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Many theoretical and experimental studies’?~8/of the coope-
rative effects in the interaction of atoms and molecules with
a laser field and the vacuum of radiation have been carried
out since the early work on superradiance by Dicke Y, In this
letter we discuss the collective behaviour of N three-level
atoms interacting with two resonant driving fields and an emit-
ted field in the context of double optical resonance {see
fig.1). The analytic expressions for the steady-state population
distribution on the atomic levels and the collective spectrum
of fluorescence are given.

In the cooperative limit N »« the atomic population distri-
bution and fluorescence intensity have a discontinuous beha-
viour at the critical ratio of the driving field intensities.

The N three-level atoms
‘5> are assumed to be concen-—
C“)b trated in a region small
A 3 compared to the wavelength

%&EA), A of all the relevant radia-

tion modes. In the boson
representation of atoms 9/,

12>

S when each atomic level is
C*)Cl— E% compared with boson va-
A= S F]ﬂblC, the master equation
L&)C&A in the rotating frame with
Markovian electriec dipole
and rotating wave approxi-—
mations is of the form’#/
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where p is the atomic density matrix, 2y, and 2y, are radiative
spontaneous transition probabilities per unit time for a single
atom to change from the level |2> to |1> and [3> to |2>, respec—

tively. Q=(QF+Q5)" and tga=0,/Q, ,where Q, and Q, are
the Rabi frequencies for the aLOmlC tran51txons from the level
|2> to |1> and |3> u>|>>.rcspectxvely ,‘-CICJ (i,i=1,2,3),
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where C; and C; are the annihilation and creation boson opera-
tors for the atoms populated on the levels |i>. They satisfy the
boson commutation relations

+
[C;Cj =8y, so LI, oJiepe 1=0, 08,0 -3 8, .

The exact solution of (1) for an arbitrary number of atoms is
unknown. In the case of sufficiently intense (1 ,so that
Q>Ny,, Ny, , (2)

it is possible to develop an approximation scheme that enables
us to obtain analytic results.
After performing the canonical transformation

C, =-——2—Q, +co8aQ, +—~5m3—Q3.
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one can find that the Liouville operator L appearing in equa-
tion (1) splits into two components Ly and L .The component LO
is slowly varying in time whereas L, contains rapldly oscilla-
t1ng terms at frequencies 2 and 49 For intense fields, it
is reasonable to make the secular approxnnatlon, i.e., to re-
tain only the slowly varying part '8/ Corrections to the results
obtained in this fashion will be of an order of (v, N/Q ¥ or
(be/Q)z. The new master equation has the structure.
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here Rn Q Q; (i,i=1,2,3); Ag=Rgg~Ry; 3 p=UpU; where U
is a unitar operator representing the canonical transforma-
tion (3) 71V,

'he exact stationary solution of equation (4) is given by

N = R
i R A W s

IM,R><R,M|, (5)
R=0 M=-R ,~R+2,...
where
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[M,R>is an eigenstate of the opergtors A;, R;;+ Rgs and the
operator of total number of atoms N=J 1+ Jyut Jgg=Ryj+ Rop+ Ryg .
Using the canonical transformation (3) and solution (5),
one can write the stationary population distribution for the

atoms on the levels [3>,!2%and |1>

Ng =<Jgg > =<Ryy> sin®a + <Ryy -, cos¥a,

Ny =<ty >, =<R ;> = -r\]—:-:;_f-'c‘)* _ "
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where
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Here we denote by the symbol <A>, the steady-state value of
an operator A.

In the one atom case N=1 the expressions (6-7) reduce to the
results of the work 127,

One can see from (6-7) that the atomic population distribu-
tion depends only on the ratio of the Rabi frequenc1es Q, / Ql .
For the case of X=1 (i.e., Qp/Qy =(y, /¥,)"? ) the expression
{6) reduces to N,=N2=N3=N/3 . Thus, the three atomic levels
are equally populated.
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Fig.2. Steady-state atomic population on the common

level (per atom) as a function of X . The curves marked 1
to 3 correspond to N = 1,5,50, respectively. The doited
curve indicates the expected behaviour as N - .

The detailed behaviour for the population on the common le-
vel per one atom N,/N 1s shown in fig.2, where N,/N is plotted
as a function of the parameter X. For all finite values of N
one observes a smooth variation of N, /N with X .Tor the coope-
rative limit N ->e the function N,/N has a discontinuous beha-
viour at the critical point X=1, This result is different from
the critical behaviour of resonance fluorescence where the ato-
mic system seems to exhibit a sharp transition reminiscent of
a typical second-order phase transition’?’, The critical point
X=1 1in the three-level case is invariant and does not depend
on N. However, we note that in the limit N-»~ it is also neces-
sary to increase {0 so that the condition (2) is satisfied. One
can also see from fig. 2 that N,/N is zero (population trap-
ping) not only in the case of y =0 (X-+=x ), as in the one atom
case "1 but in the case of X>1 and N+ o too. Now we consider
the collective behaviour of steady-state fluorescence spectrum,
for example the fluorescence spectrum from the upper atomic
transition. Using expressions (3,5) and the method of factori-
zation by Compagno and Persico /7 opne can find the first-order
atomic correlation function {(which is proporticnal te the field-
amplitude correlation function) in the form
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Expression (8) yields the five-peaked structure of fluorescence
spectrum. In the case of X=1 the intensity of each line in (8)
varies as N? while the width of each line is the same as in the
single-atom spectrum. An analogous behaviour for the triplet of
resonance fluorescence in the two~level system was given
in/3:6.7/ The picture changes for the case of X#1.Take for
example the case of X>1 and N>>1 so that XN>>N. In this case
the five-peak intensities of (8) are independent of N, The
widths of the three lines located at the frequencies wyy =wy,
@y, £ 20 are analogous with the width of the single-atom spect-—
rum while the width of two lines located at frequencies

wpy =, £ are proportional to N. In the cooperative limit

N »o: the fluorescence intensity per atom Cé;)(O)./NE.has a dis-—
continuous behavuour at the critical point X=1,

The authors would like to thank Pham Le Kien for helpful
discussions.
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COOBIERKUA, KPATKWE COOBUEHWUA, NPENPUHTH U CBOPHUKW TPYAOB
KOHOEPEHLMANA, W3AABAEMbIE OBBEAWHEHHBIM MHCTUTYTOM AAEPHBIX UCCNE-
NOBAHWA, ABNANTCA OGULIKATLHBIMA MY EIUKALUAMA .

Ccbinkn Ha COOFRWEHWA w NPENPUHTHI OMAU ponkHel cogepwars cne-

aywoune

3NEeMEHTH! :

daMrMnnumn 1 MHUuMansl asToposB,

cokpaleHHoe Haasanue WHcTutyTa /OMAW/ w uHpgewc nyBnukauwmu,
MecTo uagavma /fly6Ha/,

rog uspgaHuA,

HOMEP CTpaHuubl /npu HeobxogumocTu/ .

NMpumep:

1. Mepeyuun B.H. u Op. OHAH, P2-84-649,
Hyb6ua, 1984.

Ccuinkm Ha koHkpeTHyw CTATbIO, nomeweHHyw B cOOpHUKE, AOMKHEI
cogepxaThb:

baMuninm 1M MHULManNsl aBTOPOB,

sarnaBue cBopHuka, nepen KOTOPbIM NPMBOAATCA COKpaleHHe
cnosa: ''"B kn."

cokpaweHHoe HazBanue MHcTutyTa /OMAU/ m mHpekc uapgaHus,
Mecto uapanusa /[LybHa/,

rog “M3pnaHvs,

HOMED CTpaHuUbl.

NMpumep:

Hoanaxoe U.®. B wn. X1 Mexdynapoduni
CUMNOBUYM NO AdepHOU saexmporuxe, OHAH,
13-84-53, Hduybna, 1984, c.26.
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