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Amplification without inversion in a medium with collisional dephasing
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Amplification without inversion in the presence of collisions in V afdsystems is studied within the
framework of density-matrix formalism. We show that while it is possible to achieve amplification without
inversion close to Raman resonance in both systems, it is affected by collisions in a different way. In the V
system, collisions enhance quantum interference, whereas ik fiystem they quench it. This effect depends
crucially on the collision characteristics, essentially on the relative values of the collisional relaxation rates for
the Raman coherence and for the optical coherences. Fdr $fgetem, different incoherent pumping processes
are studied: pumping via the upper level and direct pumping between the two low-energy levels. The direct
pumping process is interesting for the frequency up-conversion of the coherent and incoherent pump fields.
Furthermore, with direct pumping the gain always occurs without inver§&t050-294{9)09101-3

PACS numbdps): 42.55—f

I. INTRODUCTION radiation can have a frequency higher than the coherent

pump, the majority of previous models assumed that inco-

Extensive recent studies of amplification and lasing with-herent pumping supplies energy not smaller than that of am-
out inversion resulted in a good understanding of basic prinPlified (generatefiphotons. In this work, on the other hand,

ciples and experimental verification of the main theoreticalVhen discussing various possibilities of incoherent pumping

predictions[1]. While the underlying mechanisms of ampli- for.theA scheme, we also consider a system with pumping
fication without inversion(AWI) already seem to be well which does not populate the upper state but couples the fow-

. ; . . _energy levels directly. Such a process may lead to a full
understood, some of its aspects still require further St”d'e%p-conversion with respect to coherent and incoherent

One example is a detailed understanding of the role of CO'pumps.

lisions in AWI and in lasing without inversiolLWI), be- Our results are not limited only to collisional dephasing.
cause of their importance in any real experiment with a denseyther phase-destroying processes, like phase diffusion of the
medium. coherent pump, could have an impact on AWI which should

It is the aim of this paper to provide an analysis of thepe described along similar lines as elastic collisions. In some
dynamics of two basic three-level models of AWI-LWI, the cases, effects due to finite laser linewidths due to phase dif-
V and A schemes, subjected not only to coherent and incofusion can be modeled by appropriate substitution rules for
herent pumps but also to elastic, dephasing collisions. Tthe relaxation constants in a very similar way as for the
bring out the salient features of such a phase perturbation, wédephasing collisiong3]. Hence we hope that the present
neglect other possible effects of collisions on atoms, likeanalysis could also be useful for many experiments on AWI
quenching and/or atomic velocity changes. Quenching colliperformed with nonmonochromatic lasers. For instance,
sions could be trivially accounted for in our formalism by there was recently much interest in experiments with cold
appropriate additional terms in the relaxation constants oftoms, including electromagnetically induced transparency
energy-state populations. The velocity-changing collisiong4]- Though collisions are not very effective at low tempera-
need not be considered when analyzing experiments pe];ure, the effect of phase diffusion of light fields still could be

formed with an atomic beam or with trapped atoms. observed under such conditions. .
Similar to an earlier paper on the V systéi, our analy- The paper is organized as follows: in Sec. Il we introduce

sis will be performed in the bare-state basis as well as in thgqe forrr_1al|sm for_ the V system, ca_\l_culate the probe bea”_‘
dressed-state basis. The present paper, however, is a Substgﬂg_orptlon for_vanous detailed cond|t|0_ns, and present physi-
tial extension of Ref[2] as it concer;ls both V and cal interpretation of the results. In particular, the role of col-

schemes and takes into account an important additionA|IS|onaIIy assisted quantum interference is discussed in de-

mechanism, i.e., dephasing collisions which are inevitable iﬁa'lr; In Sec. I“' IWte atcki‘opt thg fogmallsmbof S?.C' I fordtbre |
many practical situations. We will demonstrate that colli- scheme, calculate the probe beam absorption, and analyze

sions have a dramatic effect on AWI in the two schemes:various possible schemes of incoherent pumping. We end by

while collisionally established quantum interference plays aummarizing the results in Sec. IV,

very important role in the V system, surprisingly this is not Il. AMPLIFICATION WITHOUT INVERSION

theocase fmhthe\ S9herge' " he orincioal ad ASSISTED BY DEPHASING COLLISIONS IN A
ne of the main a Vantages, If not the prlnCIpa advan- THREE-LEVEL V SYSTEM

tage, of AWI-LWI mechanism over standard lasing mecha-
nisms is the possible frequency up-conversion. While it is We consider a closed three-level V system consisting of a
generally realized that in AW(LWI) amplified (generatel  common ground leveh and excited leveld andb’. The
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b’ Ho=%wo|b)(b|+ 7 we|b’)(b'[,
H,=— 24Q(e '“!|b)(a|+e'“!a)(b]), 2)

Hi == 340" (e""""[b')(al+e" |a)(b’]).

In Eq. (1), term {dp/dt} describes the relaxation and
incoherent pumping of the populatiofggs. (3)] and the
coherence$Egs. (4)] of the density matrixp:

d
a &Pbb =—Tppp,

FIG. 1. Scheme of the energy levels of the V syst@me the d
text for notation. (apb’b’] = —T"pyryy+ R (Paa— P )s A3)

intense fielckE of frequencyw interacts with the atoms on the

a-b transition of frequency,, and the weak probe field’ _ o ,
of frequencyw’ inte?acts v%i)toh the atoms on tfmb’ transi- [apaa] =~ R(paa=poro) T pppt I porey
tion of frequencyw/ (Fig. 1).
The radiative lifetimes of the excited statesandb’ are d
1T and 1I'', respectively. Apart from radiative relaxation, {ﬁpii] =—Lijpij, 4)

the atoms are exposed to collisions. We assume that the ac-
tive atoms are perturbed by a buffer gas and that collisiongvith
are dephasing in nature, inducing a decay of the atomic op-

tical coherencep,,, andp,:, and of the Raman coherence Ppa=(I+R")/2+ ypa,
Pub » but not of the atomic state populations. The collisional o .
contribution to the relaxation rate of the atomic state coher- Fpia=T"12+ R+ ypa, ©)

ence between levelsandj is denoted byy;; . Furthermore,
an incoherent pumping of levél’ from level a is admitted
with a rateR’. We neglect any movement of atoms, and

therefore also the velocity changing collisions. For the analy'dependent contributions to the overall relaxation rates

sis of such case we refer the readers to IReif. :
. ' , , and vy, are real. Then we can write
The two light fields are detuned from resonances by quan?2?’ ¥ab bb

be/:(r+rl +R,)/2+ Ybb' -

To simplify the calculations we assume that the pressure-

tities A= w—wo andA’ = 0’ — wg . We assume thdt\| and Yar= P,

|A’| are much larger than the widtHs and I'’, but |A

—A’| remains small compared ta| and|A’|. The differ- Yan =B'P, (6)
ence of detuningg=A—A’ is the detuning for the Raman

resonance between the two levblandb’ in the absence of Yoo =(B+ B —7¥)p,

the pump fieldE. The resonant Rabi frequency associated
with the field E (E’) is defined asQ=dE/% (Q' where p is the buffer gas pressure andis limited to the
=d’E'/#), whered (d’) is the matrix element of the elec- range G<y<2yBg’ [6]. Itis important to notice that due to
tric dipole momentD betweena andb (a andb’). Q' is  the minus sign in the last of Eqé5), elastic dephasing col-
assumed to be much smaller thax/| andT"’. lisions do not always increase relaxation of the Raman co-
We have studied the probe beam absorption per atsdm, herencepy,, . In particular, wherg= " andy has its maxi-
under these conditions. The calculations are carried out usin@um value, the collisional contribution to the relaxation rate
the standard density-matrix approach to all ordefS amd to ~ Of pyy is zero. This has profound consequences for electro-
the first order inE’. We have shown that AWI can occur in magnetically induced transparency and amplification without
a V system in the presence of the dephasing collisions. In théversion of the systems considered in this paper. Below, we
perturbative limit <|A|), we have given a physical inter- perform our calculations fog= " and study two limiting

pretation for the gain mechanism. casesy=0 andy=28. Wheny=0, the Raman coherence
ppp 1S destroyed just as the optical coherenegsandp,y,,
A. Density-matrix approach and this case is referred to as the case of collisional dephas-
ing of the Raman coherence, whereas 4ot 23 the rate
1. Probe transmission through a driven V system yb is null and the coherengs,,,, not affected by collisions
The master equation for the case studied is (in this case there is no collisional dephasing of the Raman

coherence The assumptiorB=p’ is just for the sake of

simplicity, and by no means limits the applicability of our
(1) treatment. The specific value aof on the other hand, de-

pends on the particular collisional perturbations of the given
with atomic states. The more closely the wave functions of states

d —_—
dt?~

dp

1
ZHotHi+H 1+ 511
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b andb’ resemble each other, the closer the value f to

its maximum, 2/8B'. Cases of a very weak collisional
dephasing of the Raman coherence are quite frequent, e.g., ir
the cases of Zeeman coherences, as demonstrated in numers
ous Hanle-effect and pressure-induced-extra-resonance ex-s
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perimentq 7].
In the absence of the probe fief =0, the zero-order
solutionsp(®) of the master equation are

o Al+si2)
Paa =11 g1+ A)

(0)_A—S/2 7
Pob =1 g2(1+A) ™

o (1=A)(1+s/2)
Porb'™ 1 g2(1+A)

iQ )
O 7 (50 _ (0)ya—iet 8
Ppa 2[1_,ba_iA:|(Par:1 pbb) (8)
with
R +T'
A=1-B'=— (9
2R+ T
and
r 0?2
Szﬁ—z. (10
r A2+Fba

A is the population of the ground state B’ is the popula-
tion of levelb’ in the absence of the intense field=0),
ands is the saturation parameter.

To first order in the probe field amplitude’, the density
matrix can be written ag®+p®), wherep®) is linear in
E’. The master equatiofEqg. (1)] for p*) then becomes

d

1 1
P V= [Hot Hip T+ IH] p@1+

d

— 0

T ] (11
We are particularly interested in coherenm%)a, which

gives the linear probe absorption. Solving Efjl) we ob-
tain, in the steady state,

' 0z

1) _ (0) _ (0) % 0)_ (0 7 | g-ie't
Ppra— ZZ'ER (Paa Pbrbr)5+(Paa pbb)4z* e '
(12

with
A=A+iT,, (129
A'=A"+iTy,, (12b
5=6—iTpy , (120

Or= (129

QZ)
S+ — | =il .
4R b
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FIG. 2. Metastabléd’ case:I'’ =10 °T". Probe absorption co-
efficient vs the probe detuniny’/T" for three values of)/T" (0, 3,
and 5 and no incoherent pumping. Pump detunikig 20I". This
figure is drawn for collisional dephasing of optical coherengps
=pB'p=0.1I" and no collisional destruction of the Raman coher-
ence (y=2p0).

Quantitiess and 8, are the resonant denominators for the
Raman resonance between levendb’ in the absence and
in presence of the driving field, respectively. In the limit
considered in this papdiA|,|A’|>Tpa.pra,| 8], and in the
perturbative limitQ<|A| we find dg~ &' —iTy, with &’
=56+ Q2/4A.

The absorption of the probe field per atoat, is related

1) .
to pé,)a.

1"/

a'= Imapi)];) eiw’t_

a

(13

Equations(12) and(13) are valid whatever the respective
values ofl'" andI are. In the following we distinguish two
cases: the first case, when leélis much longer living than
level b, I"<I'(I'"=10°T"), is called the metastablb’
case; the second case, when the lifetimes are efjual[l’,
is called the short-livind’ case.

2. Electromagnetically induced transparency (EIT)

We first study the situation without incoherent pumping
(R'=0), i.e., when all the atoms are initially in the ground
state in the absence of any coherent field.

(8) Metastable b case(I''<TI'): In Figs. 2 and 3 the
frequency dependences af’ versusA’ are presented for
A=20I'. Figure 2 applies to the case of no collisional
dephasing of the Raman coherenge 28, i.e., yp,=0. It
should be noticed in this figure that a dispersive feature ap-
pears in the absorption coefficient around the Raman reso-
nanceA=A’', resulting in a reduction of the absorption
(EIT) for 6'>0 (whenA>0). A similar dependence af”
versusé’ has been predicted in other papers on collisional
effects in three-level systemi,8]. It has also been predicted
for the case without collisions, but then the presence of the
intense field increases overall absorption even in the mini-
mum of the dispersive shappg]. Figure 3 applies to the case
of collisional dephasing of the Raman coherenge 0. This
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FIG. 3. Same parameters as in Fig. 2, but for equal dephasing of FIG. 5. Short-livingh’ case:I'’=T". Probe absorption in the
the optical and Raman coherences=0). presence of collisions p='p=0.5T") vs detuningA’/T" for
three values ofQ)/T" (0, 3, and %, no incoherent pumpingR’

time, absorption is modified around the Raman resonancé, 2) Pump detuningh =20I", and no collisional destruction of the

but o” does not depend on the sign &f and increases with Raman coherencey(=25).

Q. 3. Amplification without inversion in the bare-state basis
(b) Short-living B case (I''=T"): Without collisions,
only an independent of’ decrease of the absorption can be
observed for thd''=I" case, as shown in Fig. 4 for the

pump detuningA =20I". Recall that, for the metastable
case, under the same collisionless conditions, a dispersi\fﬁ
feature is observed around the Raman resongBteThe

presence of collisions causes that this dispersive feature aRsyel b’ (Fig. 6. Optical coherences are destroyed by colli-
pears also fof"’=TI". In Fig. 5 we present a variation @' gjons put the Raman coherence is not. We search for the
around the Raman resonance, assuming a collisional dephaé*hplification of the probe beam, i.e., for negatiwt. In-

ing of optical coherences but no colligional (_jephasing of th‘%jeed, when we increase the initial populat®hof level b’
Raman coherence. We observe a dispersive feature of thiyer a certain threshold, an amplification occurs. Ebr
amplitude comparable to the linear absorption, and that the gT this threshold value B}, =6.27x 10"2. The condition
presence of the intense beam reduces absorptiod’el0 g/ <1 clearly indicates amplification without inversion in
and leads to EIT. In cases whertakes some value between ine pare-atom basis.

the two limits (y=0 andy=2B8"), the Raman resonance

To obtain not merely transparency of the medium, but
some gain, incoherent pumping of leu®l must be present
(R"#0).

(a) Metastable b case(I'' <I"): The pump beam detun-
g A is set to 20", and we plota” versusA’ for the pump
intensity Q=6I" and for a varied initial populatio’ of

of o” takes some intermediate form corresponding to re- xto* \J
duced EIT.
2
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o | | | FIG. 6. Metastableb’ case:I''=10"°T". Probe absorption vs

18 19 20 21 22 detuningA’/T" in the presence of collisiong3p= B’ p=0.1") and
for no collisional destruction of the Raman coherenge=@p);
Q=6I" andA=20I". The effect of incoherent pumping is shown:

FIG. 4. Short-livingb’ case:I''=T". Probe absorption in the the curves are drawn for the population of le¥gl incremented
absence of collisions vs detuning /T" for two values ofQ/T" (3 from 6.2<10 2 (uppermostto 6.3< 10 2 (lowes, with a step of
and 5 and no incoherent pumping; pump detunifvg- 20I". 2X1075. There is gain folB’'>B/,=6.27x10"3,

Probe detuning AT’
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x10* The energies of the dressed-atom levels inside the multi-
plicity are then, respectively, equal to

-
T

Ell,N,N'>:h

QZ
No+Nw' +—],
4A

(=]

2

Q
EIZVN,N/>=h (N_l)a)+N’w’+ﬂ)0_ E), (15)

Probe absorption coefficient o
\
T

Esnny=A(No+(N'—1) o'+ o).

The difference of energyin # units) between levels

2 3'5 |1,N,N") and|3,N,N") is nearly equal t\’, and the differ-

ence between the level8,N,N’) and |2N,N) is nearly

equal to 8" =6+ Q%4A (Q<|A|). In the situation consid-
FIG. 7. Short-livingb’ casel’ =TI". Probe absorption vs detun- ered here|3N,N’) and|2,N,N’) are nearly degenerate.

ing A’/T in the presence of collisiong8p=8'p=TI") and for no Since the amplification of the probe beam can be attrib-

collisional destruction of the Raman coherenge=@23); Q=13 uted to the Raman process starting from le@N,N’) and

and A=35I". The effect of incoherent pumping is shown: the ending in Ievel|2,N,N’>, with stimulated emission of a pho-

curves are drawn for the population of le#l incremented from  ton »’ and absorption of a photoa, amplification without

6.8X 10 * (uppermost to 7.8<10 * (lowesd, with a step of 2 jnversion occurs in the dressed-state basis if populatign

X107 3. The gain occurs foB'>B/,=7.48<10 2, of level |3,N,N’) is smaller thanr,, the population of level

|2N,N’). To calculatew, it is necessary to calculate the

(b) Short-living b case(I''=T"): In this case a higher pumping term due to collisions. We assume that before a

pump detuning and higher Rabi frequency are required t@ollision the atom is in statgl,N,N’), which corresponds to

achieve gain without inversion for a small initial population the ground state, and we want to calculate the state of the

in level b’. The parameterd =35" and()=13I" are taken  atom after the collision. In the impact limit, the effect of the

to plot absorption(Fig. 7) and, again, the initial population collision is just the dephasing of the amplitude of each

B’ of the levelb’ is varied. Optical coherences have colli- atomic statg10,11], so that after the collision, the dressed

sional relaxation rateg’p=gBp=1I', and no dephasing of atom is in the stat¢¥ ) equal to

the Raman coherence is assumed. Gain without inversion in

the bare-state basis is obtained in the presence of collisions, , _igp O )

this time even for a broader detuning range than in the pre- [We) =la,N,N")+e ﬂ|b'N_1yN )

viously described metastable case.

Probe detuning AT

!

4. Amplification without inversion in the dressed-state basis +e'® E|b' N,N'"—1). (16)
It is interesting to check whether the gain discussed above
also occurs without population inversion in the dressed-atom State| V) differs from |[1,N,N’), in particular there is
basis. The eigenstates of the dressed-atom Hamilt¢@jdn =~ some probability of finding the atom in std@&N,N’). The
a given multiplicity are denoted1,N,N’),[2N,N’), and pumping rate due to collisions is equal(t,,), the average
|3,N,N’) and are linear combinations of the bare-atom statesf R,,=|(2,N,N’|¥.)|? over all possible collisions. Foy,y,
[i,N,N"), wherei=a, b, b’ andN (N’) is the number of real, this rate is equal tOR,,) = (2%/2A%)y,,. The total
photons in the mode of the puniprobg beam. In the per- pumping rate is then given by the sum(&,,) and the term
turbative limit, 2 <|A|, and forA >0 the dressed eigenstates I'({2/2A)* which is due to the radiative cascade fr¢inN
are expressed in terms of bare states as +1,N’) to |2,N,N’). Becauser,;~1, m,, the population of
level |[2N,N’) is almost equal to Q22A2)(Bp/T)

Q +(Q/2A)* and m3~B’. Thus amplification occurs without
|LN,N"y=]a,N,N") + ﬂlb,N— 1N") inversion if we have
Q' , QZ Bp QO 4
+E|b'N’N -1y, Bgﬁ?Jr(zA - 17

0 For the conditions of Fig. 67, is equal to 5<10 3,
N _ % / BUENT which means that, according to E@.7), gain occurs with
2NN = 2A NN+ [b,N=1N"), (14 inversion in the dressed-atom basis. For a higher pump in-
tensity Q=8I", the amplification threshold value By,
Y =3.88< 103, population, is equal to 9.&10 3, and
|3N,N"y= — —a,N,N’)+ |b’,N,N’ —1). thus gain occurs without inversion. Similarly, for the condi-
2A’ tions of Fig. 7 @p=T"), 7, is equal to 7 102, the thresh-
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b b coupling with the probe field. The transition amplitude of the
m;ion second process has a Raman resonance when the two levels
----------------------- b |2N,N’) and |3,N,N’) have the same energy, i.e., féf

=0. Since the quantum states of the two fields and the in-

collision
""""" , ternal degrees of freedom are the same in the initial and final
® © states for the two pathways of Fig. 8, one must consider the
® ® possibility of interference when calculating the total transi-

tion probability. As the atom undergoing collision is not iso-
lated, this must also involve its external degrees of freedom,
in particular the kinetic energy exchanged between the active
——— e — atom and its collision partnd8]. In the first pathway the
energy received by the atom is equal sy
—Ej1n,nry - In the second pathway, which involves photons
(@) (b) N, : .

of an intense field, the atom receives an energy equal to

FIG. 8. (a) Direct collisional excitation of leveb’ with absorp-  Ej2n.ny ~Ejznnry - IN order to have the same exchange of
tion of a photon of the probe fiel@b) Collisional excitation of level ~ Kinetic energy for each pathway, we must heligy n)
b followed by a two-photon transition fromto b’. =Ejasn,nry, €., 8"=0. In that way the independent condi-
tions for interference and the Raman transition happen to be

old populationB;,=7.48x 10"2, and we observe gain with the same. _ .
inversion, however, already fg8p= 1.3, 7, increases to Thzese two pathways, which have comparable amplitudes
9.1x 102 whereasB/, = 8.92x 1072, and this is the case of for Q. (FAA~«1, _must be mcludeq ina calcule}t]on of the t_otal
gain without inversion also in the dressed-state basis. tran.s!tlon. amplitude. The transition probability for a given
collision is then equal to the square of the modulus of the
sum of the amplitudes associated with each pathway. The
total single-atom coefficient of absorption aided by collisions
1. Amplification is obtained by summing such transition probability over all

We first consider the process in which the probe beam i%c;le“?i'r?gs' and by normalizing the result to the photon flux.
0

amplified. In the bare-state basis, this process corresponds

B. Physical interpretation

the stimulated Raman transition frdm to b followed by the v o 4

L " , 2" [B'p Q Bp
spontaneous emission of a photeg on the transition from = —t
b to a. In the dressed-state basis the same process corre- A\ A 4A%(48%+T?) A
sponds to the transition frod3,N,N’) to [1LN—1,N’), con- -
nected with the spontaneous emission of a phatgn For _ 05 P (20)
Q'<(Q, the gain connected with this process for a single A(45'2+T2) A )7

atom in theb’ state is
The comparison between the nonlinear cross section ob-
Q\2 TT1/ tained in the radiative limif2] and the preceding result
(X) m (18) shows that the process induced by collision dominates over
the purely radiative processes @?/(4A%)<pBp/T. In the
following, we will assume that this condition is fulfilled, and
will call this casethe collisional limit The last term in the
There are several processes which lead to absorption @bove expression, proportional &8 and yp, results from
light of a given frequency. The first process is the residuathe interference between the pathways of Fig. 8.
linear absorption of a far-detuned ligtRayleigh scattering

no __
again_

2. Absorption

process with the single-atom absorption coefficient 3. Outcome: Amplification without inversion
2 We now calculate the average absorption in the case when
- F_ (19) a small fractionB’ of all atoms B’'<1) is pumped into the
Rayleigh |, | ~ level b’ and the rest remains in state In the collisional
limit this is
There are two absorption processes aided by collisions.
The first one, represented in Figagin the bare-state basis, a"= aRayieigit ¥con™ B’ Again, (21
corresponds to a direct collisional excitation of lelelwith
absorption of a photorw’. In the dressed-atom basis the Q2 Bp ,
same process corresponds to the collisionally induced transi- r\? 2I'B'p (Q)? A2 T B
tion from [1,N,N") to [3N,N’). There is a second process ~ &"= NS (E) ,W
which corresponds to the collisionally aided excitation of

level b, followed by a two-photon transition frorh to b’

[Fig. 8b)]. In the dressed-atom basis this corresponds to a a\2 or's

collisional transfer from leve|1,N,N’) to level |2,N,N"), _(_) Lo . (22
followed by a transition from2,N,N’) to |[3,N,N’) due to A) A(46'24T?)
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tively, to I' and I'", and there is an incoherent pumping
process with ratR (R’) from stateb (b') to the excited
state and/or directly between statesand b’ with rater.
Similarly to the V scheme, we neglect velocity effects.

Such a configuration with two coherent fieldss0, and
no dephasing collisions was considered by Imamoglu, Field,
and Harrig12] who showed that AWI is possible for certain
values of the parameters. Agarwal3], Lounis and Cohen-
Tannoudji[14], and Cohen-Tannoudji, Zambon, and Ari-
mondo[15] gave a physical interpretation of the mechanisms
responsible for AWI in this configuration. They showed that,
in the system of Fig. 9, gain is due to a destructive interfer-
ence between two absorption amplitudes of the probe field,
associated with the transitions between stateand two
states of the atom dressed by tadield. The gain is due to
a stimulated Raman process between the two differently
o . ) ] ~ populated ground levels, the difference of population being

All the terms in this equation have a simple interpretation:c5,sed by the asymmetry between the population and de-
the first one corresponds to the Rayleigh scattering, the Segopulation rates ob andb’.
ond one corresponds to the linear absorption aided by colli- \ye study EIT and AWI in theA system in the off-
sion[Fig. 8a)], and the third one corresponds to the Ramanegonant case, and show how collisions destroy the interfer-
process between the dressed-atom levels, the numerator Rg;ce, which is the essence of the observed amplification. We
ing the difference between the population of the levelghgy, nevertheless, that close to the Raman resonance, gain
|2N,N") (the dressed level associated with le@] which  \yithout inversion in the bare- and dressed-state bases is also
the population of the leve’, which is equal taB’. When We consider various models of the incoherent processes.
(Q?/2A%) (Bp/T)<B’, the Raman process leads to amplifi- First we concentrate on the case analyzed in Ref, with
is not the only relevant contribution around the Raman resogonsider other incoherent population schemes, in particular
nance. An important role is also played by the last term inyymping via a fourth level in a doubl&-system, and direct
Eq. (26), resulting from the collisionally induced quantum ransfer of population between levéisindb’, which can be
interference, and having a dispersive line shape. Wien  accomplished either by magnetic dipole transitions or nonra-
#0, the absorption is reduced fars’ >0, and amplification  gjatively. The interest of such pumping schemes consists in
can occur even |f there iS no pOpulation inVerSion. The |aSEhe use Of |ow_energy incoherent pump|ng Th|s a”ows en-
term is most important when there is no collisional dephasergy up-conversion with respect to both coherent and inco-
ing of the Raman coherence, i.e., whertakes its largest herent pumping processes. The calculations are carried out in

possible valueyy=2BB". However, even for other, inter- the density-matrix approach.
mediate, values of, the role of collisionally induced quan-

tum interference terms in EqR0) and(22) is not negligible.
We have thus shown that amplification can be achieved ) ) o i ]

when a small fraction of the atoms is pumped in lebél _ The evolution of the o!ensr[y matrix in the conﬁguratu_)n

This amplification occurs for large detunings and close to thdS deduced from Ed1), given above for the V configuration,

Raman resonance. There is a range of parameters where thi% changing the signs ab, o', o, andwy . In this opera-

amplification occurs without inversion either in the bare-stateion the complex detuningd, A’, and § are changed into

basis or in the dressed-state basis. Using an approach simildre opposite of their conjugate. Tednp/dt} describes the

to the one used in the radiative c42¢, we have related this relaxation and incoherent pumping of the populations and

amplification without inversion to a destructive interferencecoherences:

between two absorption pathways induced by collisions.

FIG. 9. Scheme of the energy levels of thesystem(the nota-
tion is defined in the text

A. Density-matrix evolution

apaa] =—(I'+ 1—”)Pala"' R(Pbb_Paa) + R,(Pb’b’ _Paa)a
1. AMPLIFICATION WITHOUT INVERSION

IN THE PRESENCE OF COLLISIONS d

IN A THREE-LEVEL A SYSTEM [apbb} =I'paa— R(ppp—Paa) ~ T (Pob— Pbrpr), (29

In this section we discuss conditions of amplification

without inversion in a three-levelA-like system(Fig. 9 E —T'p. R B " B
consisting of two ground levelsandb’ and an excited level arPee’ [ =1 Paa™ Ri(poro = paa) #1(pop= Poror),

a. The atomic system interacts with an intense pump bEam

on the b-a transition, and with a probe beaf’ on the d

coupledb’-a transition. The field detunings are defined as in {apij] =—Tijpy, (24)

the V case. The atoms can decay from state b and from
a to b’ by spontaneous emission with rates equal, respeawith
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=T +T"+2R+R’ +1)/2+ Bp,
oy =(C+T'+R+2R +1)/2+ B'p, (25)

be/:(R+ R’+2r)/2+(18+ﬁ’_ ’y)p

In the above equations, both the rates included in the mode

of Ref.[12] (R, R") and in the direct pumping moded) are
taken into account. Solving for optical coherenm&%fa, in
the A system we obtain

!

1 _ _

(0) (0) _
Papr =

(0) 3 0
(Phry = PSR) O+ (phy — Py

QZ
—iw't
Paa)m e’
(26)

2A"5:
with the notation defined in Eq12).

B. Electromagnetically induced transparency

In the absence of a probe beam but in the presence of d
intense beam, atomic populations depend on pumping an
relaxation processes. In the case considered here, in the pré]s-
ence of an intense beam but for no incoherent pumphg (

=R’=r=0), all the atoms are in leved': pfﬁ)b,:l, pQ)
=p9=0. Consequentlypglb), is equal to
Q-
1 _ —iw't
,=——=—=—0¢€ . (27
Pav ™ 5% e

If we explicitly write 5=6g— Q%/4A’ in the preceding for-

mula, the optical coherence can be expressed as the sum of

two terms:

p<1>:_(9_'_
ab 2R

0’02

— | e i’ 28
8<A'>Z?SR> © 29

Similarly to Ref.[14], the first term in Eq.(28) can be
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FIG. 10. Probe absorption vs detuniadd/I" in the A system
without collisions(solid line) and with collisions(dashed line8p
=B'p=6x10"°T", andy=0). =0.3 andA=1.5". In the ab-
sence of collisions, the absorption decreases to zero for the Raman
sonance conditiom=A". In the case of collisions that do not
phase the Raman coherenge=23), the absorption curve does
ot differ from the collisionless case.

coherence y=28), the absorption curve does not differ
from the case without collisions. This shows clearly that the
effect of collisions on the electromagnetically induced trans-
parency depends critically on the valueyfsimilarly to the
case of V system analyzed above.

C. Amplification without inversion—no collisions, different
pumping schemes

The probe-beam absorption coefficiertt, corresponding
to the model of Ref[12], i.e., forr=0,R#0, andR’ #0, is
presented in Fig. 1&), and the results for the alternative
direct pumping procesR=R’'=0 andr #0 are presented in
Fig. 11(d). As can be seen by a comparison of these plots,
the process of direct pumping yields gain comparable to the

attributed to the direct Rayleigh process, and the second or@se of pumping via stae.

to the Raman transition between levblsandb displaced by
the presence of the intense beam, followed bylke tran-
sition. In the absence of collisiong€0) and for Raman
resonancef{=A’), 5 is equal to zero; hence, in view of Eq.
(27), coherencep;lb), =0. The curves of Fig. 10 show” as a
function of A’ for I''=0.9I", A=1.9I", andQ=0.3". The
solid curve corresponds tp=0. As expected, absorption

We find it instructive to expand the gain curves of Fig.
11(a) into the purely absorptive contributioaZ, o< (pyp
—paa) and the one due to the Raman scatterioy, .,
<(ppp— Paa)- IN Figs. 11b) and 11c), we present such an
expansion fofl=I" and ) =4I". The two contributions to
the total absorptiom” have their extreme values at different

frequencies: the gain is centered on the real pad-ofver-

disappears at the Raman resonance due to the destructiigal lines in Figs. 1tb), 11(c), 11(e), and 11f)], whereas the
interference between two quantum pathways. The dashedsorption contribution is given by a slightly asymmetrical
curve in Fig. 10 shows the effect of dephasing collisionscurve. The asymmetry has its origin in the destructive inter-

which affect both the optical and Raman cohereng® (
=B'p=6x10"°T", and y=0). Absorption is positive for

ference which reduces the absorption at some intermediate
frequency betweemw; andw,, wherew, , are frequencies of

any value ofs in the presence of collisions. We define the the transitions betweeb’ and the state$l,N) and |2N),

effective excitation rate from leved asI',= 3sI. For the

dressed by the strong fielel. ForA>0, these dressed states

values of the parameters of Fig. 10, the collision rate is mucfire equal to

smaller tharl’, but is comparable tb',=1.2X 10 °T". Thus

the Rayleigh process is not affected by collisions, but the
Raman contribution is reduced, because the relaxation rate
I'yp is different from zero and of the order f,. Conse-
quently, the fully destructive interference between the two
contributions cannot occur on Raman resonance. On the
other hand, if there is no collisional influence on the Raman

|1,N>=cos(§ |a,N>+sin(§) |b,N+1),

(29

|2,N) =—sin(g |a,N)+cos<§> |b,N+1),
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FIG. 11. Probe absorption vs detuniag/I" for A=5I" andI"' =0.5I', and for different incoherent pumping schemes. Rla)s(b), and
(c) are drawn for pumping via the upper state wkk R’ =0.1I" andr =0, whereas plot&d), (e), and(f) refer to direct incoherent pumping
with R=R’=0 andr=0.1I". Plots(a) and(d) show dependences of th&(A’) curves on(), plots(b) and(e) present expansions ef’ into
agdA’) andagmafA’) for Q=T and plots(c) and(f) show the same faf =4T". For Q=TI when pumping via the upper stdigot (b)],
the net gain is dominated by the Raman gaith inversionbetweenb andb’, and there is no gain when pumping diredpftot (e)]. For
Q=4T in both pumping schemdsplots (c) and(f)] the gain is weaker than in pl¢b), but isinversionlessand centered at some frequency
betweenw; and w, (see tex), rather than on the Raman resonance.

whereN is the number of photons of the field, and¢ is s different from the gain curve shift. This difference results

defined by tanp=Q/A. Here we neglect the effect of dress- in the asymmetry of the net gaie’, e.g., forQ=4TI in Fig.

ing by theE’ field sinceE’ <E. 11(c). For still higher() the gain contribution decreases. This
When() increases, the splitting between the dressed statesan be explained by the effect of optical pumpibg-a

increases, and the whole gain curug, ., shifts toward —b’ by the driving field which empties thHestate and popu-

larger values ofA’. There is also a shift of the intermediate lates theb’ state with a rate proportional i, and hence

1/

frequency at which absorptiomy,,sis minimal, but this shift increases the absorptiari, for high (.
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FIG. 13. Probe absorption vs probe detuning in the presence of
collisions forA=5I", Q=3I", andI"'=0.5I", and different inco-
herent pumping schemega) Pumping via the upper state with
R=R’=0.1I", andr=0 [as in Figs. 1(a)-11(c)]; (b) direct inco-
herent pumping wittR=R’=0 andr=0.1I" [as in Figs. 1ld)—
11()].

FIG. 12. Map of maximum gainX10 %) depending on the
detuning and Rabi frequency of the driving field fof=0.5" and
for different pumping schemesa) represents pumping via the up-
per state wittPR=R’=0.1I" andr =0 [as in Figs. 1(a)-11(c)]. The
shadowed area corresponds to the ceitle inversionbetween state
b’ and other statespy, <<0.5. (b) refers to direct incoherent
pumping withR=R’'=0 andr=0.1" [as in Figs. 11d)-11(f)], = populations ofa andb. The same ratio is obtained when one
where all gain(negativea”) is inversionless considers inversion between stateand dressed statékN)

and |2,N) [Egs. (29)]. For a negligible population of state
|1,N), the inversion criterion is the same as of the V scheme.

In the case of direct pumpindrigs. 11d)—-11(f)] the ab-  In Fig. 12a) the limiting value ofp,=0.5 is marked by a
sorption contributione,s, shown in Figs. 1¢e) and 11f),  solid line, and the part of the plot which corresponds to the
remains large, because, in contrast to the previous case, ifVersion, pypr <paatppp, IS grayed out. For incoherent
coherent pumping is not able to deplete tilelevel below transfer via another excited leval, which also forms a\
B’=0.5. It can also be noted that the gain contribution issystem with theb and b’ states, but lies lower thaa
similar in both cases. (doubleA schemgthe contour plots are very similar to those

We have investigated the dependence of the maximurof Fig. 12a), so we do not display them here.
possible gain on the driving field Rabi frequency and detun- In Fig. 12b) (direct ground state pumpingone can no-
ing for the two pumping mechanisms. In Figs(d2(pump- tice that the standard Raman gain, associated with inversion
ing via the upper stajeand 12b) (direct pumping we plot  ppr<pppt paa. IS absent; hence the whole gain area is
these dependences in the form of contour plots. For eacinversionless. There is also another, qualitative difference
point of these plots the probe-beam frequency is chosen tbetween Figs. 1) and 12b): in Fig. 12b) the area of the
maximize the gair(gain maxima correspond to the minima largest amplification is centered around=0 for relatively
of absorption in Fig. 11 small Rabi frequencyQ~1.4I"). This can be explained by

The whole area of Figs. 18 and 12b) is inversionless if the properties of the interference mechanism in the absorp-
one considers inversion just between stateanda. In fact,  tion profile: the generalized Rabi frequengf2?+ A? must
since it is the two-photon Raman transition that is responnot be too large, otherwise the dressed states are split too far
sible for gain, it is more appropriate to consider a differentand there is no interferenda the former, Raman, case, the
criterion of inversion than in the earlier parts of this work. interference plays no such crucial role, so the gain can also
We take the ratio between population lof and the sum of be achieved at large Rabi frequengies
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D. Amplification without inversion—influence of collisions was associated with inversion, becomes inversionless in
Similarly to the V scheme, we have investigated the in-Presence of collisions. This indicates that collisionally as-
fluence of the dephasing collisions on the amplification in the>!Stéd quantum interference of various absorption channels
A system. In this case, however, no principally interesting®/@yS @n important role in such lasing systems, similarly to

features appear with respect to the V system. The collision€2lier desirlbeﬂ pressure-induced extra resondiges
that destroy only the optical coherendésit not the Raman . Wheny=25=2p", i.e., for dephasing collisions which
pu Coherencecause only a small change of amplification, destroy only the optical coherences and do not contribute to

even if the collision rategp is comparable with the width of (e relaxation of the Raman coherence, and wfgnbe-
level a (Fig. 13. This collisional gain reduction is larger for €0MeS comparable to the to_ta_l rela_xat|on rates of optical co-
pumping via the upper staf€ig. 13a)], but very small for herences, the effect of collisions is more important for V

direct pumpingFig. 13b)]. In both cases collisions shift the SYS!EMS than fon systems. _ o
frequency of maximum gain toward smalldr. The gain Since, in the three-level systems considered in this paper,

vanishes completely when collisions also destroy the Ramaf} IS the Raman scattering that is responsible for the gain, the

coherence 4=0), so thaty,,, becomes of the order df upper-state population plays an entirely different role than in
' bb P standard lasing systems. In particular, its population does not

directly influence the gain. The'-b flow of population, nec-
essary for sustaining the gain in tikesystem, need not be
We have shown that under conditions of elastic dephasingia the upper level, but via any of lower-lying excited
collisions, AWI can be achieved in V antl systems, deter- levels, or even direct. This is of considerable practical im-
mined the conditions under which this is possible, and disportance for achieving frequency up-conversion with respect
cussed detailed relevant mechanisms. We analyzed the offe both coherent and incoherent pumps, i.e., the situation
resonant situation, where gain occurs close to the Ramawhen each of the pumps has an energy lower than the am-
resonance. In the presence of incoherent pumping the gapiified radiation. We have shown that these low-energy
can be without inversion due to the destructive quantum inpumping configurations indeed yield gain, which turns out to
terference in absorption. The criteria of inversion are dis-be inversionless for any values of relevant parameters. It
cussed in the bare-atom basis as well as the dressed-at@hould be remembered that such a possibility of incoherent
basis. pumping by using routes other than lewelhas also been
In both systems dephasing collisions, in general, reduceoticed by other authorEl6], but, as far as we know, its
the gain, with an efficiency which is controlled by the valuespractical potentials for frequency up-conversion of incoher-
of the pressure-related relaxation coefficie8fs3’, andy.  ent optical pumping have not been appreciated so far.
Nevertheless, we found profound differences between the ef-
fect of collisions on the V and\ systems. For example, in
the short-livingb’ case [’ =T") of the V system and when ACKNOWLEDGMENTS
y=2B=2pB", AWI is possible in the presence of collisions  This work was partially supported by the European Union
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