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Cavity-field-assisted atomic relaxation and suppression of resonance fluorescence at high intensities
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Within the framework of the cavity QED model we consider a cavity-field-assisted dissipation process
via a Raman-type coupling of the atom-cavity system (under off-resonance conditions) to a reservoir.
We show that at higher applied field strength the Mollow triplet gets significantly suppressed due to this

cavity-field-dependent atomic relaxation.

PACS number(s): 32.80.Wr, 32.50.+d

I. INTRODUCTION

The interaction of a two-level atom with a damped
driven quantized cavity has been studied in detail both
theoretically and experimentally during the past few
years [1-9]. The significant physical aspect that has
emerged from these studies is that the light emitted by
the atom confined in a cavity can be reabsorbed by the
atom. The effect of this back reaction and the related as-
pects have been the subject of dynamical suppression of
spontaneous emission [6], population inversion in the
steady state [8], broadening of the Mollow sidebands in
resonance fluorescence [9], vacuum field Rabi splitting
[2-5], and several other studies. In general, the effects
observed due to the presence of a cavity get enhanced
when the coupling between the atom and the field mode
exceeds the damping rate. The enhancement is due to the
multiple exchange of photons between the cavity mode
and the atom before the attainment of the stationary state
[1].

However, instead of coherent interaction processes, the
cavity may also assist the dissipation processes in a
different way. For example, if the atom and the cavity
mode are detuned from each other, then (in addition to
the linear interaction with the heat baths for the atom
and the field) a cavity-assisted Raman-type coupling with
the heat bath may be considered and described by an in-
teraction of the form o ,a I‘,-i—a,aTl"I, where o, (0_)
and a (a) are the creation (annihilation) operator for the
atom and the field mode, respectively. The reservoir
1",(1“1‘) describes the loss of energy from the combined
atom-cavity system via the Raman-type process. The
purpose of the present paper is to study the cavity-field-
assisted dissipation process and the subsequent
modification of the resonance fluorescence spectrum [10].
We show that the atomic relaxation may depend on the
strength of the cavity field and that, under off-resonance
conditions for the cavity and the field, the Mollow triplet
gets suppressed at higher intensities due to this cavity-
field-dependent damping. Also the quenching of peak in-
tensities is much stronger in the presence of this coupling
compared to that under simple off-resonance conditions.

To put the present nonlinear damping scheme in a
proper perspective, it is better to recall in this context
some of the earlier studies. Since the demonstration by
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Machida and Yamamoto [11] that the intensity fluctua-
tions in the output of a semiconductor laser can be re-
duced below the shot-noise limit by feedback, the possi-
bility of reducing intensity noise by introducing intracavi-
ty nonlinear damping has been explored by a number of
workers [12-14]. Very recently, Wiseman and Milburn
[14] have introduced a general class of nonlinear interac-
tions with a reservoir of the type (a")fa or, (and its Her-
mitian conjugate) where P,Q are the integers defined as
P=(N—M)/2 and Q =(N +M)/2. For various values
of M and N, different loss mechanisms, such as linear loss
(M =N =1), two-photon loss (M =N =2), Raman loss
(M <N), etc. have been realized. The dissipation
through a cavity-assisted Raman-type interaction [H,
term in Eq. (1)], with the reservoir as considered in the
present paper, is a simple variant among these nonlinear
damping mechanisms. This dissipation term is expected
to be important when the cavity field is relatively high
and is detuned from the atomic resonance, the overall en-
ergy being conserved through the reservoir T,.

It is also pertinent to mention at this point the several
other treatments of the dissipative processes associated
with different kinds of reservoirs for different interac-
tions. For example, phase relaxation due to additional
nonlinear energy-conserving interaction with the heat
bath was considered by Schubert and Ponath [15]. Tan-
imura and Kubo [16] have considered the reservoirs with
colored noise. Ekert and Knight [17] have treated the
reservoirs with a phase-dependent distribution of noise.
Squeezed vacuum reservoirs [18] have also been found to
be important in modifying the resonance fluorescence
spectrum. The effect of reservoir when the system is a
nonlinear oscillator [19] has also been treated very re-
cently. In the present paper, however, we consider a typ-
ical situation whereby the strength of the cavity field may
enhance the atomic relaxation and lead to subsequent
modification of the resonance fluorescence spectrum.

II. THE MODEL
AND THE CAVITY-FIELD-ASSISTED DAMPING

The dynamical model of a single two-level atom cou-
pled to a cavity can be described by the following model
Hamiltonian in the electric dipole and rotating-wave ap-
proximations:
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H= Y H,,

pn=0

Hy=(#iwy/2)0, +#wa'a ,

H, =hk(aa++aT0_) )

H,=#[a"E()+aE*(1)], (1)

H,=To,+To_,

H,=T.a'+Tla,

H,=T,a0,+Tla'o_ .
a',a are the creation and annihilation operators describ-
ing the cavity mode at frequency w. o,,0_,0, are the
pseudospin operators describing the two-level atom with
atomic resonance frequency w, such that the atom-cavity
detuning is given by A=w,—w. We have allowed, in our
Hamiltonian, for the situation where the cavity mode is
resonantly driven by an external coherent input field E (¢)
of frequency . The atomic reservoir terms I and T'" de-
scribe the energy loss from the atom via spontaneous
emission and other processes. The loss of energy of the
cavity field mode due to dissipation through the mirrors
and otherwise is described by the field reservoir terms I',
and FI. The H; term in the Hamiltonian (1) denotes the
cavity-assisted damping via a Raman-type coupling. [For
a microscopic realization of this term, we discuss a con-
venient three-state (an effective two-state) model in the
Appendix.] Since the cavity field is detuned from the
atomic resonance (A%<0), this nonlinear coupling term

conserves the overall energy through the reservoir term
r

e
Projecting out the bosonic reservoir variables in the
usual way under Born and Markov approximations [20],
one can derive the appropriate master equation for the

atom-cavity field system as follows:

%: —é[HoJer +Hypl+L,p+Lp+Lyp.
Here

Y
pr=(1+ﬁ)7f[2apa*—pa*a —atap]
+t712f-[2a*pa —aa Tp—-paaT] , (3)
_ Ya
Lap—(l+N)—2—[2o_po+—pa+a_—a+0_p]

+N1;—[20+paﬁ—ago+p-—pa_a+] (4)

denote the damping operator for the cavity mode and the
atom, respectively, corresponding to the terms H; and
H, of the Hamiltonian (1). The cavity and the atom are
damped at the rate 2y , and 2y, respectively, due to cou-
pling at finite-temperature reservoirs, 7 and N being the
mean number of photons in the respective cases. L, is
the Liouvillian corresponding to the Raman-type dissipa-
tive term H s, and describes the loss of energy at the rate

2y, from the combined atom-field system. This is given
by

Yr
Lyp=0+N,)—"[20_a"po,a ~0r0_aa'p—po,o _aa']

t t

Y
+N,~2-[20+ap0,a —0_a+aTap—pcr_a+a al,

(5)

where N, is the mean number of thermal quanta and is
given by N, =1/(e™/kT—1),

The nature of dissipation as expressed through the
Liouvillian (5) can be made more explicit if we write
down the mean-field dissipative dynamical equations in-
volving the polarization and the population inversion
variables for the atom as follows:

(6,)=—(y, /2 0,.)—(y,/2)X1+(a"a) o),
(6_)=—(y,/20_)—(y,/2)X1+(a’a))o_),
(6,)=—y,(1+(a,))—y,(1+(aTa))1+(0,)) .

It is immediately apparent that the relaxation of the
atomic system is dependent on the strength of the cavity
field. What follows next is to show that this cavity-
assisted dissipation leads to an interesting modification of
the resonance fluorescence spectrum.

III. THE MODIFICATION OF THE RESONANCE
FLUORESCENCE SPECTRUM

To study the master equation (2), we adopt the treat-
ment of operator ordering followed in Refs. [21-25]. To
summarize, we choose an ordering for atomic and field
operators by defining the characteristic function

X(&)=Tr(Op) , (6)
where

O(é-)=ei§*a*ei§aei§+”+e"5;“;8"5-0, ’ o
and

E=[8%6,64,6,6-1 .

We then define the generalized positive P-

representation [15] by

x(&)=[""d’aexplit-a)Pla) (®)

and a is the column vector composed of the c-numbers
a; a=[a*,a,a,a,,a_], and establishes a correspon-
dence between the c-numbers and the operators as fol-
lows:

a—>a, O <o, ,
atoa* , O_<a_ ,
UZHaZ .

Using the standard operator-disentanglement tech-
nique and the definition of P(a), a partial differential
equation is deduced for P(a). This has derivatives of all
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orders present for a, as exponentials of derivatives, but
can be approximated as a Fokker-Planck equation for
P(a) by keeping up to second derivatives. Having ob-
tained the Fokker-Planck equation, which is the c-
number equivalent of the master equation, one can im-
mediately write down the Langevin equations as follows:

a= |—iva—yra—ika_
Yr .
+7(1+a2)a—1E(t) +G (1),
a*= liva*—yra*+ika,
+ X (14 a,a* HE®) [+G (1)
5 aza 1l o »

a,=liwgay —ika*a,—(y,/2)a,
—(7,/2)(1+a*a)a+]+Ga+(t) ,
a_=[—iwga_+ikaa,—(y,/2)a_
—(y,2N1+a*a)a_]+G, (1),
a,=[—2ik(aa,—a*a_)—y,(1+a,)
—y,(l+a*a)(1+az)]+Gaz(t) .
Here the Gai ’s are the independent Langevin forces with

zero reservoir averages as follows: (Ga[) r=0. The

nonzero noise correlation of the random forces are given
by

(Go, (NG, (1)) g=2D, 0 B(t —1")
where
Da+a+: Qika*a-p ’ Da‘agzl’kaa* » Da*a=7,(1+a2),

D, , =—2k(aa;—a*a_)ty,(1+a,)
+v,(1+a*a)l+a,),

*

D, =—v,(1+a)a, D, =—7,(1+a,)a*,

The terms involving ¥, in Egs. (9) are the essential con-
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tent of the present work. It is evident that the relaxation
of the atom is manifestly dependent on the intensity of
the cavity field, since both the polarization and popula-
tion inversion variables decay at rates that are functions
of the cavity field.

To eliminate the fast-time dependence, we now invoke
the slowly varying envelope approximation:

—iwgt

a=Be_i“", a*zﬁ*eimt, a_=B_e ,

. (10)

1o,
a+=B+e 0 > azzﬁz .
We also assume the driving field E (1)=E e ~'“’ to be at
exact resonance with the cavity field mode. The c-
number stochastic differential equations for the slowly
varying amplitudes ’s are obtained by substituting Egs.
(10) in (9). The resulting equations are

Yr

B= —7 B—ikB_—iEo+-(1+p,)B

+Gg(2),

|
B*= [—ny*+ikB++iE0+—y4—r(1+BZ)B* +G (0,

Bi= |iABL—ikB*B,— (v, /2)B+
Ir—(1+ *3) +Gg (1)
- 2 B /3B+ B >

(11)

—iAB_+ikBB,— (v, /2)B_

lm.
I

+Gg (1),

—%(H/s*mﬁ_

B, =[—2ik (BB —B*B_)—7v,(1+pB,)

—vA1+B*B1+B,) ]+ Gy (1),

where G, (/=G (t)e'*" and A=0y— 0.

The mean-field solutions are obtained from Egs. (11) by
neglecting the quantum fluctuations and making ;=0
(i=1,5). The result is a set of five algebraic equations
whose solutions give the average of the atomic and field
quantities in the steady state. Particularly, for the
steady-state cavity field 8, we have the following equa-
tion of state:

(lya +r, A+ P+ A2+ 2K P (—y, +4y B+ 4Eo 1+ (v +7, (1B P+4%)

2
X |y, + 4k

°=0. (12)
intXe g
2

& e|2
+ > (1+1B°%)
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Numerical solution of the equation yields the values of
the slowly varying amplitudes 3%s in the steady state.

Having obtained the mean-field solution for our prob-
lem, we now go to the next order in perturbation to find
the fluctuation around the mean. Thus we let
B;=pB{+56B;, where 8§f3; are the fluctuations around the
mean values [({. The result is the Ito-stochastic
differential equation of the form [20]

ddp(t)=—_AdB(t)dt+B dW(t) , (13)

where A and B are the drift and diffusion matrices, re-
spectively, expressed in terms of the steady-state values.
Here d W defines the vectorial Wiener processes, and 88
represents the fluctuation vector. The Ito-stochastic
differential equation (13) describes a multivariate
Ornstein-Uhlenbeck process that is analytically solvable.
For more details, we refer to Ref. [26].

Next we calculate the power spectrum [26] for the
emitted light in the usual way:

Sstufstt (v—wg)= f_+: exp[ —i(v—awy)t]
X (8B4 (2)8B_(0))dt
={[A4+i(v—wy)Il] 'BB'

XA’—-i(v—a)o)l]ﬁl}amam .

Explicit calculation yields the spectra that are given in
Figs. 1-4. In order to compare with the standard result
with nonzero detuning but for y, =0, we first reproduce
the Mollow triplet in Fig. 1. As the external field
strength increases, the spectrum splits into a triplet, and
the incoherent peaks get more separated from the
coherent one, accompanied by an enhancement of peak
heights. In Figs. 2 and 3, we plot the spectra in the pres-
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FIG. 1. Power spectrum S(v—wg)y, is plotted against the
frequency (v—wg)/y,, with v,/y,=8.0, 7v,/y,=0.0,
k/y,=5.0, and A/y,=10.0 for three different values of field
strengths E,/v,=10,15,20, on the curves of asterisks, dashed
lines, and solid lines, respectively. (Both scales are arbitrary.)
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FIG. 2. Power spectrum S(v—awg)y, is plotted against the
frequency (v—wo)/v,, with y,/y,=8.0, k/y,=5.0, and
A/v,=10.0, but y,/y,=0.5, for three different values of field
strengths E,/y,=10,15,20, on the curves of asterisks, dashed
lines, and solids lines, respectively. (Both scales are arbitrary.)

ence of cavity-assisted damping, i.e., ¥,70 for different
external field intensities. It is evident that, with the in-
crease of field intensities, peak heights first increase up to
a critical value and then start depleting. This suppression
of peak intensity at higher applied field strength is a
direct result of the cavity-field-assisted damping. This is
accompanied by the usual broadening of the spectra.
Lastly, in Fig. 4, we show a schematic variation of spec-
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FIG. 3. Power spectrum S(v—w,)y, is plotted against the
frequency (v—awq)/v,, with y,/v,=8.0, k/y,=5.0, and
A/y,=10.0, v,/y,=0.5, for three different values of field
strengths Eq/y,=20 (a), 30 (b), 40 (c). (Both scales are arbi-
trary.)
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FIG. 4. Power spectrum S(v—amy)y, vs frequency
(v—awy)/y, is plotted, with y,/y,=8.0, k/y,=5.0, and
E,/y,=10.0, y,/y,=0.5, for three different values of atom-
cavity detuning A/y,=30,40,60, on the curves of solid lines,
dashed lines, and asterisks, respectively. (Both scales are arbi-
trary.)

tra as a function of the detuning of the atom and the cavi-
ty field. It is evident that, at large detuning, the triplet
practically reduces to a doublet, with almost complete
suppression of the coherent peak.

IV. CONCLUSION

It is well known that, in cavity QED problems, the cav-
ity enhances significantly the effects due to the coherent
interaction processes because of the increased multiple
exchange of photons between the cavity and the atom.
We have shown, however, that under off-resonance con-
ditions, the cavity may assist the dissipation processes via
a Raman-type nonlinear coupling to a reservoir. This re-
sults in damping of the atomic system, which is depen-
dent on the strength of the cavity field. We have also
shown that this intensity-dependent damping leads to an
interesting modification of the resonance fluorescence
spectrum, which is reflected in the suppression of the
Mollow triplet at the higher field strength with nonzero
detuning. It may also be noted that the intensity-
dependent relaxation process was also found to be impor-
tant in the recent past for two-level atoms interacting
with a superintense field [27]. We hope that the cavity-
assisted relaxation as considered in the present paper may
also play a fundamental role in similar issues in other
cavity QED problems.
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APPENDIX

In this appendix, we show how the Hs term in Eq. (1)
can be realized in terms of a microscopic model interac-
tion scheme.

We consider a model three-state system [28] (similar to
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that used in the Raman-coupled model) where the excited
state |2) gets deexcited, by a detuned cavity mode with
frequency w and one or more reservoir modes ®;, to state
|1) via the state |3), in a manner shown in Fig. 5. The
relevant Hamiltonian is given by

H=H,+H,,
Hy=E,0,,+E,0,,+Ejo0y+foa’a+ 3 #io,T'T; ,
J
(A1)
H-'I:ﬁgzs(aa23+af032)+hzg{3(rljl:a'13+r\j03l) ’
J
where o; (i =1,2,3) are the level population operators,

r; (I‘}) are the usual harmonic-oscillator heat bath

operators, and g;;’s are the usual coupling constants.
The Heisenberg equations for transition operators o3

and 0,3 are

613=—il@g—w')o 3 +igyna'o,
—i23{3(033‘011)rj > (A2)
J
3= —liw'oyti 2g{31“j021—ig23aT(a33—022) , (A3)

J

where #fio’=E, — E;. For simplicity, we may take g;;’s to
be real.
Now introducing the slow variables with tildes,

—iw;t

op=Fpe T, 0p=0ye @, al=gleior
e —iot (A4)
i=rje 7, 0,=6; fori=1,2,3,
and also introducing
- —ilo—w;)t __ _ —i(o—w;)t
071= 0230317 0,303€ I =0ye T (AS)
and
wp—w'=8 and o' —w=¥§,
we obtain
G13=—i(8—w,)0 3 +igya &
g3 L @;)03T183a Oy
_lzg{3(5‘33“611)f‘1 ] (Aé)
J
2>
W\ a
Wo

FIG. 5. Energy-level diagram of three-level system. The cav-
ity mode with frequency o is interacting with the dipole mo-
ment of transition 2—3. The quasistationary state |3) is re-
laxed through reservoir modes.
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Oy=—i8'0p+i 3 g{iT;0y
J
—igy38 (T3 —Fay) - (A7)
Now, if the state |3) is quasistationary, one can find
7 13,0 ,3 adiabatically as
1

d—w;

013~ g23aT012—|— Zg{3(033_011)rj] > (A8)

J

(A9)

o |

023 ' [zgjiarjazl_gzaaT(Usa_Uzz)
J

Now the terms diagonal in the atomic variables will
lead to Stark shifts, which we shall assume to be small.
By dropping these terms, we have

013z(g23aT012)/(8_wj) ’

. (A10)
o=~ | X ei3ljon }/5' .
J

Upon inserting these terms in H, in Eq. (A1), we have the
effective interaction

’

o i 8+6" ~w; -
Hj —h?gmgnm(al“jaJr—Fa_a r;, (A1l
where we have defined o0,;=0, and o,=o _ for the
effective two-level atom.

If one makes the choice §=28', then we may write

6=A/2, where A=w,—w, the atom-field detuning. Put-
ting
. 8+8’—wj
, T,=a3 AT
J

7b, 823813 (S—mj)S’

we obtain

H{f=#3 A(aT,0 . +0o_a'TH=T,a0, +Tla'o_=H;
J

H, includes E;;04;, a constant shift term that does not
affect the dynamics and need not be considered further.
This Hs term, together with H, , ; , for linear terms and
the H, term [of Eq. (1)] for the effective two-level system
and single-mode field, comprise the full Hamiltonian in
Eq. (1).

It is thus immediately apparent that the order of mag-
nitude of the dissipative coupling constant A; in the H
term is ~O(g?/8), while for the linear dissipative term
(Hy/H,)itis ~0O(g). Therefore the cavity field strength
should be of the order of ~&/g for the nonlinear dissipa-
tive term Hs to be important. It should be emphasized
that nonzero detuning & (or A) is an important quantity
in this context. Specializing the model for Rydberg
atoms, where the difference frequency A~ 10%n 73 sec ™!
and the coupling constant g~ (2ufiw/V)%d /#
~10*n 172y ~1/2 sec ™!, where n is the principal quantum
number and V is the cavity volume, one can obtain a
reasonable range of cavity field strength for the experi-
mental realization of the scheme.
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