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The Influence of Driving-field Phase D iffusion on Lasng
without Inversion n a Cascade System
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Abstract The inflence of driving field phase fluctmation on lasing w ihout popultion nverson n a hree-lvel
cascade systan was studied In te rotating wave and sbw ly varyng envebpe approxmatons the dens itym atrix
motbn equatons for the hree-kvel cascade system considered the nflience of driving-fel phase diffusbn &
soved and the exact lnear analytical solutions of the three-kvel cascade system w ih the driving field having the
phase flictuation i the steady state are ob tained The dependence of IW Igain dspersbn and the populations on the
probe field deuning and the strengths of coherent pun ping respectively are examined and sinulated numerically It
was shown from the results of num erical caleu htion about the steady-state soluitions of thiee-level cascade system that
the gain of hsing w ihoutpopulation nversbnw ill be decreased due to driving-field phase-flictuaton The effect can
be can pensated by increased driving-feld ntensities Hovever the effect that LW I gain is decreased due to driving-
field phase-fluctuation can notbe always can pensated by increased driving feld Rabi frequency Lasng w ihou t popu-
laton nvesbn & still obtained even if the lnewid h due to driving-field phase-fluctuaton & hrge enough The pre-
sence of the lnev dth prevents the cascade system fran obtaining a high refractive ndex albng w ith zero absoption

The cascade systen can still exhbit a lager refractive ndex and zew absoptn at he ksser Inev dth The lnev dth
tends to destoy lasing without populatbn nversbn and refractive index enhancenent There & no popuhtion nver
son for he hsing transition and for the drving trans ition under the given conditbn And the condition without popu-
laton nversbn has nothing © do with the variety of linew dth in the steady-state analytical solitbns That is to say

there is not possbility br the cascade systan that a change from lasing w ih populaton nversion to hsing without
populaton mverson can occur with the Inewidh mncreasing or w ih the Rabi frequency of drving-field increasing

The conclisbn & very different from that obtained n other nversion kss lasing systen.
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Introduction

due to its mportant sct

Quantum coherence and interference "' have
led to a number of mportant optical consequences
such as lasing w ithout inversbn ( IW I), electran ag-
netically induced transparency and subrecoil cooling
IW I has attracted much

of atans In particulag
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ence sense and potentially wide app lication H ow—
ever the phase of he driving field is usually as-
sumed to be fked nm any studies on IW I In prae
tice the phase is flucuant The phase diffusion
leads to bss contributions and to a decay of the co-

4 .
herence . Based on the effects of phase fluctuation
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n an open fourlevel systaen wih the wo driving
fields Zhu et al ' found fram the research of an
open fourlevel systen with the single drvng field
that a change fran conventbnal laser to IW I can oe-
cur with the linew idth due to phase flictuaton -
creasng Zhu et al " found that variation of the
Inew dth cannot change the pwoperty of the nver
sbnless lasng of the systen. In the paper it is
studied that the phase diffusion of driving field is
how to infuence on lasing without nversbn in a

three-level cascade system.

2 M odel and LL mear So lutions

Consder a closed three-level cascade systeml7J

wih the ground state | 3) and excited states | 2)
and | 1) as illustated inFig. 1 The tansition | 2y

| 1) of frequency @y is driven by a laser of frequency
wq with Rabi frequency 2€,. A weak probe laser of
frequency @, with Rabi frequency 29, is app lied to
e transition | 3)7 | 2). An ncoherence punp
field of rate 2A s app lied betveen ground state | 3)
and excited state | 2). 2Y; is the spontaneous
decay rate of state | j) (j= 1 or2). The transition
| 1) —| 3) isforbidden If the pobe laser is ampl+
fied through the systan lasing can be established on
he transitbn | 2)7 [ 3). For mnstance, in theH,
molecule the hree-level cascade system is fomed by
IheXlzg (v=1Q j=0) ground state (state | 3),

heB'>, (v=10Q j=1) excited state ( state | 2)),

and theF, FIZ; (v=0Q j=0) excited state ( state
| 1)). The densitym atrix motion equations for the
system are given n Ref [ 7]. Herewe redefine Iy,
=Vi+ Y I'py= L+ A andT'j3=v,+ A For
convenence of calculatbn we have assumed that
Q nEq (1) isreal

|3

Fig 1 A three-lkvel cascade system.

Let P(t) represents the phase fluctatbn of the
drving field i e,
Q = Qpexp/i®(1) ] (1)
The phase is characterized by the folbwing randam
[ 8]
(1) = u(1) (2)
w(t)>=0Q Hereu(t) is
a &-correlated Langevirnoise tem, whose d iffusion

equation ofm otion
with zew average i e,

coefficient gves the lnew dth 2R, of the drving
field ¢ e,

wlt)u(t')d= Rud(t- 1) (3)
Eq (1) is therefore a stochast equatons w ith mut
tp lcativew hite noisg which gwes rise to noise- i
duced drift tems that alter the sem iclassical evolw
ton of the system. In order to clarify the nfluence of
the fnite linew idth we redefne the variables and as

follow s
P = Paexpli®(1)], Ps = P expli®(1)]
(4)
Consequently the density matrk moton Eq (3) n
Ref [7] shoul be averaged over the randam ly fle-
tuating phase That is to say the density matrix ele-
ment@(i j= 1 2 3) must be replaced by <@ ).
W e derive the sam iclassical set of equations for the
stochastic averaged values of (@, > (j= 1~ 3) and
(P2 correct to the zeroth order of the probe fiekd
and for he averaged valies of the polarizations

(@) and {B;) correct to the first order of the

probe fed by usng the method n Refs
[39] ie:
@) =— (Th+ i) Q)+ iQ( RaY- 1))
(5a)
O == [T+ i(A+ A)J P+
Qo (P )= @ (A (5b)

where [}y = I, + R, and D= + R, - Can paring
Eq (3) nRef [7] and the Egs (5),
find that the phase flucuation leads to bss con-

one can

tributions
For he steady state (P 2+ (P)+ (B3 )=1.
W e obtain the steady-state linear solitbns for popu-
lation differencesPy= {3, > - (R ), P»= (B3 -
(P2, and the polarization {@; X
Py = TsTh
Py = kT

(6a)
(6b)
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n (P = Qf (ThNy — My ) MsP oy + TP 32 [ To
(6¢)

Re{Rs) = Qf (MM + LT )NsPo — WP [/ o
(6d)

Detailed expresspns forI; (i= 1~ 10) in the Eqs

(6) are as folbws

N, = HOF;3+ D, Th = ThD - A,
N, =DA - F;3F/12, Ny = DI+ ATy
Ns= /M Mg = A/(Y, = A),

M= 30 Q0 /(MY )+ 2 Ny = (h+ 1) /3
My = (MM + Ty )7, Mo = (M + )7
HereD = A+ Ay, To= @0 /[D*+ T3], and N=

A+ Fii-

3 Discussion and Results

The gain coefficient of the probe field is propor
tonalto ln (P, ). K I (P )> Q the systam ex
hbits gain for the probe fel if ln (G, )< Q the
probe field is attenuated Furthemore the disper
son is detem ined by Re (@, ), Re{» > 0 corre-
sponds to the red shift of the frequency of the probe
field Re{P, ?>< 0 shows the blue dhifl ", The re
fractive ndex ofmedium is proportional to Re{@; ».
Pod= P .
n the three-level cascade systen, one can find fran
the expressions of I, (n= 6~ 9) thatT, > Q There
bre the nequatbns (P ) < {Pn) < (R ) can be
alvays satisfied under he condition that ¥, < A

If he nequation ¥, < A is satisfied

That is to say, there is no possbility for the cascade
systam that a change fium hsng w ith populatbn n-
version to lasing w ithout population inverson can oe-
cur with the linew idh increasing or with the Rabi
frequency of drving-field ncreasng The conclusion
is very different fran that obtaned n other nver
sbnless lasing systﬂn[i e

The plots of In {@, ? /Q, and R e{Py ) /Q ver
sus the probe feld detuning A, are presented as
shown n Fig 2 by using the numerical calcu lation
result ftm Eq (6). Values of paran eters are A =
0995 Y,=1 ¥,=028 Q=10 A =0Q The
popu lations n the three levels is not dependent on

A because I, s(n= 6~ 9) are not as the functions

of pobe-feld deuning Therefore the curves of the

populations m tree levels vs pobe-feld detuning
are notgiven It is found fran F i 2 that

L IW Ican be obtaned and the gain n lasing
without mnversion will decrease as the Inew dth
ncreases 2. The cascade system can still exhbit a
larger refractve ndex and zero absoptbn at the
lesser Inevidth Thereforg¢ the linew idth tends to
destroy IW I and refractive index enhancem ent The

. . . [5 13 B
conclusions accord w ith those n other systan .

10+ R(‘\p\: /{2;

Im{pu)/2(x107)
=)

-5k — Ru=2 p
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Fig 2 m{P,>/Q, andRe(Py ) /Q, vs A,.

Fi 3 illustrates the cuves of gan  population
and populatbn difference versus Qo for variousR
w ith the same valies of systan parameters n Fig 2
but A= —= 12 74 The ladder systan exhbits gan
for he probe laser even if Qo is sufficiently little A t
he manent the incoherence pump fel between
ground state | 3) and excited state | 2) plays a crw
cial role 1 obtaining IW I The maxmun IW I gan
occurs at amoderate Qo Gan decreases till absorp-
ton occurs if Qp ncreases unceasingl. The charae
teristic is different fum that n other three- or four
level systen. The IW I gain for a monochram atic
driving field (R = 0) is larger han that considered
the driving-fied phase fluctuation IW I gainw ill be
decreased due to drving-field phase fluctuation
However lasing without population is still obtained
even if the lnew dth is large enough. The effect can
be campensated by ncreased driving-field ntensites
when Qo is not sufficiently hrgem]

found fran F i 3 that the effect that IW I gan is de-
creased due to drvngfield phase fuctuaton can not

. However one

be alvays canpensated by ncreased Qo vahe It is
not d ifficau It to campreéhend that he popu htion of level
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proper magn itude

4  Conclision

1.0+ (a) " wsome Rph=0

W e have gven an exact steady linear analytical

solution of the three-level cascade system wih the

Im{px)/24x107)

drving field having the phase fuctuaton W e find
fran the numerical resulis of Eq (6) that 1 the

phase diffusbn leads to loss contributions and a de-

cay of the coherent trapping state IW I gain w ill be

(b) decreased because of the presence of driving-fie d

o ow) phase-flictaton The effect can be canpensated by

. e ncreased drving-field intensities However the
3 o P effect that IW I gain is decreased due to driving-fie
& 24t T:::z phase flictuatbn can notbe always canpensated by
2.0t ' Ra= ncreased Q value 2 The presence of the Ine

16 : . = width prevents the cascade systam fum obtaining a

high refractve index abng with zero absorption

Fig 3 I (P, )/Q, Re(P,)/Q, and the populations Therefore the lnew dth tends to destroy both lasing

Q, without nversbn and refractive ndex enhancement

3 The condition without population nversion has

| 1) increases as Rabi frequency of the driving fie d noth ing 1o dow ith the variety of Inew ilth in steady-

ncreases W ith the Inew ith increasng the popu la
! 8 bopt state analytical soliton Accordingly, the variation

ton differences (Px» and Py ) ncrease obvbusly of finite linaw idh cannot change the poperty of the

nevertheless the population of level | 1) decreases iversionless lasing of the system.

evidently w hen the driving field intensity isw ith
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