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Cavity electrodynamics has been one of the central topics 
of quantum optics in recent years. Interesting new aspects of 
single-atom single-mode behaviour have come to light. These 
effects include, for example, the enhancement /I' and suppres- 
s i ~ n / ~ * ~  of spontaneous emission. The exact solution for the 

1 one-photon-transition spontaneous emission from a two-level 
atom in a detuned damped cavity has been deri~ed/~*~/ . In the 

I present paper we treat an analogous situation with multipho- 
I ton resonance. * 

In the rotating-wave approximation the Llouville operator ' for the two-level atom interacting through the multiphoton- 
transition mechanism with a resonant single-mode radiation 
field in a detuned damped cavity reads as 

The corresponding Hamiltonian H and the field-damping Liouvil- 
lian AF are given by 

I 

f Here S' and- S are the population-inversion and transit ion 
operators of the atom, o r o - m o + A  is the frequency of the atomic 
transition, o is the frequency of the cavity field mode which 
is represented by annihilation and creation operators a and 
a+, g. is the atom-field coupling constant, m is the photon 
rnultlple of transitions, I C - ~ / O Q  is the cavity field damping 
factor, Q is the cavity quality factor, and A is the detuning 
parameter. 

The statistical density operator ,p for the combined atom- 
field system obeys the Liouville equation 

We consider the special initial case in which the atom is ini- 
tially.inverted, and the radiation field is in its vacuum state 
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The equations relevant for calculating atomic population in- 
version are found to be"' - D A 4 , A ,  A t  D(Al.Ap. A)) A4t  

+ e I .  

It is seen from eq. (5b) that the effects of the photon multi- 
plicity of transitions (the multiple of resonance m) on the 
spontaneous emission of the atom in the cavity can be taken 
into account by introducing new effective coupling (g \ /ml)  and 
damping (Km) constants. 

The eigenvalues of the matrix in eq. (5b) are 

By using the notation 
(6 

we can represent the exact solution for the atomic population 
inversion in the form 

2 

In the case of an ideal (undamped) cavity ( K  = O ) ,  the expres- 
sion (8) reduces to 

Under the condition of exact resonance ( A =  O), the expression 
(8) reads as follows: 

(a) For Km .< 2gf i  : 
-. 

<sz> = --- I + e 4gem~ cos e t  (-- \/4g e m! - K e m e - 
2 4gem1 -.eme 2 

(b) For K m =  2g\/ml : 

(c) For K m  > 2 g \ / r :  

The expression (10) describes the oscillatory regime of 
evolution. In this regime the atomic population inversion<SZ> 

contains the terms oscillating at the frequency \/4geml -KG' 



I 

and damped at the rate Km. The condition ~m < 2gfi for the 
oscillatory regime has a very clear physical meaning: the 
photons emitted spontaneously by the excited atom are stored 
in the cavity long enough for the atom to reabsorb them. 

Expressions (1 1 ) and (I 2) describe the overdamped regime 
of evolution which occurs if ~m 2 g m  and A= 0. In this 
regime the atomic population inversion  exhibits an irre- 
versible damping with the characteristics time ic , 

1 
I - 

r~~=[Km-\/K~,~-4g%ll] (KB 22g\/m1, A 5 0 ) .  (13) 

' 1  As soon as Km >> 2 g m  the decay of the population inversion 
is quasi-exponential with the characteristic time 

I' 

We take into account the relation K = a/2Q =cuo/2Qm between 
the cavity field damping rate K and the quality factor Q of 
the cavity in the case of exact resonance (A= 0). Then, one 
can easily show from eq. (13) that the increase (decrease) of 
the Q-factor in the region Q ,< oo/Qgm leads to the enhance- 
ment (suppression) of the spontaneous emission of the atom in 
the cavity in the overdamped regime of evolution.For some 
e~~eriments/~*~/ the cavity spontaneous emission time rc may be 
smaller than the free-space spontaneous emission time ro. This 
is the so-called effect of spontaneous emission enhancement 
due to the presence of the c a ~ i t ~ / ~ ~ ~ /  . The subsequent increa- 
se of Q in the region Q > %/4g leads to the oscillatory 
regime of evolution. The self-induced Rabi oscillations even- 
tually decay away with the characteristic time rc  =2Q/oo . 

For the case of an arbitrary detuning A and an arbitrary 
field damping K ,  the characteristic time rc of the sponta- 
neous emission process can be determined by the smallest va- 
lue among the real parts of the eigenvalues (6) to read 

It can be shown from eq. (15) that 

Therefore, the larger the detuning is, the larger the sponta- 
neous emission characteristic time rc becomes. Evaluating 
eq.(15) in the limit of large detuning, one finds 

Hence, we can see that if the cavity is enough off-resonant 
for the atomic transition spontaneous emission can even be 
altogether suppressed '2*3'. e Expanding the right-hand side part 
of eq. (15) in terms of g m! , one obtains the evaluation 

In fig. 1 we plot the time dependence of the atomic popu- 
lation inversion<Sz>calculated for different values of heft = 

= A / g m  and K~~~ = ~ m / g m .  It is seen from the figure that 
the detuning and enough large damping of the cavity lead to 
the suppression of the spontaneous emission process. The oscil- 
latory (overdamped) behaviour of <S > occurs in the case of 

F i g .  I. Time evolution of  the atomic population in -  
version (I) : Aell =0. I ,  ~ ~ f f  =0.2, (I *) : Aeff=3, 
K ~ ~ ~ = O .  2; (2): Aeff =O. I, K eff ~2.5; (2*): Aeff=3, 
Kerr=2. 5. 



meff = mmlg 4EF 
Fig. 2. The dependence on K , I ~  of the characterie- 
tic time r, calculated for different values of 
Aaf f  

high-Q (low-Q) cavity. These results have been obtained for 
the one-photon-transition c a s d w  . Therefore, they are not 
surprising in the mult iphoton case. 

In fig.2 we show the dependence upon ~ , f f  of the characte- 
ristic time r, calculated for different values of b a r f  . Now 
we consider the radiation (energy change) rate of the atom 

In the general case of detuning and damping, the expression 
for I is found from eq.(8) to be 

As' A 4 '  
+ D ( A , , A l , A , ) e  - D ( A ~ , A ~ ~ A s ) ~  I. 

In the case of an ideal cavity, this expression reduces to 

1 .  

'I; 

emission and absorption processes. The corresponding maximal 
value of I(t) is equal to 

and periodically occurs at the times 

In the case of exact resonance ( A =  O), one finds from eqs.(8), 
(9) and (10) the following: 

(a) For Km < 2g JX 

This expression describes the radiation rate of the atom in 
the oscillatory regime. The maximal value of I(t) is equal 
to 

and occurs at 

Oscillating in times, expression (21) can take both positive 
and negative values. It describes the periodical change of 
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Fig. 5. Peak time tInax in the case of exact reso- 
nance plotted as a function of the effective 
damp'ing parameter K , ~ ~  . 

In fig.3 we show the time evolution of the radiation rate I 
calculated for different values of Aeff = A/g a and ~ ~ r r  = 
= ~ m / g m . .  The parameters are the same as in fig.1. 

In figs. 4 and 5 we plot the maximal radiation rate I 
and the peak time t,,, against the effective damping parameter 
K eft = ~ m l g m  for the case of exact resonance ( A =  0 ) .  It 
is seen from the figures that the K-dependences of these quan- 
tities are described by monotonously decreased functions. 

Thus, in this paper we have examined the multiphoton spon- 
taneous emission of a two-level atom in a detuned damped cavi- 
ty. The exact expressions for the atomic population inversion, 
radiation rate and characteristic times have been obtained. 
The influence of the cavity field damping and detuning on the 
spontaneous emission has been analytically and numerically 
discussed. It has been shown that the effects of transition- 
photon multiplicity (multiple of resonance) in the model con- 
sidered can be taken into account by introducing new effective 
coupling and damping constants. The enhancement and suppres- 
sion of multiphoton spontaneous emission and the possibility 
of various regimes of evolution have also been demonstrated. 
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~aM ne KueH, Xo qyur 3yHr, illyMOBCKHH A.C. El7-88-260 
MHoro~OTOHHoe cnoHTaHHOe H9nyqeHHe aToMa 
B pe90HaTope C paCCTpOHKOH H KOHeqHOH go6pOTHOCTb~ 

HccnegoBaHo MHoro~TOHHoe cnoHTaHHoe H9nyqenHe gByx
ypoBHeBoro aTOMa B pe90HaTope C paCCTpOHKOH H KOHeqHOH 
A06pOTHOCTb~. IIonyqeHbl TOqHbJe Bb!pruKeHHH AnH aTOMHOH HHBep
CHH 9aCeneHHOCTH H CKOpOCTH H9nyqeHHH. BblqHcneHbl TaKJKe 

• I pa9nHqHbie xapaKTepHbie BpeMeHa. 

I Pa6oTa Bbmonueua B lla6opaTOPHH TeopeTHqecKOH ~H9HKH 
mum. 

DpenpHHT 061.tWU~eHHOro JmC"l'HTyT& JIA8PHI>Ilt accne.Jl()aiUIId. ,lly6aa 1988 
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Multiphoton Spontaneous Emission of an Atom 
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The multiphoton spontaneous emission of a two-level 
atom in a detuned damped cavity is investigated. The exact 
expressions for the atomic population inversion and the 
radiation rate are obtained. The various characteristics 
times are calculated. 

The investigation has been performed at the Laboratory 
of Theoretical Physics, JINR. 
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