|A;|<A,, the light
amplification can be attributed to the stimulated Raman scat-
tering in the bare states; whea,|>A_,, the light amplifi-
cation may be viewed as due to population inversion in the
dressed states and the stimulated Raman scattering in the
bare states. The three light amplification mechanisms exist-
ing in the A system also occur in a coherently coupled
V-type three-level system and the dependence of the light
amplification mechanism on the coupling detunidg is

very similar between the two systeff®6]. The analysis pre-
sented here further demonstrates the existence of three
phase-insensitive light amplification mechanisms in coher-
ently coupled atomic systems and reveals a common feature
in light amplification without inversion in any standard
atomic states in various atomic systems, i.e., the coupling
laser has to be tuned near the resonant frequency of the cho-
sen atomic transition. In boti and A systems, the existence

of the steady-state inversionless gain requires that the
spontaneous-emission rate for the coupling transition is
greater than that of the probe transition. This suggests that an
irreversible, spontaneous-emission triggered multiphoton
process may be important for the inversionless light amplifi-
cation. It is also interesting to note that although thend

V systems exhibit similar light amplification mechanisms un-
der comparable conditions, the photon statistics of the laser
oscillators with these two systems as the gain media with the
same light amplification mechanisflight amplification by

steady-state atomic population distribution in the dressed states Woherenceis quite different: the quantum fluctuations in

the coupling-laser detuning,/vy3;. Three regions of population

an inversionless laser with the system as the gain medium

distribution in(a) and(b) are separated by the vertical dashed lines.can be well below the standard quantum liréimplitude

(c) The steady-state Imp{g) at A=0 (dashed ling and A= (Q?
+A%)Y2 (solid line) vs A /ys;, respectively. The relevant param-
eters arey,1=27y31, 3=20y3;, g=0.1y,,, i.e., the same as that in
Fig. 2.

IV. CONCLUSION

squeezingunder normal operating conditioh27], while the
quantum fluctuation in an inversionless laser with theys-

tem as the gain medium is always above the standard quan-
tum limit [28].
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