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Polarization-sensitive population trapping in an optically pumped laser
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We prove that population trapping depends on the relative polarizations between the pump and gen-
erated fields in a double-V laser system. Orthogonal linear field polarizations can lead to total suppres-
sion of emission. An interpretation of this alternative mechanism of inversion without amplification is
given in the context of a dressed-atom formalism.

PACS number(s): 42.50.Hz, 42.60.Lh, 42.55.—f, 42.55.Lt

I. INTRODUCTION

Over the last few years the generation of atomic coher-
ence has been attracting much interest because of deriva-
tive phenomena such as lasing without population inver-
sion and inversion without lasing [1—3] and, very recent-
ly, enhancement of the refractive index in a transparent
medium [4]. Although much effort is being devoted to
the study of the mechanisms that could lead to the gen-
eration of coherent radiation without the necessity of in-
version between atomic levels, considerably less attention
has been paid to the opposite phenomenon, i.e., the
creation of a population inversion between atomic states,
a priori sufficient for the amplification of coherent radia-
tion, which actually does not give rise to this process
[1(a)]. This effect can be related to the accummulation of
population in trap states [5], i.e., states created by the in-
teraction between the pump and the bare states involved
in this process, whose connection with the lower lasing
level is forbidden. Nevertheless, this need not be the only
possibility since, e.g., suppression of emission can be

b
b

achieved via quantum interferences [1,2].
In the present Brief Report we discuss a physical situa-

tion of inversion without amplification which is deter-
mined, among other factors, by the polarizations of the
optical fields acting on the atomic (or molecular) system.
Specifically, we study the influence of the relative polar-
ization of a driving field and a generated field on the
behavior of a double-V system (Fig. 1). This level scheme
corresponds to an optically pumped laser with two M-
degenerate upper levels (with J=1 and m& =21) shared
by the pump and lasing transitions [6]. We concentrate
on situations in which the pump and generated fields are
linearly polarized. Recently we have found strong
differences [7] in the behavior of this system depending
on the parallel or orthogonal relative polarizations be-
tween the two fields: while in the first case amplification
is always possible, in the second case amplification can be
completely suppressed if the relaxation time of the coher-
ence between the two upper levels is above a certain
threshold. This occurs in spite of the existence of popula-
tion inversion in the lasing transition. As will be shown
below, this polarization-sensitive behavior has its origin
in (i) the total suppression of the Raman process in the
orthogonal case (independent of the relaxations) and (ii)
in the different interferences between channels in both
cases. In this Brief Report we give a clear explanation of
these facts in terms of dressed states.

II. MODEL

FICr. 1. Schematic of the four-level optically pumped laser.
EI (El ) and Ep (EL ) are the dextro and levo components of the
pump (generated} field. The bare states ~a) and ~c) have the
same quantum number J=o. The upper bare states ~b) and

~

b') are degenerated states with J= 1 and mz = + 1, —1, respec-
tively.

We consider a four-level medium interacting with a
pump and a generated field of frequencies co& and coL, re-
spectively (Fig. 1). Since this model deals with molecular
transitions between J,=0~Jb =1~J,=0 levels, the
pump (C~) and generated (CL ) laser fields are decom-
posed in terms of their dextro (E~,EI ) and levo (E~,EL )

components, becoming
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H=H0+H),

H()
———(rt[la &co. &al+lc &co, &cl],

H, = —[p,b Epla )(bi+@,b E' a )(b'I

+pb, EL b)(cl+pb, EL lb')(cl]+H. c. ,

(2a)

(2b)

(2c}

where the selection rule hmJ=+1 has been invoked.
The origin of energies has been taken to be that of states
b) and b'), and —

()lcm, and —A'co, are the energies of
the bare states a ) and lc ) in the absence of interaction.

The Liouville —von Neumann equation for the density
matrix is then written

dp l

dt
= ——[H,p]+I p, (3)

I p describing the relaxation and incoherent pump pro-
cesses. We assume that the population relaxation for lev-
el i (i =a, b, b', c} occurs at a constant rate y; and that the
coherence between levels i and j (i,j =a, b, b ', c) decays
with a constant rate y,j. We also assume that y&=y&,
and that in the absence of fields a thermal distribution
with level populations pi) (i =a, b, b', c) exists.

The stationary solution of Eq. (3) in the case of the op-
tically pumped laser (i.e., when this equation is self-
consistently complemented with the equation of propaga-
tion of the generated laser field inside the cavity) has been
recently derived in Ref. [7] for the case of a polarization-
sensitive cavity which imposes the polarization state of
the laser light. Fixed linear polarizations for both pump
and laser fields, either parallel or orthogonal to each oth-
er, have been considered separately. We summarize next
the features of these results that are relevant for the
present Brief Report.

In the parallel case habitual conditions for laser emis-
sion are found (pump and gain parameters must exceed
certain thresholds). In the orthogonal case, however, two
important features are found. On the one hand there is
an absence of Raman contribution to amplification for
any value of the detunings and independently of the value

I

CP(L) =EP(L)+EP(L)

Ep(L) =
& e+ 3p(L )exp[ —i (cop(L)t +Pp(t ) ) ]+C. c.

Ep(L) =—e Ap(L ) exp[ t —(cop(L )t +Np(L) ) ] +c' c'

where A and A
' are real amplitudes, (() and ct)' denote the

corresponding phases, and e+( )=+ I/&2(x+ty) are
the usual circular polarization vectors. The upper molec-
ular sublevels [b(m~ =+1),b'(mz= —1)] are considered
to be degenerate. Within the semiclassical formalism the
Hamiltonian of the system is given by

iiigb & (1+2y b ly, W,b, (4b)

where N; —=p;;
—

pz~. . Condition (4b) is commonly verified
in a Stokes configuration (Fig. 1). Nevertheless, if level a
were the ground state, condition (4b) would not be
fulfilled, preventing amplification (in fact, in this case one
should take into account a more realistic relaxation
scheme including internal relaxations). Thus, if the relax-
ation rate of the coherence p&&. is lower than y&&' the
laser will remain off, independently of the pump strength
and gain parameter. This situation (y» &ybb') is of in-
terest since for pump strengths large enough the station-
ary value of the inversion Db, =—(pbb

—p«)=(pbb. —p«)
turns out to be a positive quantity [7]. Thus it corre-
sponds to the existence of population inversion between
the lasing levels, without the counterpart of
amplification.

Let us remark that in a Stokes configuration and with

y, of the same order of magnitude as y&, y&&' is slightly
larger than yb. Then, since

ybb' (yb+yb')+ bb' yb+rbb'

(where I'„b' describes the dephasing collisions) y» & y'bb".

implies that the contribution of dephasing collisions to
the relaxation of the coherence p&& must be small
enough. This is not a very severe restriction. Now we
proceed to interpret these results in terms of the dressed-
atom formalism.

III. INTERPRETATION IN TERMS
OF DRESSED STATES

In order to obtain the dressed states of our system it is
necessary to work in an interaction picture [8]. Using the
unitary operator

U(t) =expIiH2t/fiI,

H, = —)rt[ a)co, &al+lc)co~(cl],

the Liouville —von Neumann equation becomes

"P = '[H, ,P ]+(rp)—,— (7)

where the overbar denotes this interaction picture, and

of the relaxation rates. On the other hand, in order to
achieve amplification, two additional conditions to that
of the pump and gain parameters must be fulfilled:

N, g+N, t

X, —(1+2y /y, )X,

H3=A
—Ape

iPL—Q eL

—Q eL

(8)
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where hp =cop —co, and hL =coL —co, are the detunings,
and

Pab(a) e+
P(L) g ~P(L) ~

QP(L)
p'ab'(b'~) e—

I
AP(L)

are the Rabi frequencies of the fields, which are taken to
be real. Let us point out that H3 is time independent if
the Rabi frequencies are constant (stationary regime).

We consider the pump field polarized in the x direc-
tlOn, i e 'Q'p Qp (Jab e+ ibab"e )an—d Pp =Pp+7r.
Since we concentrate on the conditions for the emission
of Cr, we take QL =QL =0 in Eq. (8) and diagonalize the
Hamiltonian in order to obtain the eigenstates of the
medium molecules dressed by the pump field. After some
algebra one obtains

H, lb &=olb &,

Hilrg &
=—(&,++&'p+8Q2p)lr~ &, (10)

where

(Ib &+lb&),
2

lr, &=N, Ia&+
2Qp

, (lb'& —Ib&)
b pkQb p+8Qp

I

W(b~c) IQ,. '+QLe 'I'. (12)

In general, these probabilities are not null. Neverthe-
less, for the case of a linearly polarized generated field {aL

(for which AL = AL and therefore QL =O'L if
pb, e+=pb, .e), some of these probabilities can become
equal to zero, depending on the value of the relative
phase PL

—PL. This can be interpreted as the result of
the quantum interference between the lasing channels
b ~c and b'~c which give the contributions
QL exp(if' ) and O'L exp(i Pr ), respectively, in Eq. (12).

In the case of a x-polarized generated field, i.e.,
PL =PL +n(parallel ca.se), it is observed that
W(b +c)=0 and W(r+—~c)%0. Then the states lr+)
are connected with Ic ) via taL, revealing the existence of
Raman processes (since Ia ) is contained in

I r+ ) ). In ad-
dition, it is easy to show that either Ir+ ) or Ir ) is
more populated than I c ) .

Let us concentrate on the much more interesting case
of orthogonal polarizations (PL =PL, 6L is y polarized).

represent the dressed states, and N+ is the normalization
factor.

The transition probabilities from these states to the
lower lasing level Ic ) in the presence of a small signal CL
are, in the Born approximation,

22Qp i/& , i/i. 2W(r+ ~c)~ IQL e —QL e
4Qp+b, pkQhp+8Qp

y, N, b (y, +2rb)N b

r.rb+(r. +2r»rbb
(14)

It is observed that Db" will be positive if and only if
ybb. &y'bb' [the numerator in Eq. (14) was already as-
sumed to be positive]. In the opposite case
(ybb. (ybb')Db, will be negative for any value of the

pump Qp, in spite of the positive values of Db, and Db,
This situation is accompanied by the accumulation of
population in the other dressed states lr+), which, for
this orthogonal case, are trap states.

IV. CONCLUSION

We have shown that amplification in an optically
pumped laser based on a A-type three-level scheme in-
volving an upper degenerate m&=+1 level is strongly
dependent on the relative polarizations of the linearly po-
larized pump and generated fields. The viewpoint of the
interactions in the frame of dressed states has allowed us
to clearly understand the origin of this behavior in terms
of population trapping in some particular dressed states.
The sensitivity to the field polarizations lies in the fact
that the polarization of the generated field selects which
of the dressed states produced by the pump field are con-
nected with the lower lasing level. While in the parallel
case no special features are found, it is not so for the or-
thogonal case. In this last scheme there is an absence of
Raman contribution to amplification, which can be un-
derstood through the destructive interference of the las-
ing channels b~c and b'~c, which disconnects the
lower lasing state Ic ) from the dressed states with projec-
tions on Ia ). Population inversion without amplification
occurs for a relaxation rate of the coherence between the
two M-degenerate upper levels below a certain threshold
ybb'. This threshold determines the possibility of popula-
tion inversion between the dressed states which interact.
Inversion between bare states does not guarantee inver-
sion between dressed states, and this last situation is at
the origin of amplification inhibition in this orthogonal
configuration.

It is worth noting that the conditions found here for in-
version without amplification are different from those de-

In this case W(rz~c)=0 and W(b~c)~QL. Thus,
Raman processes are forbidden since

I
b ) does not project

onto the Ia ) subspace. As is evident from Eq. (12) this
result holds for any set of relaxation parameter values.
On the other hand, the stationary population of the
unique connected state Ib ) is [7j

r. (ybb rb—)N.bQp
Pbb Pbb ~ QP+B+4r. rbrbb'~P ~(QP+2rbb'Y b )

2 2 2 7

(13)

where A =y, yb+(y, +2yb)ybb, and B=2y, yby, bybb.
As is obvious, the largest population in level b is ob-

tained in the limit Qp~ ~. In this limit the population
inversion Db", between the only two states involved in the
lasing process ( I

b ), Ic ) ) is
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scribed in previous works in which the influence of field
polarization was not explicitly taken into account [1—3].
These works correspond to some fixed polarization state
in which all the channels are open. In view of the present
analysis it turns out that in the particular case of the
double-A scheme this population state was in most cases
the parallel-configuration one.

Our results can be used to study lasing action in opti-
cally pumped lasers with a polarization-anisotropic cavi-
ty, in which field polarization (either parallel or orthogo-

nal to that of the pump beam) can be fixed by some ele-
ment such as, for instance, a Brewster-angle plate.
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