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Nonlinear theory of noninversion lasers of an open three-level system

Shi-Yao Zhu,1 De-Zhong Wang,1 and Jin-Yue Gao2
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2Physics Department, Jilin University, Changchun, Jilin 130023, China
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A nonlinear theory of a noninversion laser of an open three-level system based on electromagnetically
induced transparency is given. In this noninversion laser model, a nonselective pumping mechanism is used for
obtaining lasing gain such that the population in the lower lasing level is always larger than a half of the total
population no matter whether the driving field is on or off. In the lasing region, there is no direct pumping to
the upper level. The conditions for the existence of a nontrivial and stable laser field are obtained. The
dependence of the laser intensity on the intensity of the driving field and the ratio of the two decay rates from
the upper level has been obtained, and the ways to obtain a large laser field have been studied.
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PACS number~s!: 42.55.2f
h
la
-
v

he
se
th
I
p

ai
th
c
th
e
ot
e,

th

re
th
n
y
in
th
en
th

t

t
e
r

h

f
pt
per
in

r-
ut
ion,

be

-

it
h-
ity,
ive
y-
tion

e
ys
or
ys-
. A
to
ch

ms
g
vel

n
een
I. INTRODUCTION

Electromagnetically induced transparency~EIT!, which
reduces or even cancels the stimulated absorption w
keeping the stimulated emission unaffected, can result in
ing without inversion~LWI !, which is important in the gen
eration of high-frequency lasers, where the upper lasing le
is difficult to populate. Many theoretical@1–10# and some
experimental@11,12# studies have been carried out during t
past several years on EIT and EIT-based LWI. In a clo
three-level system, the absorption from the lower level to
lasing upper level can be totally canceled by using the E
effect under certain conditions. However, incoherent pum
ing to the upper level is still required in order to have a g
to overcome the cavity and other losses. Furthermore,
incoherent pumping will destroy some atomic coheren
which is responsible for the reduction or cancellation of
absorption. That is to say, the incoherent pumping will d
crease the absorption reduction, and the absorption cann
totally canceled due to the incoherent pumping. Therefor
certain amount of pumping is necessary for having a gain
overcome the absorption as well as the cavity and o
losses. In the early papers@2#, the problem of how to pump
the upper level was not discussed. Later, selective incohe
pumping to the upper lasing level was introduced to get
gain @4#. The selective pumping was optical, which mea
we already have an incoherent light at the same frequenc
the laser to be generated. In order to get sufficient pump
the incoherent light needs to reach a certain intensity. In
generation of high-frequency lasers via LWI, this incoher
pumping is still the main obstacle. Another method to get
gain was suggested to pump the third level~not the upper
and lower lasing levels! from the lower lasing level@6#.
However, this is a forbidden transition, and the scheme
pump this level from the lower level was not discussed.

In the EIT-based LWI systems, noninversion is defined
mean that the population in the upper and the third lev
~say levelsa andc! is less than the population in the lowe
level ~say levelb!, raa1rcc,rbb . However, the population
is dependent on the Rabi frequency of the driving field. T
commonly used definition of noninversion israa1rcc,rbb ,
551050-2947/97/55~2!/1339~8!/$10.00
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when the driving field is on~Rabi frequency not equal to
zero! @2,4#. However, if the driving field is switched of
~Rabi frequency equal to zero! and other parameters are ke
the same, it can be shown that the population in the up
and the third levels would be larger than the population
the lower level~inversionraa1rcc.rbb! @13#. Another defi-
nition @6# of inversion israa1rcc,rbb , when the driving
field is off ~Rabi frequency equal to zero!. Under the second
definition, a pumping to the third level~level c! is necessary.
The transition from the lower level to the third level is fo
bidden, and this pumping is quite difficult to realize witho
other influences in a closed three-level system. In addit
when the driving field is on~Rabi frequency not equal to
zero!, the population in the upper and the third level could
larger than the population in the lower level~inversion
raa1rcc.rbb! @13#. Note that the two definitions are con
tradictory to each other.

Quite a few LWI experiments have been reported. Now
is time to consider how to use the LWI to generate hig
frequency lasers. The key problem, in addition to the cav
is the incoherent pumping. How do you use nonselect
pumping to populate the upper or third level without destro
ing the atomic coherence which is needed for the absorp
cancellation?

A recent study@14# shows that a positive gain can b
obtained with the population in the lower level being alwa
larger than a half, no matter whether the driving field is on
off, in an open three-level system. Moreover, in such a s
tem nonselective pumping can be used for getting the gain
linear theory was given there. In this paper, we would like
extend the previous work to get the nonlinear theory for su
a LWI system.

II. EQUATION OF MOTION

Consider an atomic beam composed of three-level ato
~see Fig. 1!, which is injected into a cavity. Before enterin
the cavity, the atoms are populated in the lower lasing le
ub& and another leveluc&. The transition between levelub&
and leveluc& is forbidden. In the cavity the atoms are drive
by a coherent field on resonance at the transition betw
1339 © 1997 The American Physical Society
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1340 55SHI-YAO ZHU, DE-ZHONG WANG, AND JIN-YUE GAO
levelsua& anduc&, and interact with the laser field resonant
on the transition between levelsua& and ub&. After the inter-
action the atoms exit from the cavity at a rateg. The inter-
action Hamiltonian of the system~the atom, the driving field,
and the laser field! is

HI52D0ub&^bu2\Duc&^cu1\Vua&^cu

1\V* uc&^au1\V0ua&^bu1\V0* ub&^au, ~1!

whereD05vab2v0 andD5vac2v are detunings of the lase
field ~frequencyv0! and the driving field~v!, respectively,
andV0 andV are the associated Rabi frequencies.

The equations of motion for the elements of the atom
density operator are

ṙaa52 iV0rba2 iVrca1 iV0* rab1 iV* rac

2~Wab1Wac1W1g!raa , ~2a!

ṙbb5 iV0rba2 iV0* rab1Wabraa2grbb1Rb , ~2b!

ṙcc5 iVrca2 iV* rac1Wacraa2grcc1Rc , ~2c!

ṙab52 iV0rbb2 iVrcb1 iV0raa2 iD0rab2gabrab ,
~2d!

ṙac52 iV0rbc2 iVrcc1 iVraa2 iDrac2gacrac ,
~2e!

ṙbc52 iV0* rac1 iD0rbc1 iVrba2 iDrbc2gbcrbc ,
~2f!

whereWab ~orWac! is the population decay rate fromua& to
ub& ~or to uc&!, gi j is the off diagonal decay rate betwee
levels i and j , Rb ~or Rc! is the atomic injection rate fo
levelsub& ~or uc&!. Here, we introducedW for the population

FIG. 1. The three-level atom.
c

decay rate from the upper level to other levels, which m
exist in a real atomic system. The equation of motion for
laser field is determined by

V̇05 i ~vc2n!V02
G

2
V02 ig2rab , ~3!

whereG is the cavity loss rate,g is the coupling constant o
the atom for the lasing transition~assuming real!, vc andn
are the frequency of an empty cavity and the frequency
the laser field, respectively.

For simplicity, we letD50 andD050. In the steady case
we get

rab5 iV0a@~gbcgac1uV0u2!~raa2rbb!2uVu2~raa2rcc!#,
~4!

where

a5~gabgbcgac1gabuV0u21gacuVu2!21. ~5!

The populations in the three levels are given by

S raa
rbb
rcc

D 5S A11 A12 A13

A21 A22 A23

A31 A32 A33

D 21S 0
2Rb

2Rc

D , ~6!

where

A1152a@ I 0~ I2gbcgac2I 0!1I ~ I 02gabgbc2I !#

2Wac2Wab2W2g, ~7a!

A1252a~ I 0gbcgac1I 0
22II 0!, ~7b!

A1352a~2I 0I1Igabgbc1I 2!, ~7c!

A21522aI 0~ I2gbcgac2I 0!1Wab , ~7d!

A22522aI 0~gbcgac1I 0!2g, ~7e!

A2352aI 0I , ~7f!

A31522aI ~ I 02gabgbc2I !1Wac , ~7g!

A3252aII 0 , ~7h!

A33522aI ~gabgbc11!2g, ~7i!

and

I 05uV0u2, I5uVu2. ~8!

On substituting the above expressions for the populationsri i
into Eq. ~4!, we obtain

rab52 iV0

A2I 0
21A1I 01A0

B3I 0
31B2I 0

21B1I 01B0
, ~9!

where

A25Rb~Wac1Wab1W1g!, ~10a!

A15Rb@ I ~Wac13Wab13W15g!

12g0g~Wac1Wab1W1g!#

2RcI ~Wac2Wab1W13g!, ~10b!
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55 1341NONLINEAR THEORY OF NONINVERSION LASERS OF . . .
A05Rb~g0g1I !@ I ~2Wab12W14g!

1g0g~Wac1Wab1W1g!]

2RcI ~g0g1I !~Wac2Wab1W13g!, ~10c!

B352~Wac1W12g!, ~10d!

B252I ~2Wac1Wab12W14g!

1g0g~5Wac1Wab15W19g!, ~10e!

B152~g0g1I !@ I ~Wac12Wab13W16g!

1g0g~2Wac1Wab12W13g!#, ~10f!

B05~g0g1I !2@2I ~Wab1W12g!

1g0g~Wac1Wab1W1g!#, ~10g!

with g05gac5gab . From Eq.~9! we know that the condition
of having a positive gain isA0 negative. Because the nu
merator on the right-hand side of Eq.~9! is proportional to
I 0
2, while its denominator is proportional toI 0

3, the lasing
process would be saturated as the laser intensity increase~in
a complicated way!. Equations~9! and ~10! are the basic
equations for the following discussion. However, it is qu
difficult to pick up important physics features by looking
them. In order to have some physical understanding of
problem let us consider two special cases,I@gacg or
Wac@Wab ,g with low laser intensity andW50. At low laser
intensity, Eq. ~9! can be rewritten as rab
52 iV0A0/(B1I 01B0). First, consideringI@gacg, we have

rab5 iV0Rc

~Wac13g!2S~2Wab14g!2Wab

2WabI
,

~11a!

with S5Rb/Rc . From this equation we see that the ga
condition is Rc(Wac2Wab13g).Rb(2Wab14g). The
noninversion conditionRc,Rb will result in the requirement
of the relation betweenWac and Wab . For the case of
Wac@Wab andg we can write

rab5 iV0

IRc2gacgRb

gacg~gacg1I !
, ~11b!

which yields the gain conditionI.Sgacg for the intensity of
the driving field.

In these two specific cases, we saw that the intensity
the driving field and atomic parameters need to meet cer
criteria in order to have noninversion lasing. In the followin
sections, we will study the general dependence of linear g
and laser intensity on various parameters
is

of
in

in

III. LINEAR GAIN

The linear gain of the system is proportional to the imagi
nary part of the density elementrab and is given by

G52g2
A

B
, ~12a!

where

A5Rb@ I ~2Wab12W14g!1g0g~Wac1Wab1W1g!#

2RcI ~Wac2Wab1W13g!, ~12b!

B5~g0g1I !@2I ~Wab1W12g!

1g0g~Wac1Wab1W1g!#. ~12c!

It can be seen from Eq.~12c! thatB is always positive. The
condition of having a positive gain is thatA should be nega-
tive. From the expression forA, i.e., Eq.~12b!, we can see
that A is a first-order function ofI . For I50 we have a
positiveA ~loss for the laser field!. By increasing the inten-
sity of the driving field, we can have a negativeA. For an
intensive driving field~I@g0g!, the condition of having a net
gain becomes

Wac.~4S23!g1~2S11!Wab1~2S21!W. ~13!

It can be seen from Eq.~13! thatWac needs to be at least
three times larger thanWab for a gain without inversion~S
.1!. In general, the condition for having a gain is deter-
mined by A,0. In Fig. 2, we plot the relation between
Wac/Wab and S for having a noninversion gain. Larger
Wac/Wab will lead to larger noninversion~largerS! with a
positive gain.

FIG. 2. The ratio of decay rates vs the injection rates to level
ub& anduc& withW50, g50.01Wac , and different driving fields~a!
V50.2Wac , ~b! V50.5Wac , ~c! V5Wac , respectively.
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According to Eq.~13!, we also plotG in the unit of
g2Rc/gacg as a function of the Rabi frequency withS51.2,
W50, andg50.01Wac , and with differentWab50.001Wac ,
Wab50.01Wac ,Wab50.05Wac , as shown in Fig. 3. There is
a threshold for the Rabi frequency of the driving field. Abov
this threshold we have a positive gain. In Fig. 3 we can s
that there exists a maximum gain. It is becauseA is a first-
order function ofI , andB is a second-order function ofI @see
Eqs. ~12!#. At the point where the system has a maximu
gain, we have

dG

dI
50. ~14!

From Eqs.~11!, we can get the condition for having the
maximum gain,

aI21bI1c50, ~15!

where

a52~Wab1W12g!@2~Wab1W12g!Rb

2~Wac1Wab1W1g!Rc#, ~16a!

b54g0g~Wab1W12g!~Wac1Wab1W1g!Rb ,
~16b!

c5g0
2g2~Wac1Wab1W1g!@~Wac1Wab1W1g!Rb

1~Wac2Wab1W13g!Rc#. ~16c!

Under the condition of Eq.~13!, we havea,0, b.0, and
c.0, which means that Eq.~15! has a positive and a negative
root. Neglecting the unreasonable negative solution, we o
tain the driving field intensity for a maximum gain,

FIG. 3. Dependence of the gain~in the unit ofg2Rc/gacg! on
the Rabi frequency withS51.2,W50, g50.01Wac . Curves~a!,
~b!, ~c! are corresponding toWab50.001Wac ,Wab50.01Wac , and
Wab50.05Wac , respectively.
e

b-

I 15
2b2Ab224ac

2a
. ~17!

Substituting the above solution into Eq.~12!, we can get the
maximum gain. In Fig. 4, the dependence of the maximum
gain onWac/Wab is plotted withg50.01Wac andW50 for
differentS51, 2, 5, 10, respectively. It is clear that the larger
the ratio ofWac andWab , the higher the maximum gain. In
Fig. 5, the dependence of the maximum gain onS is given
with g50.01Wac andW50 for differentWab50.001Wac ,
Wab50.01Wac , Wab50.05Wac , respectively. As expected,
the maximum gain increases as the ratioWac/Wab increases
or the ratioS decreases~equivalently the increasing of the
population in upper levels!.

IV. STABILITY ANALYSIS

For the stability analysis we need to consider the dynami
equation of the laser field, Eq.~3!. Assuming resonance,
vc5n, we have from Eqs.~3! and ~9!

İ 052S 2
G

2
2g2

A2I 0
21A1I 01A0

B3I 0
31B2I 0

21B1I 01B0
D I 0 . ~18!

In the steady state~İ 050!, it can be seen thatI 050 always
is one of the solutions of Eq.~18!. There will exist a positive
solution if certain conditions are satisfied. The positive solu
tion for the laser intensity will be given by

2
G

2
2g2

A2I 0
21A1I 01A0

B3I 0
31B2I 0

21B1I 01B0
50, ~19a!

which can be written as

F~ I 0!5C3I 0
31C2I 0

21C1I 01C050, ~19b!

FIG. 4. Maximum gain~in the unit ofg2Rc/gacg! vs the ratio
Wac/Wab with g50.01Wac , W50. Curves~a!, ~b!, ~c!, ~d! are for
S51, S52, S55, S510, respectively.
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where

C35G~Wac1W12g!, ~20a!

C25Rbg
2~Wac1Wab1W1g!

1G@ I ~2Wac1Wab13W16g!

1 1
2g0g~5Wac1Wab15W19g!#, ~20b!

C15g2Rb@ I ~Wac13Wab13W15g!

12g0g~Wac1Wab1W1g!#

2g2RcI ~Wac2Wab1W13g!1G~g0g1I !

3@ I ~Wac12Wab13W16g!

1gg0~2Wac1Wab12W13g!#, ~20c!

C05g2Rb~g0g1I !@2I ~2g1Wab1W!

1gg0~Wac1Wab1W1g!#

2g2RcI ~g0g1I !~Wac2Wab1W13g!

1
G

2
~g0g1I !2@2I ~W1Wab12g!

1gg0~Wac1W1Wab1g!#. ~20d!

As C3 ,C2 ,C1.0, F(I 0) monotonously increases withI 0,
and, consequently, there is only one possible positive sol
tion. The condition for existing a positive solution isC0,0.

For the stability analysis, we assume that there is a fluc
tuation from the steady state,DI 0, and then examine the
evolution of this fluctuation. ReplacingI 0 in Eq. ~18! with
I 01DI 0 , we get

FIG. 5. Maximum gain~in the unit ofg2Rc/gacg! plotted as a
function ofS with g50.01Wac , W50. Curves~a!, ~b!, ~c! are for
Wab50.001Wac , Wab50.01Wac , and Wab50.05Wac , respec-
tively.
u-

-

1

DI 0

dDI 0
dt

52S 2
G

2
2g2

A2I 0
21A1I 01A0

B3I 0
31B2I 0

21B1I 01B0
D

1
g2I 0

~B3I 0
31B2I 0

21B1I 01B0!
2

3@B3~A2I 0
21A0!I 0

212B3~A1I 01A0!I 0
2

2A2B1I 0
21B2~A1I 01A0!I 0

1~A0B222A1B0!I 01~A0B12A1B0!#.

~21!

For the solution of a zero laser field, the second term is eq
to zero. If the linear gain is larger thanG/2, the first term is
positive, we will have

1

DI 0

dDI 0
dt

.0.

Consequently the zero solution is unstable. If the linear g
is smaller thanG/2, the first term is negative. In this case, th
zero solution is stable because of

1

DI 0

dDI 0
dt

,0.

Now let us consider the nonzero solution. For a nonz
solution we have Eq.~19a!, i.e., the first bracket on the right
hand side of Eq.~21! is equal to zero. From Eq.~19a! we can
obtain (A2I 0

21A1I 01A0),0. Here the fact thatA2, A1, B3,
B2, B1, andB0 are always positive@see Eqs.~10!# has been
taken into account. Consequently, three inequalitiesA0,0,
A2I 0

21A0,0, andA1I 01A0,0 can be obtained~note posi-
tive A2 andA1!. From the three inequalities and positiveA2,
A1, B3, B2, B1, andB0, we can conclude that the secon
bracket on the right-hand side of Eq.~21! is negative and

1

DI 0

dDI 0
dt

,0.

Therefore, any fluctuation will die out, and the nonzero
tensity is stable when the linear gain is larger than the lo

V. LASER FIELD AMPLITUDE „INTENSITY …

After being sure that we can have a nonzero stable la
field whenC0,0, now we analyze the requirement for th
driving field and the atom in order to haveC0,0. From Eq.
~20.4!, we find

D~ I !5I 2G~W1Wab12g!1I @2g2Rb~2g1Wab1W!

2g2Rc~Wac2Wab1W13g!#

1I
G

2
gg0~Wac13W13Wab15g!

1g2Rbgg0~Wac1Wab1W1g!]

1
G

2
g2g0

2~Wac1W1Wab1g!

,0. ~22!

From the minimum value ofD(I ), we can obtain the maxi-
mumG for having a nonzero laser field
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G,
2g2~Rca1a22Rba3a4!24g2A2Rca1a3a5~Rca12Rba4!

gg0a4
2 . ~23a!
ty
r
g

g

cy

er
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in.
he
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e

For G less than its maximum value, we can find a region fo
the driving field intensity, within which a nonzero laser field
can be established

a72Aa6
2a3G

,I,
a71Aa6
2a3G

. ~23b!

In the above, we have defined

a15Wac2Wab1W13g, ~24a!

a25Wac13Wab13W15g, ~24b!

a35Wab1W12g, ~24c!

a452Wac1Wab1W13g, ~24d!

a55Wac1Wab1W1g, ~24e!

a65
G2

4
g0
2g2a4

212Gg0gRba3a42Gg0gg
2Rca1a2

1g4@2Rba32Rca1#
2, ~24f!

a75
G

2
g0ga31g2Rca122g2Rba3 . ~24g!

FIG. 6. The dependence of the stable solution of the laser fie
V0 ~in unit of Wac! on the driving fieldV ~in unit of Wac! with
S51.2,Wab50.001Wac , W50, g50.01Wac . Curves~a!, ~b!, ~c!,
~d! are forG50.01,G50.02,G50.05, andG50.1, respectively~G is
in the unit ofg2Rc/gacg!.
r From Eqs.~23a! and~23b!, it can be seen that not only a
cavity loss below a certain level but also a suitable intensi
for the driving field are needed if we want to get a lase
output. That is to say the driving field should be stron
enough but not too strong. In Fig. 6 we plotV0 as a function
of V with Wab50.001Wac , g50.01Wac , andW50, S51.2
for different lossesG50.01g2Rc/gacg, G50.02g2Rc/gacg,
G50.05g2Rc/gacg, G50.1g2Rc/gacg, respectively. It shows
that there is a region for the Rabi frequency of the drivin
field V where we can have a nonzero laser fieldV0, and
there exists a maximum laser field. When the Rabi frequen
of the driving field is below a threshold, the intensity of the
laser field is zero due to negative gain or the gain is small
than the loss. When the Rabi frequency of the driving field
above a certain value, the laser field becomes zero aga
This is due to the decrease of the gain into a value below t
loss for a large Rabi frequency of the driving field~see Fig.
3!. Here we would like to point out that under the condition
shown by Eqs.~23!, the zero solution is unstable.

When the loss is smaller than the maximum linear gain
there exist two critical Rabi frequencies for the driving field
at which the linear gain is equal to the loss. When the Ra
frequency is out of the region determined by the two critica
Rabi frequencies, the linear gain is smaller than the loss, a
we have a stable zero laser field. When the Rabi frequency
located within the region, the linear gain is larger than th
loss, and we have a stable nonzero laser field.

In Fig. 7, the dependence ofV0 on S is shown with
G50.10g2Rc/gacg, g50.01Wac , W50, V50.3Wac , and

ld
FIG. 7. The stable solution of the laser fieldV0 ~in unit ofWac!

againstS with W50, g50.01Wac , V50.3Wac , G50.1g2Rc/gacg.
Curves~a!, ~b!, ~c! are forWab50.001Wac , Wab50.01Wac , and
Wab50.05Wac , respectively.
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55 1345NONLINEAR THEORY OF NONINVERSION LASERS OF . . .
with Wab50.05Wac , Wab50.01Wac , andWab50.001Wac .
It can be seen that smallS and large ratioWac/Wab yields a
high laser field, and the laser field decreases sharply with t
increase ofS. In Fig. 8, the dependence ofV0 onWac/Wab is
shown with S51.2, g50.01Wac , W50, V50.3Wac , and
with different cavity losses ~G50.1g2Rc/gacg,
G50.05g2Rc/gacg, G50.01g2Rc/gacg!. There is a threshold
for Wac/Wab . Below this threshold the intensity of the laser
field is zero. Above this threshold, with the increase of th
ratioWac/Wab , the laser field increases promptly first and
then slowly when the ratioWac/Wab reaches about 20. When
the cavity loss is small and the ratioWac/Wab is large
enough, we can have high laser intensity.

Assuming that the laser field is weak, we can neglect th
second- and third-order terms in Eq.~19b!, and have an ap-
proximate solution~first-order result!

I 05
2C0

C1
. ~25!

In Fig. 9, we have compared the approximate solution of th
laser fieldV0 given by Eq.~25! and the exact solution as a
function of the driving fieldV with the same parameters as
Fig. 6. We find that the two solutions fit well for a higher
driving field and poorly for a lower driving field. In Eqs.~20!
we can find thatC3, C2, C1, andC0 are the functions of
zeroth, first, second, and third orders ofI , respectively, and
naturally our approximation is nice for a higher driving field

VI. DISCUSSION AND CONCLUSION

Here we would like to consider the conceptual possibilit
of a noninversion lasing experiment based on this model in
beam of He atoms~or heliumlike ions! @14#. The ground

FIG. 8. The stable solution of the laser fieldV0 ~in unit ofWac!
againstWac/Wab with W50, g50.01Wac , V50.3Wac , S51.2.
Curves~a!, ~b!, ~c! are forG50.01,G50.05, andG50.1, respec-
tively ~G in the unit ofg2Rc/gacg!.
he

e
,

e

e

a

level 11S0 is the lower lasing level (ub&) and the triplet state
2 3P1 is the upper lasing level (ua&), while the 23S1 serves as
the third~nonlasing! level (uc&). The laser transition is from
2 3P1 to 1

1S0 with a wavelength of 59.1 nm. The decay rate
from 23P1 to 1 1S0 and 23S1 ~Wab andWac! are 1.763102

sec21 and 107 sec21, respectively. Before the beam is in
jected into the cavity, the atoms are excited to level 23S1.
This excitation can be realized by a discharge followed by
free flight~free decay!. In the discharge the atoms are excite
to all levels, and in the free decay process the atoms deca
1 1S0 and 23S1. In the text, we used@15#

g2Rc /gacg5g2N/gac~11S!5
12pc3

vab

Wab

Wac

N/V

~11S!
~26!

as the unit for the gain and cavity loss,Wac for the unit of the
Rabi frequencies of the driving field and laser field. In ob
taining Eq.~26! we have noticedRb1Rc5Ng for the system
studied above, whereN is the atom number in the cavity. We
assume a low pressure of 0.2 torr for the atomic beam, wh
yieldsN/V57.131021 m23. The coupling constant~also the
decay rateWab! can be increased by using a dc electric fie
due to the mixture with 21P1. The decay rategac is 0.53107

sec21. Consequently, we obtaing2Rc/gacg55.031010

sec21, whereS51.2 has been assumed. In the text we too
G50.01 to 0.1g2Rc/gacg ~or G55.03108 to 5.03109 sec!,
which corresponds to approximately 96.5% to 71.5% mirr
losses with 1 cm cavity length. Therefore, if we have a cav
with a loss of 10%~correspondingG50.02g2Rc/gacg!, we
can have a laser field of Rabi frequency more than 2.03106

sec21 ~in the cavity! at 59.1 nm~vuv!.

FIG. 9. The dependence of the stable solution of the laser fi
V0 ~in unit of Wac! on the driving fieldV ~in unit of Wac! with
S510,Wab50.001Wac , W50, g50.01Wac . Curves~a!, ~b!, ~c!,
~d! are forG50.01,G50.02,G50.05, andG50.1, respectively~G in
the unit ofg2Rc/gacg!. For each couple of curves, the higher one
the approximate solution given by Eq.~25!, the other one is same
with the corresponding curve in Fig. 6.
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The nonlinear theory of noninversion lasers in an op
three-level system based on electromagnetically indu
transparency has been obtained. As shown by our ana
and calculation, this model can give a stable nontrivial la
intensity. In order to realize a stable laser output, the R
frequency of the driving field must be within a certain r
gion, which is mainly determined by the cavity loss. T
dependence of linear gain and the laser intensity on diffe
parameters~the ratio of the pumping rates to the lower lev
and the third nonlasing level (S) and the ratio of the two
decay rates from the upper level (Wac/Wab), and the Rabi
iz.

tt.

s.

r.

e
.

n
d
sis
r
bi

nt

frequency of the driving field! is studied. LargeWac/Wab
value and smallS value~still S.1! are favorable to the lase
oscillation. However, the Rabi frequency of the driving fiel
in order to have a laser oscillation, must be not only larg
than a threshold, but also smaller than a certain value.
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