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Abstract: The influence o f dr iv ing field phase fluc tuation on lasing w ithout popu lation inversion in a three- leve l

cascade system was studied. In the rota ting w ave and slow ly vary ing enve lope approx im ations, the dens ity-m atrix

m otion equations fo r the three- leve l cascade sy stem, considered the influence of driv ing- fie ld phase d iffusion is

so lved, and the exact linear ana ly tica l so lutions o f the three- leve l cascade system w ith the dr iv ing fie ld hav ing the

phase fluctuation in the steady state are ob tained. The dependence o f LW Igain, d ispersion and the populations on the

probe fie ld de tuning and the strengths of coherent pum p ing, respectively, are exam ined and sim ulated num er ica lly. It

w as shown from the resu lts o f num er ica l ca lcu lation about the steady-state so lutions o f three- level cascade system that

the ga in of las ing w ithou t population inversion w ill be decreased due to driv ing- fie ld phase-fluctuation. The e ffect can

be com pensated by increased dr iv ing- fie ld intensities. H ow ever, the effect that LW I ga in is decreased due to driv ing-

fie ld phase-fluctuation can not be always com pensa ted by inc reased driv ing fie ld Rabi frequency. Lasing w ithou t popu-

lation invers ion is still ob tained even if the linew id th due to dr iv ing-field phase-fluctuation is large enough. The pre-

sence of the linew idth prevents the cascade sy stem from obta in ing a h igh refractive index a long w ith zero absorption.

The cascade system can still exhib it a larger refractive index and ze ro abso rption a t the lesser linew idth. The linew idth

tends to destroy lasing w ithout population inversion and re fractive index enhancem en t. There is no popu la tion inve r-

s ion for the las ing transition and for the dr iv ing trans ition unde r the g iven cond ition. And the condition w ithout popu-

lation inversion has nothing to do w ith the var iety of linew idth in the steady-state ana lytica l so lutions. That is to say,

there is no t possib ility fo r the cascade system that a change from lasing w ith popu lation inversion to las ing w ithout

population inversion can occur w ith the linew idth increasing or w ith the Rabi frequency o f dr iv ing- fie ld inc reasing.

The conc lusion is very d ifferent from tha t ob tained in othe r inversion less lasing system.
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1 Introduction

Quantum coherence and interference
[ 1~ 7]

have

led to a number of important optica l consequences

such as lasing w ithout inversion ( LW I), e lectromag-

netically induced transparency and subreco il cooling

of atoms. In part icular, LW I has attracted much

more attent ion
[ 2~ 7, 9, 11 ~ 14]

due to its important sc-i

ence sense and potentially w ide app lication. How-

ever, the phase of the driv ing fie ld is usually as-

sumed to be fixed inm any studies on LW I. In prac-

t ice, the phase is fluctuan.t The phase d iffusion

leads to loss contributions and to a decay of the co-

herence
[ 4 ]
. Based on the effects of phase fluctuation
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in an open four- level system w ith the tw o driv ing

fields, Zhu et al.
[ 5]

found from the research of an

open four- leve l system w ith the sing le driv ing fie ld

that a change from convent iona l laser to LW I can oc-

cur w ith the linew idth due to phase fluctuat ion in-

creasing. Zhu et al.
[ 6]

found that variation o f the

linew idth canno t change the property of the inver-

sionless lasing of the system. In the paper, it is

stud ied that the phase diffusion o f driving field is

how to influence on lasing w ithout inversion in a

three- leve l cascade system.

2 M ode l and L inear So lutions

Consider a closed three- leve l cascade system
[ 7]

w ith the ground state 34 and excited states 24
and 14 as illustrated in F ig11. The transition 24y

14 of frequency X21 is driven by a laser of frequency

Xd w ith Rab i frequency 281. A w eak probe laser o f

frequency Xp w ith Rab i frequency 28 2 is app lied to

the transition 34y 24. An incoherence pump

field of rate 2+ is app lied between ground state 34

and excited sta te 24. 2Cj is the spontaneous

decay rate of state j4 ( j= 1 or 2) . The transition

14\ 34 is forb idden. If the probe laser is ampl-i

fied through the system, lasing can be established on

the transit ion 24y 34. For instance, in theH 2

mo lecu le the three- leve l cascade system is fo rmed by

theX
16 +

g ( v= 0, j= 0) g round state ( state 34),

theB
16 +

u ( v= 0, j= 1) excited sta te ( state 24),

and theE, F
1 6 +

g ( v= 0, j= 0) exc ited state ( state

14). The density-m atrix mo tion equations for the

system are g iven in Re.f [ 7] . H erew e redefine # 12

= C1 + C2, # 23 = C2 + +, and # 13 = C1 + +. For

conven ience of calcu lation, w e have assumed that

8 2 in E q. ( 1) is rea.l

F ig. 1 A three- leve l cascade sy stem1

LetU( t) represents the phase fluctuat ion o f the

dr iv ing field, i. e. ,

81 = 8 10 exp[ iU( t) ] ( 1)

The phase is characterized by the fo llow ing random

equation o fmotion
[ 8]
:

Uc( t) = u( t ) ( 2)

w ith zero average, i. e. , 3u ( t) 4= 0. Here u ( t) is

a D-correlated Langev in-no ise term, w hose d iffusion

coeffic ient g ives the linew idth 2Rph o f the driv ing

field, i. e. ,

3u( t ) u( tc) 4 = 2R phD( t- tc) ( 3)

Eq. ( 1) is therefore a stochast ic equat ions w ithmu-l

t ip licativew hite no ise, w hich g ives rise to no ise- in-

duced drift term s that a lter the sem iclassical evo lu-

t ion of the system. In order to c lar ify the influence o f

the fin ite linew idth, w e redef ine the variables and as

follow s:

Q12 = Qc12 exp[ iU( t) ] , Q13 = Qc13 exp[ iU( t ) ]

( 4)

Consequently, the density matrix mot ion Eq. ( 3) in

Re.f [ 7] shou ld be averaged over the random ly f luc-

tuating phase. Tha t is to say, the density matr ix e le-

men tQij ( i, j= 1, 2, 3) must be rep laced by 3Qij 4.

W e derive the sem iclassical set of equations for the

stochastic averaged values o f 3Qij 4 ( j= 1 ~ 3) and

3Q124 correct to the zeroth order of the probe fie ld,

and for the averaged values o f the polarizations

3Q134 and 3Q23 4 correct to the first order of the

probe f ie ld by using the method in Refs.

[ 5, 9], i. e. :

3ÛQ12 4 = - (# c12+ i$1 )3Q124+ i810 (3Q224- 3Q11 4)

(5a)

3ÛQ13 4 = - [ # c13+ i($1 + $2 ) ] 3Q13 4+    
i8 10 3Q23 4- i8 2 3Q12 4 ( 5b)

where # c12 = # 12 + Rph and # c13= # 13 + R ph 1Comparing

Eq. ( 3 ) in R e.f [ 7] and the Eqs. ( 5 ), one can

find that the phase fluctuation leads to loss con-

tributions.  
For the steady state, 3Q11 4+ 3Q224+ 3Q33 4S 11

W e ob tain the steady-state linear so lu tions for popu-

lation differencesP 21S 3Q22 4- 3Q114, P 32S 3Q33 4-

3Q224, and the polarization 3Q23 4:
P21 = G6 G9 (6a)

P32 = G8 G9 ( 6b)
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Im3Q234 = 8 2 [ ( G2 G4 - G1G3 ) G5P 21 + G1P 32 ] G10

(6c)

Re3Q23 4 = 8 2 [ (G1G4 + G2 G3 )G5P21 - G2P32 ] G10

( 6d)

Deta iled expressions for Gi ( i= 1~ 10) in the Eqs.

( 6) are as fo llow s:

G1 = G0 # c13+ #23, G2 = G0D - $2,

G3 = D$1 - # c13 # c12, G4 = D # c12+ $1 # c13
G5 = G0 /G, G6 = + / ( C2 - + ),

G7 = 3# c128
2
10 / ( GC1 ) + 2, G8 = (G7 + 1) /3,

G9 = (G6G7 + G8 )
- 1
, G10 = (G

2
1 + G

2
2 )

- 1

HereD = $1 + $2, G0 = 8
2
10 / [D

2
+ #

c2
13 ] , and G=

$
2
1 + #

c2
121

3 D iscuss ion and Results

The gain coefficient of the probe fie ld is propor-

t iona l to Im 3Q32 4. If Im 3Q32 4> 0, the system ex-

h ib its gain for the probe f ie ld; if Im 3Q32 4< 0, the

probe field is attenuated. Furthermore, the disper-

sion is determ ined by Re3Q32 4, Re3Q32 4> 0 corre-

sponds to the red sh ift of the frequency of the probe

field; Re3Q32 4< 0 show s the blue sh ift
[ 10]

. The re-

fractive index ofmedium is proportional to Re3Q32 4.

3Q324= 3Q23 4* . If the inequation C2 < + is sat isfied

in the three- leve l cascade system, one can find from

the expressions of Gn ( n = 6~ 9) that Gn > 0. There-

fo re, the inequat ions 3Q114< 3Q224< 3Q33 4 can be

alw ays satisfied under the cond ition that C2 < +.

That is to say, there is no possib ility for the cascade

system that a change from lasing w ith populat ion in-

version to lasing w ithout population inversion can oc-

cur w ith the linew idth increasing or w ith the Rab i

frequency of driv ing- field increasing. The conclusion

is very different from that obtained in other inver-

sionless lasing system
[ 5, 11, 12]

.

The plots of Im3Q32 4 /8 2 and R e3Q32 4 /82 ver-

sus the probe f ie ld detuning $2 are presen ted, as

shown in F ig. 2 by using the numerica l calcu lation

resu lt from Eq. ( 6) . V alues of param eters are + =

0. 999 5, C2 = 1, C1 = 0. 28, 810 = 10, $1 = 0. The

popu lations in the three levels is not dependent on

$2 because Gn s( n = 6~ 9) are no t as the functions

of probe-f ie ld detuning. Therefore, the curves o f the

popu lations in three leve ls vs probe-f ie ld detuning

are no t g iven. It is found from F ig. 2 tha:t

1. LW I can be obta ined, and the gain in lasing

w ithout inversion w ill decrease as the linew idth

increases. 21The cascade system can still exhib it a

larger refractive index and zero absorpt ion at the

lesser linew idth. Therefore, the linew idth tends to

destroy LW I and refractive index enhancem en.t The

conclusions accord w ith those in o ther system
[ 5, 13, 14 ]

.

F ig. 2 Im3Q32 4 /8 2 and Re3Q32 4 /8 2 vs. $2.

F ig. 3 illustrates the curves of ga in, population

and populat ion d ifference versus 8 10 for variousR ph,

w ith the same values o f system parameters in Fig. 2

but $2 = - 12. 74. The ladder system exh ib its ga in

for the probe laser even if8 10 is sufficiently little. A t

the moment the incoherence pump f ie ld betw een

ground state 34 and exc ited state 24 plays a cru-

cia l role in ob taining LW I. The max imum LW I ga in

occurs at amoderate 8 10. Ga in decreases t ill absorp-

t ion occurs if 810 increases unceasing ly. The charac-

teristic is different from that in other three- or four-

level system. The LW I gain for a monochromatic

dr iv ing field (R ph = 0) is larger than that considered

the driving- fie ld phase fluctuation. LW I gain w ill be

decreased due to driv ing- fie ld phase fluctuation.

How ever, lasing w ithout popu lation is still obtained

even if the linew idth is large enough. The effect can

be compensated by increased driv ing- field intensit ies

w hen 8 10 is not suffic iently large
[ 13]

. How ever, one

found from F ig. 3 that the effect that LW I ga in is de-

creased due to dr iv ing- field phase fluctuation can no t

be alw ays compensated by increased 8 10 va lue. It is

not d ifficu lt to comprehend that the popu lation of level
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F ig. 3  Im 3Q32 4 /8 2, R e3Q32 4 /8 2 and the populations

vs. 8 10.

14 increases as Rab i frequency o f the driv ing fie ld

increases. W ith the linew ith increasing, the popu la-

t ion d ifferences (P 32 and P21 ) increase obv iously,

neverthe less the popu lation o f level 14 decreases

ev ident ly w hen the dr iv ing fie ld inten sity is w ith

propermagn itude.

4 Conclusion

W e have g iven an exact steady linear ana ly tica l

solution of the three- level cascade system w ith the

dr iv ing fie ld hav ing the phase fluctuation. W e find

from the numerica l results o f E q. ( 6 ) tha:t 1. the

phase diffusion leads to loss contributions and a de-

cay of the coherent trapping state. LW I gain w ill be

decreased because o f the presence o f driving- fie ld

phase- fluctuation. The effect can be compensated by

increased driv ing- field intensities. How ever, the

effect that LW I gain is decreased due to driving- fie ld

phase fluctuat ion can no t be always compensated by

increased 810 value. 2. The presence o f the line-

w idth preven ts the cascade system from obtaining a

high refractive index a long w ith zero absorption.

Therefore, the linew idth tends to destroy bo th lasing

w ithout inversion and re fractive index enhancemen.t

3. The condition w ithout popu lation inversion has

noth ing to do w ith the variety of linew idth in steady-

state analytical so lu tion. According ly, the variation

of finite linew idth canno t change the property of the

inversion less lasing o f the system.
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驱动场相位扩散对三能级梯型系统无反转激光的影响

朱孟正, 赵春然
*
, 张  峰, 尹新国, 戴建明

(淮北煤炭师范学院 物理系, 安徽 淮北  235000)

摘要: 在旋波、慢变振幅近似下,求解考虑了驱动场相位扩散后的系统密度矩阵运动方程, 并给出了这个三

能级梯型系统稳态线性解析解。利用得到的稳态线性解析解分析驱动场相位扩散是如何影响该系统输出无

反转激光的。对稳态线性解析解数值计算的结果显示:由于驱动场相位扩散会导致无反转激光增益减小;即

使由于驱动场相位扩散引起的线宽足够大,在该系统中仍能够获得无反转激光; 线宽往往是破坏无反转激光

产生和折射率的提高; 因驱动场相位扩散导致无反转激光增益的减小,并不是总能够通过增大驱动场的 Rab i

频率得到补偿。

关  键  词: 原子相干; 无粒子数反转激光; 相位扩散; 梯型系统
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