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Lasing without inversion in three-level systems without external coherent driving
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~Received 22 November 1999; published 17 April 2000!

We have studied an incoherently pumped laser operating with a Doppler-broadened three-level system
placed in a doubly resonant cavity. This system generates two laser fields, one of them without population
inversion. Both ladder and V-type three-level schemes are considered with a ratioR5va /vb of inversionless
laser frequencyva to ordinary laser frequencyvb of R50.67 andR51.88, respectively. Dual-wavelength
lasing extends up to Doppler-broadening values for optical transitions of atoms in a vapor cell. Some consid-
erations for the practical realization of this dual-wavelength laser are discussed.

PACS number~s!: 42.50.Gy, 42.40.Ht, 32.80.Qk
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I. INTRODUCTION

The presence of atomic coherence manifests itself i
wealth of phenomena whose study is a topic of current in
est in quantum optics and laser physics@1#. The essential
feature of these phenomena is that the atomic coherenc
duced in a multilevel system by applying a strong ‘‘drive
laser field modifies the response of the medium to a w
probe field. Among the most interesting of these phenom
is lasing without inversion~LWI !, because of its potential fo
short-wavelength lasing~e.g., in the UV or x-ray spectra
domains! @2#. For conventional lasers of frequencyv based
on population inversion, continuous wave~cw! lasing in
these spectral domains is unpractical because the req
incoherent pump power scales approximately asv4 for
Dopper-broadened transitions or asv6 for natural broaden-
ing @3# due to thev3 scaling of the EinsteinA coefficient. In
LWI a coherent driving field acting on one transition gen
ates the atomic coherence that relaxes the population in
sion condition for laser oscillation in an adjacent transitio
This greatly reduces the minimum excited state popula
required for lasing. In previous theoretical work, as well as
the three recent experimental demonstrations of LWI
atomic vapors@4–6#, the coherence-generating drive fie
was imposed from the outside. In these proofs of princi
experiments the frequency upconversion ratioR[va /vb
~i.e., the ratio of generated laser frequencyva to drive laser
frequencyvb) was either smaller or very close to 1. Th
was dictated by the desire to mitigate or avoid the nega
influence of Doppler broadening for LWI@7#.

Here we consider a Doppler-broadened three-level sys
placed in a doubly resonant cavity~i.e., the cavity is resonan
with both dipole allowed atomic transitions; see Fig. 1! and
driven only by external incoherent pump mechanisms@not
shown in Fig. 1~a!#. We look for conditions such that eac
dipole-allowed transition generates a laser field, one of th
~denoted bya) without population inversion while the othe
~the drive, denoted byb) with population inversion. This
system should be advantageous, especially in the frequ
upconversion regime (R.1), due to the high drive field
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strength available, since the inversionless laser cavity is
tegrated into the drive laser resonator. In fact, it is w
known that Doppler broadening is one of the main difficu
ties for LWI when the frequencies of the laser and dri
fields are substantially different@7,8# and that a possible way
to mitigate this problem is to use a strong drive field su
that the associated Rabi frequency is on the order of
Doppler width @7#. If the drive field is imposed from the

FIG. 1. ~a! Dual-wavelength laser under investigation. The m
terial medium is considered either as a three-level ladder syste
as a V system.~b! Ladder scheme.~c! V scheme.a andb (Da and
Db) are half the Rabi frequencies~the detunings from atomic reso
nance! of the two generated laser fields.g12, g21, and g32 are
spontaneous population decay rates.L andL8 are population trans-
fer rates associated with two incoherent pumping processes.
©2000 The American Physical Society14-1
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outside, such high intensities would be normally availa
only in the form of short pulses. Instead we here study
dual-wavelength laser in the cw regime.

Our system is also interesting from at least another p
spective: While in ordinary LWI systems the drive field i
tensity and detuning are control parameters, here they
dynamical variables and the nonlinear interaction betw
drive and laser fields through the atomic medium could re
in interesting dynamic behavior. However, we mainly restr
ourselves here to study the steady state of our laser sy
and leave its dynamics for future work.

II. MODEL AND RESULTS

Consider a three-level system of the ladder type or th
type @see Figs. 1~b! and 1~c!, respectively# excited by two
incoherent pump mechanisms characterized by unidirecti
rates L and L8. The pump rateL8 is considered large
enough to invert the population at the transitionu2&↔u1&.
On the contrary, the other incoherent pump does not in
the population in the transitionu3&↔u2&. The three-level
system is placed in a doubly resonant cavity@Fig. 1~a!# and
can therefore generate a laser field from the transi
u2&↔u1&, characterized by a Rabi frequency 2b and a de-
tunig Db from atomic resonance. Hereafter we call this fie
the drive field. It generates the atomic coherence that
relax the population inversion condition for laser oscillati
in the adjacent transition. The Rabi frequency 2a and the
detuningDa characterize the coupling of the inversionle
laser field with the atomic medium.

A. Ladder system

To be specific let us consider the Doppler-broadened
der or cascade scheme of Fig. 1~b!. Using standard semiclas
sical methods and the rotating wave, uniform field, a
slowly varying envelope approximations, we find the follow
ing set of Maxwell-Schro¨dinger equations of motion for th
atomic density matrix elementsr i j ( i , j 51,2,3) and Rabi
frequencies 2a and 2b:

ṙ115g21r222L8r1112by12, ~1a!

ṙ2252g21r221L8r112Lr221g32r3322by1212ay23,
~1b!

ṙ3352g32r331Lr2222ay23, ~1c!

ṙ1252@G121 iDb~v !#r122 iar131 ib~r222r11!,
~1d!

ṙ2352@G231 iDa~v !#r231 ibr131 ia~r332r22!, ~1e!

ṙ1352$G131 i @Da~v !1Db~v !#%r131 ibr232 iar12,
~1f!

ȧ52kaa1E g23~v !y23~v !dv, ~1g!
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ḃ52kbb1E g12~v !y12~v !dv, ~1h!

wherer i j [xi j 1 i y i j is the coherence between statesu i & and
u j & andr i i is the population of levelu i &. g21 andg32 are the
population decay rates indicated in Fig. 1~b!. G i j is the co-
herence decay rate; in the so-called radiative limit, wh
there are no dephasing processes, one hasG135(g32
1L8)/2, G235(g211g321L)/2, and G125(g211L
1L8)/2. The velocity-dependent detuningsDa(v) and
Db(v) are given by

Da~v !5Da1sva

v
c

, ~2a!

Db~v !5Db1vb

v
c

, ~2b!

whereDa and Db are the nominal detunings,v the atomic
velocity toward the drive laser beam,c the velocity of light,
and s a parameter that indicates whether the two fields
co- or counterpropagating (s51 or s521, respectively!.
kb (ka) is the damping rate of the drive~inversionless! la-
ser due to cavity losses andg12(v)5N(v)v21m12

2 /2\«0 and
g23(v)5N(v)v32m23

2 /2\«0 the gain parameters for the co
responding lasing transition, wherev21(v32) is the transition
frequency, m12(m23) the electric dipole matrix element
N(v)dv is the density of atoms with velocityv, \ Planck’s
constant, and«0 the dielectric permittivity. Notice that in a
medium with a purely radiative decay as is assumed here
hasg12/g23'R2g21/g32 whereR5va /vb'v32/v21 is the
frequency upconversion ratio. Finally, the detuningsDa and
Db are linked to the cavity detuningsDa

c and Db
c from the

respective atomic resonance (v32 andv21) by the relations

Da5Da
c 2E g23~v !

x23~v !

a
dv, ~3a!

Db5Db
c 2E g12~v !

x12~v !

b
dv. ~3b!

Therefore,Da
c andDb

c are constant control parameters b
not Da and Db which are dependent dynamical variabl
since they are linked, respectively, tox23 and a and tox12
andb. For N(v) we will take the standard Maxwellian dis
tribution

N~v !5
N0

sAp
exp~2v2/s2!, ~4!

wheres is the most probable velocity. To characterize t
velocity distribution we will use the well-known expressio
of the full width at half maximum of the resonance line of
purely Doppler-broadened vapor, given for the inversionl
lasing transition by

DvDa52Aln 2
s

c
va . ~5!
4-2
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LASING WITHOUT INVERSION IN THREE-LEVEL . . . PHYSICAL REVIEW A 61 053814
In the following, for the sake of definiteness, we will u
parameters of a real cascade system in atomic138Ba with
l325821 nm, andl215554 nm, i.e.,R50.67,g3253.5 MHz
andg21519 MHz @9#, which has already been used expe
mentally by Sellinet al. @10#. Other parameters are fixed
the following values:L53.3 MHz, L8525 MHz, ka51
MHz, kb55 MHz, g23513105 MHz2, and g1252.5
3105 MHz2.

1. Homogeneous broadening

For simplicity, let us consider first the case in which Do
pler broadening can be neglected. Mathematically, this c
is obtained in the limits→0, in which the velocity distribu-
tion N(v) behaves as a Diracd function: N(v)→N0d(0).
This means that all the atoms ‘‘see’’ both fields with the
respective nominal detuningDa and Db and, therefore, all
the atoms respond to the fields in exactly the same way.
unsaturated gain parameters to be used now are the
defined above withN(v) replaced byN0.

Since a coherent drive field is required to generate
field a without inversion, we first study the threshold cond
tion for lasing at theu1&↔u2& transition. Takinga and all
time derivatives in Eqs.~1! equal to zero, and solving Eqs
~1a!–~1c! to zeroth order in the fieldb, and Eq.~1d! to first
order inb, the conditionkb,g12y12/b @see Eq.~1h!# reads

kb~Db
21G12

2 !2g12G12n21,0, ~6!

wheren21[r222r11. In the limit kb /g12→0 this equation
simply states that lasing of the fieldb occurs whenn21.0,
i.e., when there is population inversion at theu1&↔u2& tran-
sition, and this requiresL8.g21.

When condition~6! is fulfilled the drive field is generated
The steady-state value of its amplitudeb and detuningDb
are obtained by solving Eqs.~1! to all orders inb, with a
and all the time derivatives equal to zero. Finally, solvi
Eqs. ~1a!–~1d! to zeroth order and Eqs.~1e!–~1f! to first
order of the fielda, we obtain the threshold condition fo
continuous wave generation of fielda (ka,g23y23/a)
which reads

c[ka$b2@b222Da~Da1Db!12G13G23#1Da
2@~Da1Db!2

1G13
2 #1@~Da1Db!21G13

2 #G23
2 %2g23$n32@b2G13

1G23~Da1Db!21G13
2 G23#2bx12@DaG131~Db

1Da!G23#1by12@b21G13G232Da~Da1Db!#%,0,

~7!

wheren325r332r22, x12, y12, andb andDb correspond to
the solution to zeroth order ina. Figure 2~a! shows the curve
c50 as a function ofDa andDb ~or Db

c ). By comparing the
scales of the two horizontal axis at the bottom in Fig. 2 o
realizes that for theb field there is an appreciable frequen
pulling @described by Eq.~3b!# toward atomic resonanc
v21. There is positive net gain (c,0) for detunings corre-
sponding to points inside the domain limited by the cur
c50. As is clearly seen thea-lasing domain extends close t
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the diagonalDa52Db , i.e., close to the two-photon reso
nance condition. This was expected, since it is well kno
that two-photon processes are responsible for inversion
gain in cascade schemes with population inversion at
driven transition@11,12#.

Steady-state solutions of the Maxwell-Schro¨dinger equa-
tions~1!, obtained numerically, are reported in Figs. 2~b! and
2~c!. Figure 2~b! shows the amplitudes of the generat
fields as a function ofDb ~or Db

c ), with Da
c 50. The corre-

sponding atomic populations are plotted in Fig. 2~c!. Here
solid ~dashed! lines correspond to the case in which bo
fields ~only theb field! are generated. It is clearly seen th
b lasing occurs with population inversion (r22.r11) while
a lasing, in the domain limited by vertical dotted lines, tak
place with population inversion neither at the one-pho
transition (r22.r33) nor at the two-photon transition (r11
.r33). Outside this domain there is two-photon inversi
(r33.r11). The small cavity losses and the high gain at t
transitionu2&↔u1&, associated with population inversion, a
low the generation of theb field over a broad detuning rang
(uDbu,324 MHz517g21) with a large amplitude on reso
nance. Notice that in Fig. 2~a! the a-lasing domain extends
up to Db values for which there is emission of theb ~drive!
field @see Fig. 2~b!#. This is not the case in the latter figur

FIG. 2. ~a! The area inside the curve corresponds to the L
domain for thea field in the plane (Da , Db). ~b! Amplitude of the
generated fields versusDb , with Da

c 50. ~c! Atomic populations for
parameters as in~b!. Solid ~dashed! lines correspond to the case i
which both fields~only theb field! are generated. Notice that two
photon inversion is absent only inside the domain limited by ve
cal dotted lines. SinceDb is not a control parameter, we have plo
ted also another scale with the corresponding values of the ca
detuningDb

c . For other parameters see text.
4-3
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V. AHUFINGER, J. MOMPART, AND R. CORBALÁN PHYSICAL REVIEW A 61 053814
because hereDa
c was fixed toDa

c 50. For an ordinary two-
level laser tuned to resonance there are no dispersive eff
If this were the case for thea laser, its lasing domain in Fig
2~b! should extend only toDb values corresponding to th
segmentPQ̄ displayed in Fig. 2~a!. Instead, the lasing do
main is slightly enlarged covering detuningsDb in the seg-
ment P8Q8̄. This is due to the presence of a detuned dr
field which entails a frequency pushing for thea field. No-
tice that this results inDa shifting from resonance whos
sign is opposite to that ofDb . We have also observed tha
the modulus of theDa shift from resonance corresponding
the various points in the domain of lasing in Fig. 2~b! in-
creases monotonically withuDbu. Thus, the frequency push
ing tends to restore the two-photon resonance condition.

2. Doppler broadening

Figure 3 shows results of a numerical integration of E
~1! with counterpropagatinga and b fields, Da

c 5Db
c 50,

DvDa5366.3 MHz, and other parameters as specifi
above. The two incoherent pump mechanisms are switc
on to their constant values att50. As seen in Figs. 3~a! and
3~b!, a buildup of theb-laser oscillation starts soon afte
population inversion at the transitionu2&-u1& has been cre-
ated. This field, together with the incoherent pump mec
nisms, produces a population inversion at the two-pho
transition u3&-u1& @see Figs. 3~b! and 3~d!# and allows the
generation of thea field with a delay that depends slightl
on the initiala0 value taken for the integration. Theb laser

FIG. 3. Time evolution toward the steady state of the genera
fields,~a! and~c!, and the atomic level populations,~b! and~d!. The
two laser beams are counterpropagating,Da

c 5Db
c 50, DvDa

5366.3 MHz, and other parameters are given in the text.
05381
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always operates with population inversion (r22.r11). On
the contrary, the transient two-photon inversion (r33.r11)
disappears in the steady state@see Fig. 3~d!# and one has true
LWI for the a field (r22.r11.r33, i.e., population inver-
sion neither at the one-photon transition nor at the tw
photon transition!. In this configuration the two fields coop
erate: theb field enables the inversionless generation of
a field and this, in its turn, produces an increase of theb
intensity @see Fig. 3~c!# which confirms the fact thata-LWI
is due to two-photon gain processes even without tw
photon inversion.

The negative influence of Doppler broadening in our s
tem can be appreciated in Fig. 4 where we plot the gener
field amplitudes as a function of the Doppler broaden
DvDa , for the fully resonant caseDa

c 5Db
c 50. The intensi-

ties of both fields decrease asDvDa increases and eventuall
a lasing disappears for rather largeDvDa values (DvDa
;1 GHz!. This is easily interpreted with the help of the ins
of Fig. 4, which reproduces thea-lasing domain of Fig. 2~a!.
Taking into account Eqs.~2! it results that the points repre
senting different velocity classes on the lasing domain lie
a straight line passing through the origin with a slope2R
520.67. The length of this line depends on the width of t
velocity distribution. In the inset we have considered t
caseDvDa5210.4 MHz and plotted a line that covers th
domain of detunings corresponding to three standard de
tions in the velocity distribution. Since one has to consid

d

FIG. 4. Amplitude of the generated laser fields as a function
the Doppler broadening forDa

c 5Db
c 50. Other parameters ar

given in the text. The two laser beams are counterpropagating.
LWI of the a field takes place only at the left hand side of th
vertical dotted line. At the right hand side there is population inv
sion for the two-photon transition. The inset reproduces the las
domain of Fig. 2~a!, and the points of the lineCD represent differ-
ent atomic velocity classes forDvDa

5210.4 MHz.
4-4
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LASING WITHOUT INVERSION IN THREE-LEVEL . . . PHYSICAL REVIEW A 61 053814
the contribution of all the atoms simultaneously, it is cle
that a lasing is only possible when the contribution of th
amplifying atoms~those in the segmentAB) overcomes that
of the absorbing atoms~those in the segmentsAC andBD).
Notice also that there is no population inversion at the tw
photon transition only for atoms in the segmentEF. There-
fore, when the Doppler broadening~i.e., the length of the
segmentCD) increases, the velocity-integrated population
level u3& becomes larger than in the ground stateu1&. This is
the case at the right hand side of the vertical dotted line
Fig. 4.

B. V-type system

We consider now that the material medium of the du
wavelength laser can be represented by the V-type th
level system shown in Fig. 1~c!. The Maxwell-Schro¨dinger
equations for this laser can be obtained by changing in E
~1! the terms corresponding to the incoherent interaction
a straightforward manner andDb by 2Db , so we do not
write them here. We will analyze these equations for para
eters appropriate for a V scheme in85Rb involving the tran-
sitions 52S1/2252P1/2 at lb5794.8 nm and 52S1/2262P1/2
at la5421.6 nm, i.e.,R51.88. Other parameters areg12
56.37 MHz, g3251.43 MHz, L51.4 MHz, L8510 MHz,
ka51 MHz, kb510 MHz, g2350.673105 MHz2, andg12
513106 MHz2.

1. Homogeneous broadening

Neglecting Doppler broadening and following the sam
procedure described in Sec. II A 1 we determine the gen
atedb field amplitude@Fig. 5~b!# as a function ofDb ~or Db

c )
and thea-lasing domain@Fig. 5~a!# that is now split into two
subdomains symmetrically located about the originDa5Db
50. Figure 5~c! shows that drive field emission takes pla
with population inversion at the one-photon transition (r11
.r22) while a lasing occurs without population inversio
either at the one-photon transition (r33,r22) or at the Ra-
man u3&↔u1& two-photon transition (r33,r11). Notice in
Fig. 5~a! that for resonant driving there are two regions ofa
lasing symmetrically located about line center. This is
well-known feature of V schemes with population inversi
at the driven transition@11–13#. It is also known that inver-
sionless amplification of thea field in these systems is due t
stimulated one-photon processes@11,12#. This fact qualita-
tively explains the shape of the domains in Fig. 5~a!: At
Db50 the drive fieldb is the strongest and splits symmet
cally level u2& into two dressed states separated by 2b; am-
plification of thea field occurs at any of the two resonanc
involving the upper levelu3& and these two lower dresse
states, and therefore takes place atDa56b. At large enough
Db there isa gain only in the resonance involving levelu3&
and levelu2& light shifted byb2/Db . Therefore,a amplifi-
cation takes place for aDa with a different sign from that of
Db ; moreover, since asuDbu increasesb and the light shift
decrease, theDa values at whicha lasing occurs approac
Da50.
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A comparison of the two horizontal scales at the botto
of Fig. 5 shows that there is a strong frequency pulling of
drive field toward atomic resonance. Finally, Fig. 5~b! shows
the generateda field as a function ofDb ~or Db

c ) with a
cavity tuning fixed atDa

c 52200 MHz. a lasing occurs for

Db detunings corresponding to the segmentP8Q8̄ and not to
the segmentPQ̄ as it would be the case in the absence
dispersive effects. We have observed that these effects
more pronounced near pointP, resulting in frequency push
ing for the a field, while there is frequency pulling nea
point Q.

2. Doppler broadening

The buildup of the two laser fields after the incohere
pumps have been switched on att50 to their constant values
is shown in Fig. 6 for copropagatinga and b fields, Da

c 5

2200 MHz, Db
c 5250 MHz, DvDa5333 MHz, and other

parameters as specified above. Soon after population in
sion at the drive transition appears, theb field increases,
showing relaxation oscillations which also manifest the
selves in the population differencen21 @see Figs. 6~a! and
6~b!#. When theb field alone is close to a steady state thea
field switches on in the absence of either one- or two-pho
inversion@see Figs. 6~c! and 6~d!#. As a -LWI is due to the
predominance of one-photon gain processes, its switching
brings population into the lower level of the driven transitio
which results in a transient drecrease of the drive field. In
steady state, the switching on of thea field gives rise

FIG. 5. The same as in Fig. 2 but now for the V scheme. In~b!
Da

c 52200 MHz. Other parameters are given in the text.
4-5
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through the pumping processL8 to an increase of the popu
lation inversion in the driven transition and therefore to
increase of theb intensity.

Figure 7 shows the amplitude of the generateda and b
fields as a function of Doppler broadeningDvDa for cavity
tuningsDa

c 52200 MHz andDb
c 5200 MHz. The resulting

field detunigs atDvDa50 areDa52213.14 MHz andDb
597.41 MHz, which correspond to pointP in the inset. If
these were the nominal detunings for allDvDa , the points
representing different atomic velocity classes in the in
would lie on the straight line with slopeR51.88 whose
length depends onDvDa . Actually, dispersive effects ar
different for differentDvDa values and this means that n
only the length of the line but also pointP must be changed
in each case. Since only atoms corresponding to points in
segmentQR̄ contribute to gain, one understands thata de-
creases and eventually disappears whenDvDa increases. It
is interesting to remark that thea-lasing domain extends in
Fig. 7 to values ofDvDa;1 GHz, which are typical values
of the Doppler broadening at optical frequencies for a va
cell.

III. PRACTICAL CONSIDERATIONS

Although the study presented in this paper is intended
give a general insight into a novel dual-wavelength laser
operates with population inversion at one of the waveleng
and without inversion at the other, we give below some c
siderations regarding experimental systems in which
novel laser could be realized.

FIG. 6. The same as in Fig. 3 but now for the V scheme. T
two laser beams are copropagating,Da

c 5200 MHz,Db
c 5250 MHz,

DvDa5333.02 MHz, and other parameters are given in the tex
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In Sec. II A we considered a cascade-type system
atomic barium that is a nearly ideal closed three-level s
tem, as discussed in@10#. Our model assumed for simplicity
that an unidirectional incoherent pump mechanismL8 (L)
inverts the population at the transitionu2&-u1& ~excites a
small population to the upper levelu3&). In practice, how-
ever, the pump mechanismsL8 and L must involve addi-
tional levels to which the atoms are first excited an th
decay radiatively or nonradiatively to levelsu2& and u3&,
respectively. Our model applies strictly only when these
cays are so fast that the population of the extra levels ca
neglected. The implementation of incoherent pump sche
in barium would not be an easy task because there are
additional levels close to levelsu2& and u3&. From this per-
spective a cascade in neon atoms is much more conven
@see Fig. 8~a!#. The upper level 3s2 can be easily excited in
the usual way with an electrical discharge in a He-Ne m
ture that produces a population inversion between levelss2
and 2p4. The generated drive field (b) would be in this case
the popular red line atlb5632.8 nm. Since the lifetime o
the 1s4 level is longer that of level 2p4, the population in
this transition cannot be inverted and thea field at la
5609.6 nm could be generated without inversion. The f
quency upconversion ratio for this system isR51.04, which
is very convenient for avoiding problems with Doppl
broadening@8#. Moreover, this system would convert electr
cal input energy into laser output energy. In case the diff
ence in lifetimes of levels 2p4 and 1s4 is not large enough to
assure noninversion at this transition, one could replaces4
by 1s5 (J52). This level cannot decay radiatively to th
ground state1S0. It decays via collisional relaxation and th
can be controlled experimentally. Using 1s5 as the lowera

e

FIG. 7. The same as in Fig. 4 but now for the V scheme. T
two laser beams are copropagating,Da

c 52200 MHz, Db
c 5200

MHz, and other parameters are given in the text. The line in
inset corresponds toDvDa5144.5 MHz.
4-6
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-laser level would representla5594.5 nm, i.e.,R51.06.
As for the V-type scheme in85Rb, the incoherent optica

pumping schemes needed to invert the population at
driven transition and to pump some population to the up
a-laser level could be implemented in the following wa
inspired in the nice papers by Kleinfeld and Streater@14,15#
reporting experiments on potassium–rare-gas mixtures.
relevant85Rb energy levels are shown in Fig. 8~b! where, for
simplicity, magnetic sublevels and upper-level hyperfi
structure are ignored. In this scheme, the drive field could
generated from the transition 52S1/2 (F52) - 52P1/2 at lb
5794.8 nm if there is a large enough population inversi
This can be accomplished by optical excitation of t
52S1/2 (F52) - 52P3/2 transition in a rubidium–noble-ga
mixture. Fine structure mixing of the rubidium excited leve
provides an incoherent population mechanism of the 52P1/2
@14,15# while the lower level of the drive transition is de
pleted by optical pumping to theF53 hyperfine level. In
order to eliminate any coherent coupling between the d
field to be generated and the optical field producing the
citation of the rubidium–noble-gas mixture, this could
realized by means of a noisy diode laser. The inversion

FIG. 8. ~a! Simplified level scheme of neon.~b! Simplified level
scheme of rubidium. Dotted arrows indicate collisional fin
structure mixing of the rubidium excited levels. Other symbols ha
the same meaning as in Fig. 1.
.
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.
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a-laser field would be generated from transition 52S1/2 (F
52) - 62P1/2 at la5421.6 nm. Incoherent population of th
62P1/2 level can be obtained by means of~weak! optical
excitation of transition 52S1/2 (F53) - 62P3/2 followed by
fine-structure mixing of the 6P levels via buffer gas colli-
sions.

IV. CONCLUSIONS

We have studied a model for an incoherently pump
laser operating with a Doppler-broadened three-level sys
placed in a doubly resonant cavity and producing two la
fields, one of them without population inversion. Each la
field couples to only one of the transitions of the three-le
medium. We have studied our model for parameters app
piate to two real atomic systems:~i! a cascade scheme i
atomic 138Ba looking for lasing with~without! inversion at
lb5554 nm (la5821 nm! and ~ii ! a V scheme in atomic
85Rb with ordinary lasing atlb5780 nm and LWI atla
5421.6 nm. These two cases are qualitatively different
that two-photon processes are responsible for inversion
gain in case~i! while LWI in case~ii ! arises from one-photon
processes. Moreover, the ratioR5va /vb of inversionless
laser frequencyva to ordinary laser frequencyvb is R
50.67 for the case of138Ba and it isR51.88 for the case of
85Rb. In spite of the fact that the frequencies of the two la
fields are relatively different, our results show that du
wavelength lasing extends up to Doppler-broadening val
(;1 GHz! typical for optical transitions of atoms in a vapo
cell. In case~i! a lasing occurs without two-photon inversio
only for approximately the lower half of the domain o
Doppler-broadening values. However, in case~ii ! one has
LWI in all the domain. Some considerations for a practic
realization of the dual-wavelength inversionless conventio
laser have been discussed.

Finally, let us mention that we restricted ourselves here
study mainly the cw regime of our dual-wavelength las
However, this system could exhibit interesting dynamic b
havior due to the nonlinear coupling between the two la
fields.
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