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Amplification without population inversion in a V three-level system: A physical interpretation
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Amplification in aV system is studied both in the framework of the density matrix formalism and using the
S matrix in the usual Hilbert space of the dressed-state vector. We show that it is possible to achieve ampli-
fication without inversion both in the bare- and in the dressed-state basis. In this case there is an asymmetry
between amplification and absorption because of the occurrence of interferences between Feynman diagrams
that can reduce the absorption. The comparison with the two-level atom shows a close analogy with the gain
observed about the central resonance of the Mollow transmission spef818%0-29476)05606-5

PACS numbdp): 42.55—f

[. INTRODUCTION as in the classicah configuration. This justified the contin-
ued interest in this particular scheme. The main purpose of
In recent years, quantum interference and coherencehis paper is to analyze and give a clear physical picture of
induced effects have deeply modified the way we look athe gain mechanisms which take place in thecheme in
photon absorption and emission processes and at field propAWI.
gation. In fact, such investigations were conducted by many A distinction should be made between three broad catego-
groups working in different domains so that phenomenaies of problems which all rely on the use of quantum inter-
which are physically very similar are considered as basicallfference to modify the response of the atom to a probe beam.
different and, to our knowledge, very few attempts wereThe first iselectromagnetically induced transparend@iT),
made to clarify the relation between all these effects. This isvhere the purpose is to reduce and eventually to cancel the
the first purpose of this paper: to show for a particular ex-absorption of a medium which is normally opaque at some
ample that the connection of ideas coming from these differfrequency. Many experiments in EIT deal with pulse propa-
ent domains can be used to get a better understanding of gagiation and the latest experimental result showed an increase
mechanisms in a three-level atom. of the transmission from exp 6000 to 90% in Pb vapor
The dark resonance experiment of Alzedtaal.[1] and of  [9]. The second category is AWI, in which probe gain is
Gray, Whitley, and Stroud2] was one of the earliest ex- achieved without inversion among the initial populations
amples of the fundamental importance of interference phefi.e., before any coherent field is applieahd energy is ex-
nomena in atom-photon interactions. The seminal works ofracted from the material medium. This probe gain vanishes
Kocharovskaya and Khanii8], Harris[4], and Scully, Zhu, when the upper lasing level population vanishes. The initial
and Gavridiled 5] described quantum interference generatecexperiment was carried out in the pulsed and transient do-
by classical fields. This was followed by a long series ofmain[10] but recent results indicate that AWI has been ob-
papers which studied the properties of the simplest modelserved in steady state as well. Finallgsing without inver-
Reviews can be found if6] and [7]. Among the models sion (LWI) is an extension of AWI when it takes place in a
which have emerged, the most interesting seems to be thesonant cavity and when the gain overcomes the total losses
V-type three-levelconfiguration in which one branch of the [11].
V is a strong pump field and the other branch is a weak probe The gain mechanisms we shall study in this paper are
field at a different(preferably higherfrequency. This model typical of three-level configurations. Itwo-level atoms
was referred to as thie scheme by Kocharovskaya and co- mechanisms leading to probe amplification have been suc-
workers[8]. One can think of this scheme as arising from acessfully identified, beginning with the work of Rautian and
two-level model where the upper level is split in two and Sobel'man[12], Marcuse[13], Holt [14], and Mollow[15].
each field connects one of the upper states to the lower stat€hese authors showed that when a two-level afmaonant
The relevance of this model is that it was the three-levefrequencywy) is driven by a strong nearly resonant fi@df
scheme in whiclamplification without inversiotAWI) was  frequencyw, a probe field of frequency’ can experience
found with the absence of inversion both in the bare atomigain when(w’'—w) is close to the Rabi frequency. In the
state population and in the dressed atomic state populatioperturbative limit, the gain occurs far' =20—w, and can be
In fact, no population inversion whatsoever was found to beexplained as a hyper-Raman process with absorption of two
necessary for AWI in suitable domains of parameters of theghotons of the driving field and stimulated emission of a
h scheme. Thus there does not seem tdidelen inversion photon in the probe field, the atom passing from the ground
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to the excited state. Such a gain process was indeed observed b

by Wu et al. [16] and a laser oscillation using this gain pro- * A

cess was demonstrated by Lezamtal. [17]. However,

when considered in thdressed-atom basithis gain process b

is associated with a population inversion between the initial A ¢ +
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and final states of the transiti¢h8]. This is thus an example |
of a hidden inversionA more subtle gain process occurs for I
o' ~wxI" (wherel is the width of the upper stateln this

case, the initial and final states of the process have the same

population in the bare and in the dressed-state basis and the E
gain originates from arasymmetrybetween amplification ’
and absorption, the absorption beireglucedby an interfer-

ence mechanisil9]. An oscillation using this gain mecha-

nism was observed by Grandeient, Grynberg, and Pinard a
[20]. This stimulated Rayleigh process which starts and ends

in the ground level does not require any external incoherent FIG. 1. Scheme of the energy levels.
pumping of the excited level. This is the reason this process

is often not considergd as a LWI because no energy is ©%om a quantum interferend@8,29.

tracted from the nonlinear medium. It should, however, be

E' @

It is the aim of this paper to show that AWI can occur in

> e . Such av (or h [8]) system and to give a physical interpreta-
from aparametricgain, also observed in atorfBl], because oy of the amplification mechanism. The calculations are

it involves a dissipative coupling, either through collisions or 454 in theradiative limit (i.e., in the absence of collisions

radiative relaxatiori22], with the surrounding. In particular, Using the standard density matrix formalism, we first show
contrary to the parametric oscillator, there is no relationshigpat amplification can be achieved when a small fraction of
betyveen thephasesof the Qrwmg field and of the beam atoms are pumped in one of the upper levels. It is then shown
e”!'“ed by an oscillator driven by the stimulated Rayleighyat there is a range of parameters where this amplification
gain _mechanlsm._ . I occurs in a regime where there i® population inversion
Still_another direction of research was initiated by thegiiner in thebare- or in thedresseestate basis. Finally, using

yvtérk ?jf Bloembergen and fco—workers. on the pres?urean S-matrix approach similar to the one used in the case of a
induced extra resonances in four-wave mixi@g]. In one of 4, jevel atom[19], we show that the origin of AWI is the

their _first papers24], they noted that “the conventional reduction of the absorption because of arerference
VIew 1S that”no Rarlnanc-itype rezonances hare (_)bservable bfaechanism that has no counterpart in the amplification. It
tween equally populated states ecau,se there Is exact cancfyyst e noticed that the interference occurs between paths in
lation for processes starting frognandg’, respectively. This ¢ piinert space oftate vectorsnd not between paths in

is, however, no longer precisely true in the presence of COlg,q | jouville space of density matrix elements. Such an ap-
lisions.” The origin of the resonance occurring b_etweenProach is obviously close to our understanding of quantum
equally populated states is the creation of an atomic Cohetqechanics. As in the two-level atom case, the gain mecha-
ence triggered by the relaxation mechanigmhich can be g s thus associated with an asymmetry between absorp-

different from collisions. Such a coherence is found in the yjo anq amplification. A similaw/-type system was recently
usual density matrix formalism but its source is most easily,

. . studied by Wilsoret al. [30] in a range of parameters such
understood using the dressed-atom picf@f. The work of that the AWI condition coincides with inversion in the

B;]Ioefmbergen and co-workers was p]f'ma]f_”)l/ dasso;:lated Withyressed-state basis. In this paper, we show that there exists
the o,ufr-wave ?IXII’]Q generatlon_r(]) a ble at fr]?q”encyanother physically interesting range of parameters for the
2w—w' for a medium interacting with two beams of frequen- o, e svstem where the AWI condition is verified while there

. p ; .
ciesw and '’ but soon after it was realized that the samejg n, jnversion in the dressed-state basis. In this case, gain is
resonance could be observed on the transmission of each fﬁf

L i ) duced by quantum interferences due to multiple channels
t_he incident be_am526,27_|. The rgsonance has a dispersivej, yho absorption processes, which reduces the overall ab-
line shape and is centered around- w=wyq . Thus, on one

sorption.
side of the resonance, the presence of the field of frequency P

' leads to decrease of the absorption of the field of fre-

guencyw. This resonance and the corresponding EIT were Il. DENSITY MATRIX APPROACH
observed by Grynberg and co-worké¢g6,27]. It should be
noticed that this effect is not necessarily related to the pres-
ence of a dark state because while the absorption of the field We consider a set of three-level atoms. The ground state
w is reduced, there is a symmetric increase in the absorptiois coupled to the excited statbsand b’ by electric dipole
of the field w’. This kind of effect does not occur only for transitions(Fig. 1). For the sake of simplicity, we will as-
Raman resonances between ground-state sublevels. It is alsome in the following thaa corresponds to a state having an
found for theV-type system with excited statésandb’.  angular momentund=0, and thatb andb’ are states for
Indeed, EIT due to such a two-beam coupling mechanismvhichJ=1, m=0. In this case, the coupling betweamndb
was predicted foiw—w'=wy,, =T in a three-level system in (or a and b’) only occurs througle-polarized fields. The
the case of collisional damping and interpreted as resultingtom interacts with a strong driving fiel of frequencyw

A. Probe transmission through a drivenV system
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on thea-b transition and with a probe field’ of frequency (1-A)(1+x/2)

o’ on thea-b’ transition. These two fields are detuned from Pfﬁ)b,—m, (50
resonance by quantiti€s=w—wgandA’ = o’ — w(, respec-

tively, which are assumed to be much larger than the natural i

widths of the excited levelgA|, |A’|>T, T”). By contrast, pl=————— (p Q- pOyeiet, (5d)
the difference of detuningg=A—A’ can be small. Note that 2(Fpa—id)

S is the detuning for the Raman resonance between the two

excited levels in the absence of the light shifts due to the PLQ) =0, (5¢
driving field
with
Epp
S=w—w' — % 1 1

A TEAT (63
The resonance Rabi frequency for tlaeb transition is
Q=dE/% whered is the matrix element of the electric dipole Tpa 02
momentD between the levela andb. X=3 AT (6h)

ba

The lifetime (1/I'') of level b’ is assumed to be much
longer than the lifetimél/T") of the levelb. We assume that
there is an incoherent pumping of levEl from levela with
a rateA’. To fix the notations, we present the master equas
tion that is studied in the following:

To first order in the probe field amplltucE-:-’ the density
matrix can be written ap'®+pY wherep? is linear inE’.
The master equatiof2) then become

do® 1 do® 1
dp dp pF-_ = WP =y 0
= ~ [Ho+ Hy+HY o]+ dt} (22 dat s ot Hup 1= =g (= tHLT-
(7a)
Ho=fiwolb)(b|+ Aol b) (b, 2 In particular, we are interested in the coherem{f{%i which
dE _ _ gives the linear probe absorption. The solution of &g is
H,:—(T)(e"”t|b)(a|+e"”t|a)(b|), (20
’ QZ
- o= — == | (00— %) 5+ (PO~ i) —2
, d'E o't (o't 2A’ 6y 4(A)
Hi=—|——|(e b Yal+e' ayb’]). (2d) ‘
xe et (7b)

The term{dp/dt} describes the relaxation and the pumping D . ) _
of the popu|ation$Eq. (3)] and the Coherenchq. (4)] of with Q'=d'E'/h [d is the matrix element of the electric

the density matrixp: dipole momenD betweena andb’ introduced in Eq(2d)]
g and

{apbb}:_rpbb, (apb'b":_F'Pb'b'+A'Paaa A=A+iT,,, 8a)
[%paa]=—A’paa+prb+F’pb/bu () A'=A"+iTy,, (8D)

. 5=6—iTypy , (80

[apij]:_rijpiji (4a) B 02
with Or=| 0% = | 1o (8d)
r'+A’ Ir'+A’ r+r’ The quantityER is the resonant denominator for the Raman
a5 Tva™—%— low=—H— process between levels and b’ which includes the light

(4b) shift due to the driving field. In the limit considered in this
. _ _ S paper (|A|=|A’|>Ty,, T'ya and |[UAP<1), we find 65
Equalities(4b) can be achieved in the radiative limit when =8 —ilyy, With
there are no dephasing collisiof&]. In the absence of the

. r . 0 . . 2
probe field(E'=0), the solutionp'® of the master equation is 5= 54 ZI_A 9
o A+ x/2) 53
Pad = 1+(x/12)(1+A)’ In Eq. (7b), it may be noticed that the effect of the driving
field is obvious in the second term in square brackets but it is
0 _ AXx/2 also present in the energy denominafiarand in the popu-

(5b) lation dlfferencep(o)—p(o) . In the following, we study the

p —1
bb 1+ (x/2)(1+A) b’b’
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10°F 0
(Q=5T)
510™F (Q=6T)
(Q=3I)
o : : : (Q=0) -10° | i i | !
3 5 % 20 CAD 19.6 19.8 20 202 (-AT)
FIG. 2. Probe transmission versa\/I" for three value$0,3,5 a
of QIT. All the atoms are assumed to be initially in the ground state
in the absence of any coherent field. These curves are obtained for g, o
A'=—20I" andT’"=10"7T. ()
gain of the probe field per atoﬁ”zIm[pfjl,)a(l“’/ﬂ’)ei‘”'t] 0
which is related to the absorption cross section by the rela-
tion
50 - (Q=81“)
3 12
Caps=—— @’ (10
2
. -10°
where\' =27c/w’ is the wavelength of the probe beam. The Y3 08 2‘0 202 =Yy

coefficienta” is also proportional to the imaginary part of
the atomic polarizabilitya=(D),//eqE’ (where (D), is

the component of the electric dipole moment oscillating at a
frequencyo’):
~ 4 77-2 5410 ©
o :§F Im(a). (11@
For a medium of density/” and lengthL the intensity gain 0
G is equal to \/
—27./L Im(a 510" Q=10
G=ex;{% —exp— S opd). (11 10 (@=t0m
. -10° | ! ! | I
B. Two-beam coupling 19.6 198 20 202 (-am)

We first present in Fig. 2 the variation af versus—A/l’
for A’=0 (all the atoms are initially in the ground state inthe  Fig. 3. Probe transmission versusA/T' for T'=10"°T and
absence of any coherent figlfbr three valueg0, 3, and $  A’=—20r. /T is, respectively, equal to 6,8,10a), (b), (c)]. For
of (UT'. These curves are obtained fdr'=—20I" and  each curve, the population of level is incremented from 810~
I'"=10"3T". It can be noticed that the presence of the drivingto 7x10™* with a step of 10°.

field leads to aroverall increaseof the probe field absorp- | . i
tion. However, this increase is not uniform andliapersive P in the absence of any coherent field. The probe beam

feature is observed arourd =A (i.e., near the Raman reso- requency is kept fixed witt’ =—20I" and we plota” ver-

: : PR us —A/T. We takeT’=10"°T and the initial population
nance. Such a dispersive shape for the absorption is wel '—1_A of the levelb’ is incremented from 810~ to

known in two-beam coupling and its occurrence for a coIIi-7X10_4 with a step of 105 between two curves. Figures

§ionally broadenecl/—type three-level atom was pointed out 3(a), 3(b), and 3¢ correspond taYT=6, 8, and 10,‘ respec-

in a previous papel29]. tively. Amplification of the probe beam occurs wheti is

negative. This occurs foB'=By, with B{~(6.55+0.05)

x 10~ in the range of values fof)/T" considered in Fig. 3.
We now study what occurs when there is some incoherenthe conditionBj<A~1 indicates amplification without in-

pumping of the leveb’. Let B’ be the population of the level version in thebare-atombasis.

C. Amplification without inversion in the bare-state basis
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K

" E‘b,’N+1’Nr_1>=(N+1)ﬁw+(N'—1)ﬁw’+hw6.

(140
s10" In steady state, the ratio of the populations of the levels
|1(N),N’)y and|2(N),N’} is
o
0 @ —L—tarfo, (15

T
@ 2

with tan28=—Q/A.

BecauseA~1 at the threshold of amplification in Fig. 3,
the population of the level&l(N),N’) is almost equal to
® tarfg/(1+tarf'g). Since the amplification of the probe beam

: ‘ : ‘ : ' : can be attributed to a Raman process starting fldnand
199 1995 20 2005 CAT) ending inb with stimulated emission of a photoa’ and
absorption of a photorw, amplification without inversion
occurs if

510" - ©

_10710

FIG. 4. Probe transmission versusA/Tl for T'=107°T,
A’=-20T', and B'=6.6x10 % The ratio /T is, respectively,
equal to 6, 8, 10, and 12 for the curves, (b), (c), and(d). tarf'o
Bih< ——a=- (16)

For a given value oB’, there is also an optimum value 1+tarf
for QUT'. For example, we show in Fig. 4 the variation of the
gain versus—A/T" for B'=6.6x10"* and A’=—20T for in-
creasing values of)/T". It can be seen that gain is expected

for 5=<(Q/T")=<11.

The value of the right-hand side of E(L6) is equal to
4.6x1074 13.7x10 % and 31x10 “ for Q) equal to &, 8T,
and 1@, respectively(and A~—20I"). For this range of pa-
rameters we showed in Sec. IIC th&)=6.5x10*
Whereas amplification with population inversidn the
dressed-state bastccurs forQ)/I'=6, amplification without
Following the idea of Wilsoret al. [30], it is interesting ~ population inversionis found for (/I'=8 and 10. In these
to know whether there is population inversion in the dressedlast cases, the gain cannot be explained as a standard Raman
atom basis. We consider the three-level atom dressed by ti@gin process due to population inversion in the dressed-state
photons of the driving field. The dressed-atom Hamiltonianbasis.

D. Amplification without inversion in the dressed-state basis

[18] is
1 1 lll. PHYSICAL INTERPRETATION USING
Ho=Ha+%w ata+ 5 +he'la'ta + > INTERFERENCE BETWEEN FEYNMAN DIAGRAMS
We wish now to give a physical explanation of this gain
ho |12 ; without population inversion. For this purpose we follow
—d 2eV (S;a+sS-a)), (12)  closely the method introduced in the case of a two-level

atom[19]. In particular, the assumptions for the perturbative
with S, =|b)(a| andS_=|a)(b| andV the quantization vol- €xpansion are the same: because the lifetime’os very
ume. The eigenstates arfl(N),N’), |2(N),N’), and long, it can be considered as an initial or a final state in a
[b’,N,N’) whereN andN’ are, respectively, the number of scatteringprocess. We can thus calculate the matrix element
photons in the modes of the driving field and of the probeof the T matrix between states such[&8,N+ 1N’ —1) and
field. In the perturbative limi(|Q/A|<1) and forA<0, the  |2(N),N’) which is associated with the atomic ground state
expansions of the dressed eigenstates in terms of bare statBghe situation considered here, i.e., in the perturbative limit
are given through the relations (Q<|A]) and A<O.

|1(N),N’>=|b,N,N'>—%|a,N+1,N'>, (133 A Amplification
We first consider the process in which the probe begm
is amplified. In the bare-state basis, this process is described
12(N),N")=|a,N+1N")+ 2 Ib,N,N').  (13b) by Fig. 5@ and corresponds to a stimulated Raman transi-
2A tion fromb’ to b followed by the spontaneous emission of a

o ) ) ] ) photon w,, & from b to a. In the dressed-state basis
In the situation considered in this paper, the energies of thgye same process corresponds to the spontaneous emis-

levels inside a multiplet are, respectively, equal to sion of a photone,, €, from |b’,N+1N’—1) towards
Q2 |2(N—1),N’) [Fig. 5b)]. Because|b’,N+1,N'—1) and
Epnnny=Nio+Nho +hog— -, (149  |2(N—=1),N") are not directly coupled, such a process in-
' 4A volves a virtual transition through a stai€p),p’). Actu-
) ally, the coupling of the atom with the probe field is de-
e 8 scribed by a coupling HamiltoniarH; whose matrix
E‘Z(N)‘Nr>—(N+1)fLw+N ﬁw + E, (14b) elements are
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(a)

D
- — = - - - - =

INVN === === = —T— b, N+I,N-I
AN\ N' == = = = = =

(b) o

|
1
1
t
1
1
1
I
IN-IZVN' o _ !
2(N-1), N' ¥

FIG. 5. Amplification process in the bafa) and dressed-atom

(b) pictures.

N o’ 1/2 Q
(L(N),N'[H{|b",p,p")=d (280\/) A Op.N+10p" N/ 15
(173
NPy 1/2
<2(N),N’|H|’|b’,p'pl>:—d’(m> 6p,N+15p',N’*l'
(A7b

The transiton from [i)=|b’,N+1N'—1) to

[fy=]2(N—1),N’,1w,) can follow two possible paths de-
pending on the intermediate state, which can be eitheg

(193

—Eppn-pn) —hwp),

and the amplification cross section
\Y,
O'amp:N_rC Z W?imp' (190

Using d?=3me il (c/w)® andd’'?=3me il (clw')?, we
find

3, Q2 rIr’ 20
ani=g M 287 52RO (20
As expected, the Raman amplification is maximum when the
condition for Raman resonan@&=0 is fulfilled.

B. Absorption

We now consider the absorption processes for the probe
beam. The first process is the usual Rayleigh scattering
whose cross section [48]

F/2

3
T g W(p (2D)

This corresponds to the curve obtained 0 in Fig. 2.

Let us now consider the nonlinear absorption processes
that involve photons of the driving field. In the bare-atom
basis there are two possible paths, shown in Figs). &d
6(b). These paths generalize to the case of radiative relax-
ation the processes considered earlier in the case of colli-
sional relaxation29]. It should be noticed that these two
pathsinterferebecause they correspond to g@me quantum
numbers in the initial and final statek both cases, there is
absorption of one photon of the probe field and of the driving
field and spontaneous emission of one photon in the mode
(wq1,81). In the dressed-atom picture, these two paths corre-
pond to a transition from|i’)=|2(N),N’) towards

[1(N),N") or |[2(N),N"). However, the transition amplitude 1f')=|b’,N,N’ —1,10,) [see Fig. é)]. There are two pos-

through  |1(N),N’) is much larger

[and because the matrix elementdfe, betweerj2(N),N")

and|2(N—1),N’) is of a larger order if)/A than the matrix

element of D-&, between|1(N),N’) and |2(N—1),N")

[18,19]. More precisely, the transition amplitude through

[1(N),N") is equal to

VN o' w, d'd

T(?mp): £ _ -
fi 260V 2 h(5' +il[2) 2A°

(18

whereg,, is the component of the polarization of the emitted
photon ands’ defined in Eq(9) is the detuning from Raman

'oug ; ; because gjple intermediate statef2(N—1),N') and|1(N—1),N’).
[b’,N’+1N’—1) and |1(N),N’) are nearly degenerate

These two paths must be included in the calculation of the
transition amplitude because thenresonanfpath [through
|2(N—1),N’)] appears at a lower order of perturbation than
the resonant path. We carﬁé‘?, andT?,’?, the transition am-
plitudes associated with the paths of Fig&)@nd Gb),

@ VN w0’ dd’ Q

T =~ 0w %12 %A 24" (229

_\/N’wlw' dd’

3
PRV 812ﬁ[5'+ir/2]<ﬂ)' (22

resonance including the light shift. From the knowledge of
the transition amplitude, one can calculate the transition ratéh T;;,, the energy denominator for the virtual transition
towards the group of final states having the same energy aarough|2(N—1),N") is —AA while ((/2A) is associated

2

2 \
Zf W?impzf f d3k2(zT)3 > ITE™M20(Ejpr Nt 1N —1>
€2

(a)

with the matrix element of the dipole operator between

|2(N),N") and|2(N—1),N"). In Tg?i),, the energy denomi-
nator can be resonant and the fadt@/2A)3 corresponds to

the product of the matrix element of the dipole operator be-
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Q4
T 16A%(57 T4 | 24
The cross sectiow 2 varies with the sign of'. This is a
manifestation of the coherence in the dressed-state basis al-
ready mentioned by Luo and XiB1]. This result, which is
consistent with the curves of Fig. 2, corresponds to the inter-
ference between the paths of Figéa)éand Gb). As a result
the total absorption exhibits a resonance arodhd0 (Ra-
man resonangewith less absorption foAs'>0 than for
A5 <0.

C. Outcome: Amplification without inversion

cy  —eeaaa- I(N), N’ We now consider the case where a small fractB3nof
2N), N the atomgB’'<1) is pumped in the leveb’. In that case the
’ average absorption cross section is

—_ 1 2
Oabs— 0';85‘*' U;lzs_ B’ T amp» (259

_ 3 . r’\?2 T Q)2
a'abs_% A A + 2A
1 02’ N (Q2M0)4—B’
A? 2M%(8'2+T24) T §%+T%4
FIG. 6. Nonlinear absorption processes in the be@; (b)] and (25h)

dressed-atonr) pictures. The path that appears at lower ofdgis

nonresonant while the higher-order te( is resonant. This is the . . .
reason these two terms should be included in the calculation of the All the terms of Eq.(25b) have a simple physical inter-

transition amplitude. Note that these terms are described by just of¥€tation. The first term corresponds to Rayleigh scattering.
diagram in the dressed-atom picture. The first term inside the square brackets is associated with

the nonlinear absorption of Fig.(®. The last term in the
square brackets also has a particularly simple explanation.
. This term corresponds to the Raman resonance between the
2 ’ _ '
(QGZAb), Ely’;tlr)e_rlwatmk(]_elher_nentdﬂ' tpetwftec?;g 118) ’NF'> dressed states, the numerator being the difference of the
and|b’,N, > whic '_S pro(g?r lona [_ . Fi- population of the dressed level associatedbtowhich is
nally, the transition amplitud&;,;, for these nonlinear ab- equal to(Q/2A)* in the perturbative limi{#<1), and of the

£

- — — — — — —

b N, N-] ———————— _ _ _ ___ I(N-1), N'
------- 2(N-1), N'

X

tween |2(N),N’) and |1(N—1),N') which varies as

sorption processes is population of the leveb’ which isB’. This term corresponds
to the nave picture of absorption or amplification due to a
7 T, Raman process. Whe(f)/2A)*<B’ it describes Raman am-
VN dd’” Q o . .
T2 _q@ 4 b VT @19 plification of the probe. However, this term does not describe

L S L K L PRV “h 2A2 X .
everything around the Raman resonance because dhthe
02 terference term(second term in the square bracketgich
+ (23 gives the dispersive line shape. The absorption being reduced
4A(8"+iT12) for A5’ >0, amplification can occur even if there is no popu-
lation inversion. Indeed, we have plotted in Figaj7the
As in the case of the two-level systef9], one finds the populationBj, of the levelb’ at the threshold of amplifica-
occurrence of two perturbation parametdf3/A| which is  tion (o,,=0) versusQ/T" for three values ofé’ (and for
assumed to be small aj@%AT| which is not necessarily A=15). The curves(1), (2), and (3), respectively, corre-
small because one can simultaneously H&/a|<1 and|()/  spond to§'=—I/2, §'=0, and §'=I'/2. The dashed curve
I'|>1. Using the transition amplitudg>, and following the ~ corresponds to the populatigf)/2A)* in the dressed level
same steps that were used from E48) to Eq. (20), one corresponding tab. For large values of)/T", the dashed

finds the cross sectionr'2; for nonlinear absorption of the Curve is above the curv@). In that domain and fos' =172,
probe beam: amplification without population inversion in the dressed ba-

sis can be achieved. By contrast, the same crossing is not
found with the curvegl) and (2): in these cases, amplifica-

X|—1

@_ 3 Q2T 14 0? 2 tion always occurs with population inversion in the dressed-
Tabs~ g7 4A2 AZ AN(S'+iT12) state basis. Figure(@ also shows that amplification with

5 , - population inversion may be easier to achieve than AWI.
3 ,, Q1T [ 06 This is, for example, the case when the cuf@pis below the

“8n A 477 A7 1= 2A(8'2+T%4) curve(3), i.e., for small values ofJT'.
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FIG. 7. () Variation of the population of the levél’ at the threshold of amplification verstBI" for A=15" and for§'=-T1/2, 0, and
I'/2 [curves(1), (2), and(3)]. The dashed curve corresponds to the populat®8A)* in the dressed level associated withAmplification
without population inversion in the dressed-state basis is achieved B{freiiQ2/2A)%. This condition is only fulfilled for the curve 3 when
QIT'>5.7. (b) Variation of the absorption cross sectiggolid lineg and of the amplification cross sectigdashed linesversusQ/T" for
8§ =—-T/2, A=15T", andB’'=2x10"3. The vertical unit is the resonant absorption cross sectidi/Br. (c) Same cross sections but for
& =0. The bold vertical line located arou/I'=6.3 corresponds to the equality betweBhand the populatiori€2/2A)* of the dressed
level. The gain domaifG,) is surrounded by absorption domaims)( (d) Same cross sections but f6r=I"/2. For the lower and the higher
values ofQ)/T" the absorption cross section is larger than the amplification cross section. These domains correspond to probe absorption. The
amplification cross section is larger than the absorption cross section in the daBnaamsl G,. The boundary between these domains is
determined by(Q/2A)*=B’. There is amplification with inversion in domaf®, and AWI in domainG,.

It should also be noticed that the driving field does notatoms in the leveb’ than in the dressed level in the domain
reduce the absorption of the probe field. On the contrary,, this domain corresponds to a situation of gain with
probe absorption increases with the driving field intensity agopulation inversion in the dressed-state basis. In the case of
shown in Fig. 2. However, there can be a range of parametdrig. 7(d) (6'=I"/2), the gain domain is also surrounded by
where the increase of the probe absorption is slower than th&o absorption domains. However, the gain domain is now
increase of the probe amplification and amplification cardivided into two subdomains by the bold line corresponding
then be found. This point is illustrated in Figs(tby-7(d) to the equality of populatiofi(Q/2A)*=B’]. There is thus
where we have plotted the absorption cross sectsmiid  amplificationwith inversionin the domainG, and amplifi-
lines) and the amplification cross sectidtiashed lingsver-  cationwithout inversionin the domainG,. Actually for the
sus QT for 8=-T/2 (b), =0 (c), and §'=I'/2 (d) (the nonresonanV three-level system, the situation of Figdy
values of the other parameters arda=15" and seems to be general for the occurrence of gain without popu-
B'=2x103). In the case of Fig. (b) (§'=—T1/2), there is lation inversion: when we changed the parameters, we never
always probe absorption because the absorption cross sectitund a situation where the domain of gain without inversion
is larger than the amplification cross section. In the case of just surrounded by domains of absorption.

Fig. 7(c) (8'=0), two absorption domainsA) surround a We wish now to make the connection with the two-level
gain domain(G,). The bold vertical line located arous®yI"’  atom case and we consider the simple case where the popu-
=6.3 corresponds to the equality betweRhand the popu- lations are equaB’=(/2A)*. The formula forois then
lation (Q/2A)* of the dressed level. Because there are mor&ery close to the one found for a two-level at§t®]. In the
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two-level atom, there was no external pumping of the uppers in agreement with the result of Wilsat al. [30] but we
level, however, the combined effect of driving field and have shown that this situation is not gendB]. (ii) In fact
spontaneous emission brings some population in the uppéhere is a complementary domain of parameters in which
level and this amount of populatigd8] which corresponds there is gain but no population inversion either in the bare or
to B’ is in fact exactly(Q)/2A)*. The three-level atom appears in the dressed basis. We have calculated the Feynman dia-
thus to be simpler because the incoherent pumping and ttgrams corresponding to transitions between the dressed
reduction of absorption due to the driving field are well sepastates and shown that the origin of amplification in this do-
rated. However, one could also argue that the physics is bamain should be attributed to a destructive interference be-
sically identical to that of the two-level atom provided that tween the diagrams corresponding to absorption. This inter-
one takes into account the fact that the incoherent pumpinference mechanism is almost identical to the one found
of the upper level is also associated with the driving field inearlier in the case of two-level atoms to explain the central

the two-level atom case. resonance of the Mollow transmission spect{d8]. Even if
the physics of a three-leval system is, for this occasion,
IV. CONCLUSION simpler than the physics of the two-level atom, there do not

) _ _ " appear to be major differences between the processes that

In this paper, we have studied the gain condition for apermit amplification or lasing without population inversion.
V-type three-level atom where one branch of thes driven The essential limitation of this work is that the interpre-
by a strong pump field while the other branch is driven by agtion is restricted to the nonresonant driving field situation.
weak probe field. This is not the first paper to deal with thisyowever, this limitation can probably be overcome as in the
topic. The originality of the paper is that on one side the gainyyo-level atom case where the probe gain for a resonant
is calculated both in the bare- and in the dressed-state basdﬁiving field excitation was recently studied by Szyman-
and on the other side that a clear physical picture is given fopyski et al. [33]. They showed that in this case also, ampli-

the amplification without population inversion through the fication without population inversion can occur and can be

basis, we use the density matrix formalism. Our result for the
gain[Egs.(7) and(10)] is identical to the gain condition of
Eq. (35) of Ref.[8(b)], which, however, was discussed only
when both fields are resonant with the atomic transition. On We are indebted to O. Kocharovskaya for a critical read-
the contrary, the discussion here is focused on the offing of the manuscript and constructive comments. Labora-
resonant situation because the calculations are more easilyire Kastler-Brossel is associated with the CNRS. G.G. and
done and understood in the dressed atom in this limit. M.P. would like to thank the EU for partial support and A.

The main results which are obtained in this paper follow.Heidmann for valuable advice. P.M. is supported in part by
(i) There is a domain of parameters for which gain is ob-the Fonds National de la Recherche Scientifique and by the
served without population inversion in the bare-atom basisnteruniversity Attraction Pole program of the Belgian gov-
but with population inversion in the dressed-atom basis. Thigrnment.
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