acta physica slovaca vol. 50 No. 3, 313 —323 June 2000
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We present a generalized master equation, in an operator form, for a two-level atom driven by
a strong classical field and damped into a “tailored” reservoir with non-flat density of modes.
The master equation is derived under the Born and Markov approximations. To derive the
master equation the dressing transformation on the atomic operators is performed first and
next the dressed operators are coupled to the reservoir and the corresponding damping rates
are calculated. The modifications introduced by a strong field and/or by the reservoir with
non-flat density of modes lead to non-standard terms in the master equation, some of which
are reminiscent of terms known for squeezed vacuum reservoirs.

PACS: 42.50.-p,42.50.Hz,42.50.Lc

1 Introduction

When an exited atom is interacting with a reservoir of electromagnetic field modes it emits irre-
versibly in the spontaneous emission process its energy into the reservoir. Usually, it is supposed
that the damping rate, at which the atom looses its energy by radiating photons into the reser-
voir, is an inherent property of the atom and can be expressed as the Einstein A coefficient for
spontaneous emission. This is, however, only true when the atom is radiating to the ordinary
vacuum and is excited by not too strong external field, which does not affect the level structure
of the atom. In fact, when the atom is placed inside a cavity its damping rates depend on the
cavity mode structure [1-3]. The modifications are important when the density of modes of the
reservoir essentially depends on frequency and can be ignored for when the density of modes is
flat.

When the driving field is very strong the energy structure of the atom can be changed in
such a way that also damping rates will depend on the intensity of the driving field [4,5]. The
influence of the mode structure on the atomic properties was analyzed by Lewenstie|8, 6]
within a non-Markovian approach.
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In this paper we present an operator form of the master equation for a two-level atom driven
by a strong laser field and damped into a “tailored” reservoir. The equation has been derived un-
der the Born and Markov approximations, but nonetheless it takes into account the dependence
of the atomic relaxation rates on the strength of the driving field as well as on the density of
modes of the reservoir with a non-flat mode structure. It is a generalization of earlier results. A
transparent and very simple form of the master equation allows, for example, an easy identifica-
tion of new squeezing-like terms, which are reminiscent of the real squeezing terms in the master
equation for an atom in a squeezed vacuum. We discuss some consequences of such terms here.

2 Master equation

We analyze a model of a two-level atom driven by a strong monochromatic laser field of fre-
quencyw;, with the Rabi frequenc{ and detuned bA = w;, — w4 from the atomic transition
frequencyw 4. The atom is placed in a reservoir with a density of modes structure that depends
in an essential way on frequency. The traditional approach to include damping into the evolution
of an atom driven by a strong laser field assumes that the damping rates do not depend on the
strength of the field and are the same as for spontaneous emission. An alternative approach takes
into account the interaction of the strong field with the atom first to derive the “dressed states”
of the atom, and next takes the coupling of the dressed atomic states to the reservoir in order to
calculate the damping rates [7]. The order in which the two couplings are invoked is important
and leads to different results [8]. In this paper, we first perform the dressing transformation on
the atomic operators and only after that we couple the dressed atomic operators to the reservoir.
In this way we obtain a quite simple and transparent, operator form of the master equation.

The Hamiltonian of the system has the form

H=Hjs+Hr+H,+H;, Q)
where

Ha = in — _Lro.+ 1 @)

A = 9 WA T, = 9 Oz 9 WL, 0z

is the Hamiltonian of the atom, which we split into two terms for further convenience,

Hg = h/ooowb+(w)b(w)dw, 3
is the Hamiltonian of the reservoir field,

H, = %hQ [0+ exp(—iwpt — ip) + o_ exp(iwpt + i) | 4
is the interaction between the atom and the classical laser field, and

H = ih/OOOK(w)[U+b(w)—b+(w)a] dw 5)
describes the interactions of the atom and the reservoir. Opetgitorandb™(w) are the an-

nihilation and creation operators of the reservoir field, respectively, satisfying the bosonic com-
mutation relationg 1. are the atomic raising and lowering operaters,is the atomic inversion
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operator, and{ (w) is the coupling between the atom and the reservoir which is related to the
natural atomic linewidthy (FWHM) through the relation

3
2 - (X~
K@) = () ). ©)
In further calculations the phase of the driving fieldvill be absorbed in the atomic operators,
o_exp(i¢) — o_, o4 exp(—i¢p) — oy. As afirst step we transform the Hamiltonian into the
frame rotating with the laser frequengy,, which gives us

1 1
H() = _EhA0z+§hQ(o-++07)7 (7)
Hit) = zh/ K(w){o+b(w) explig + i(wr, — w)t]
0
—b"(w)o_ exp[—i¢ — i(wr — w)t]} dw (8
The second step is the unitary dressing transformation performed with the Hamiltonian (7)
or(t) = exp {—%Hot} O+ exp {%Hot] , 9)
which leads to the following time-dependent atomic raising and lowering operators
1 ~ ~ -
orlt) = 3 [;(1 + A)o_ exp(—iQt) £ (1F A)dy exp(i't) + 05, | (10)
where
. 1 % < ~
G- = 3 {(1 —A)o_ —(1+A)oy — Qaz} ,
1 ~ _ .
o= 5 [—(1 + Ao +(1- Aoy — Qoz} 7 (11)
5. = Qo_+o0y)—Ao,,
and

Q = Q2+ A2, a-2 A-2 (12)

’ 9
After the dressing transformation (9) the interaction Hamiltonian (5) takes the form

Hi(t) = ih /OOO K (w){o4(t)b(w) expli¢ + i(wr — w)t]
— bT(w)o_(t) exp[—i¢ — i(w, — w)] }dw, (13)

whereo (t) ando_(t) are given by (10).
Using standard methods [9], we derive the master equation, in the Born approximation, for
the reduced atomic density matrix

(d) ¢
o7 _ 1 / Ten {[H(8), [H1(t = 7), p(0)p (¢ = 7)]] } dr, (14)

ot B2
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where the superscriptl) stands for the dressed pictupe;(0) is the density operator for the field
reservoir. Tr is the trace over the reservoir states and the HamiltoHig(t) is given by (13).

At this stage we make the Markov approximation [9] by replagiffg(t — 7) in (14) by p(4) (¢),
substitute the Hamiltonian (13) and take the trace over the reservoir variables, assuming that

Tra{b()b" (@)pr(0)) = [N()+ 1dw - o),
Trafb* (@)b(@)pr(0)} = N(w)d(w —u'), (15)

where N (w) is the mean number of photons at frequencyin the Markov approximation we
extend the upper limit of the integral overo infinity and perform necessary integrations using
the formula

e 1
/ exp(tier)dr = wo(e) £iP—, (16)
0 €

where? means the Cauchy principal value.

After performing all the calculations and transforming back from the dressed picture to the
original density operator, in the frame rotating with the laser frequency, we finally arrive at the
following master equation

Oy = INfowsl - L0l oo
+ %N (204po- —0_04p—po_oy)
+ % (N+a)(20_poy —0r0_p—poro_) a7
—Moypoy — M*o_po_
+ %L[@mﬂﬂz} - %L* [o—,0:p]
+ % (L+0b)[o_,pos] — % (L +b)" [0y, 020 ,

where

A= At+A,,

Ay = L0+ AR+2N b+ (- A2 42N, )by
+2(1 - A?)(1 + 2No)bo} ;

N = % {(1 +A)PN_a_+ (1 - A)’Nyay +2(1 - AQ)NO‘IO} ’

o = T[0+8)% + (1A% +20 - A%ao] (18)
M = %(1 — A%)[(1+2N_)(a_ —ib_) + (1 + 2N, )(ay — iby)

2(1 + 2N0)((10 — Zbo)] s
{(1 + A)N_(a_ +ib_) — (1 — A)Ny(ay + iby)

&~
I
2

o]l
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— 2ANy(ag + ibo)| ,
b = %Q (1+ A)(a_ +ib_) — (1 — A)(ay +iby) — 2A(ag + ibo)| |

wheren(w) describes the deviation of the reservoir density of modes from the vacuum density
of modes (for vacuum(w) = 1). The other quantities are defined by

No = N(wy), Ni=N(w,+Q),
3 7 3
w wr £Q /
a = ( L) n(wr) . ai< L ) n(wr £9), (19)
wA wA

bo = ——7)/ wa W, 7)/ L*W:I:Q dw

where N (w) is the mean number of photons at frequencyLamb shifts are included via the
redefinition of the atomic transition frequency. We have also included in (18) the shifts coming
from the principal value terms. They contribute essentially to the atomic evolution in the cavity
situation when the density of modg&v) has a non-trivialo dependence.

We model the reservoir density of modes by a dimensionless Lorenjziancentered at
frequencyw, with the width~,

T2

For very broad reservoiry{ — oc), the Lorentzian (20) becomes constayit{) — 1), and our
results reproduce the results for ordinary vacuum.

For the reservoir described by the Lorentzian (20), paraméteandb. take the following

form
b - (v 0
0 2 \wa/) 02+92°
’ 3 ’
1w, £Q (6 £ )
= —— . 21

It is clear from (21) that the shifts coming from the principal value terms give nonzero con-
tributions for moderately intense laser fields and reservoirs with finite bandwidth. The most
interesting situations appear when the peak of the Lorentzian is centered at the laser frequency
(6. = 0) or the Rabi sidebandg (= +Q).

From the form of the master equation (17) one can identify the new terms coming from the
interaction of the atom with a very strong laser field, seen viathéerms ina.., and/or from
the interaction with the reservoir, seen via the density of modes + Q') at the dressed atom
transitions and via the principal value terfasandb... Our approach is a generalization, on
the one hand, of the Bloch equations introduced by Kocharovsiébgh [4] and, on the other
hand, the Bloch equations introduced by Ke#ekl. [8] for the cavity situation in the secular
approximation.
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For weak driving fields and thermal reservoirs, for which = ay = 1 and NL = Ny, our
master equation (17) has the well known standard form, but for stronger fields and/or tailored
reservoirs it is easy, from the transparent form of the equation (17), to identify the new terms
proportional toM, L andb. Terms proportional tad/ are reminiscent of the terms appearing
in interactions of an atom with squeezed reservoirs [10, 11]. These terms, however, are not
the real squeezing terms, because, despite the fact that they depend of the phase of the driving
field, they do not give the phase dependence of the fluorescence or absorption spectra, which is
characteristic for the squeezed reservoirs.

3 Generalized Bloch equations

The generalized master equation (17) leads immediately to the generalized Bloch equations de-
scribing the evolution of the expectation values of the atomic operators. The Bloch equations can
be written in the matrix form as

q [ {o-@) (o—(t)) by — i
3 | (=) = A {o4() | +5 | brt+idi |, (22)
(0:(t)) (:(t)) —2a
where the matriXA has the form
iA =T -M 1Q
A = —M* —iA =T —L . (23)

2

To make the notation shorter we denote the real part of the complex nunberQ,. and the
imaginary part by@;, and we have used the substitutions

r = %(a+2N), A=b+2L. (24)

On introducing the Hermitian operators representing the two quadrature components of the
atomic dipole moment

o = ot oy=ylo —0y), (25)
the Bloch equations can be rewritten as
<0’1 (t)> <Uw (t» 1 by
S o) | = Bl (o) |+5| A (26)
(o=(1)) (o=(1)) —2a

with the matrixB given by
-I'—- M, -A"+M; 0
B = A'+M;, -I'+M, 10 |. (27)
A, —-2(Q+4+0b;) -2
From the matrixB it is easily seen that two components of the atomic dipole monjent,
and(c,) decay with different rates whel,. is different from zero. This effect is well known
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Fig. 1. Time dependence of the atomic invers{en)(t) for Q/vy = 15 we. = wr — Q', A =-0.4Q, and
~e/v = 10 (solid line),~./y = 10000 (dashed line).

for squeezed reservoirs [14], but here it is associated with the modification of the damping rates
in very strong fields and/or with the non-flat density of modes of the reservoir. A new feature
of the Bloch equations (26) is the presence of the shiftandb.., given by (21), which do not
appear in other Markovian approaches, but they do appear in the non-Markovian approach [6].
On neglecting the shifts, the Bloch equations (22) are equivalent of the Bloch equations obtained
by Kocharovskayat al.[4].

The steady state solutions of the Bloch equations (26) can be easily obtained for general
case. In particular, for very strong laser fields and equal number of photons, at each frequency,
N(w) = Ny = N4, the steady state solutions for the atomic operators take the approximate
form

Q (1+A)2a_ —( 2
2(14+2No) (14+A)2a_ +(
) = Q2 21-AYa_a; +[(1+A)a +(1-A)ay]ag
e 4 (14+A)2a_+(1-A)2a,
A (1+A2a—(1-A)2ay
(92)ss C14+2Ng (1+A)2a_+(1—A)2ay

1-A)2q
<Uz>ss = ~)2 u 5
1-— A) a4
2

, (28)

&)

From solutions (28), it is seen that for thermal reservoir and very strong laser fields the steady
state inversion between the atomic states for the specific range of the laser field detuning can be
realized, the effect reported in [5] and attributed(to +2') /w4 )? factors. Moreover, a nonzero
solution for(c, )ss component in the resonant case can be found. It is also obvious that placing
the atom inside a cavity, where there is a peak in the density of modes at some characteristic
frequency, may increase the valueg@f); and the steady state atomic inversion [6, 12].

For not too strong laser fields the exact solutions have to be used. In this laser field intensity
regime itis possible to observe changes of the atomic behavior coming from the nonzero principal
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Fig. 2. Time dependence of the atomic invers{en)(t) for Q/y = 15 we = wr — Q, ve/vy = 10, and
A = —0.49. Exact solution (solid line), no shifts (dashed line).

value terms in the case of structured reservoirs. In Fig. 1 we have plotted the time dependence
of the mean value of the atomic inversion. )(t). The figure shows the differences, for the
moderate laser field intensity/y = 15, between the broadband reservoir (dashed line) and
the reservoir with the mode structure being a Lorentzian centered at frequenreyw;, — Q'

(solid line). The laser field is detuned By = —0.4Q2 from the atomic resonance, and we can

see that there are significant differences in behaviofogf(¢) for the two cases. When the

atom is placed inside a tailored reservoir with narrow bandwidth the Rabi oscillations of the
atomic population inversion have larger amplitude than in the case of broadband reservoir and
their decay time is longer. In the long time limit there is a considerable amount of population
inversion,{c)ss ~ 0.15, in the case of narrow bandwidth reservoir, while there is no inversion
between atomic states for broadband reservoir. In Fig. 2 we have illustrated the role of the shifts
coming from the principal value terms in the atomic evolution by plotting the long time behavior
of the atomic inversion: the exact solution (solid line) and the solution with the shifts equal to
zero (dashed line). It is clear that the exact solution gives slightly lower atomic inversion in the
long time limit, for the parameter values taken in the figure, and whole the trajectory is shifted by
the shift terms. The possibility of creating the steady state atomic inversion by tuning the cavity
was discussed in the non-Markovian approach by Lewenstein and Mossberg [6]. We can see that
also the much simpler Markovian approach presented here, leads to similar effects.

4 Resonance fluorescence

We define the fluorescence spectrum into the structured reservoir modes as a rate at which the
mean number of photoris™ (w)b(w) of the reservoir mode at frequeneychanges in time for
the steady state conditions. It is given by

Flw) = Jim (0, 0b(w, 1)) = Jim (0¥, 0b(w, 1) + b (w,1) b, 1)) (29)
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Using the Heisenberg equations of motion for the bosonic reservoir operators, we obtain the
following formula for the fluorescence spectrum emitted into the cavity modes

F(w) = 2K*w)Re /0 h dr{(o;(0)o_(7))elw—wL)T, (30)

Formula (30) differs from the standard definition of the resonance fluorescence spectrum, as the
Fourier transform of the atomic correlation function, by the frequency dependent féétar),

which is important here. The standard definition assumes that the atomic rate is constant. The
equations of motion for the atomic correlation function appearing in (30) can be obtained from
the generalized Bloch equations (22) with the use of the quantum regression theorem [13]. Tak-
ing the Laplace transform of the evolution equations for the atomic correlation functions with
the appropriate initial conditions, we finally arrive at the following expression for the Laplace
transform of the correlation functiofa_ (0)o_ (7)), which enters the definition of the resonance
fluorescence spectrum

F(z) = ﬁ(z) { g(l +(02)ss) [2(z 4+ 2T) (2 + T +iA") + Q(Q + b; + iA,)]

+ (04)ss [—i Qz+a)+A(z+2D)](z+ T + M +iA")

+ b [QUQ b +iA) + (z+2F)(z+F]V[+iA')]] } (31)
The incoherent part of the spectrum can be calculated from
w)? 1
Foew) = L( ) wrred [Fle) - 2 tim or (o) @
T \WA z 220 z=—i(w—wr)

where we have used the expression (6) for the frequency dependent coupling cAr{startVe

would like to emphasize that the presence of this factor is necessary when one wish to derive

the fluorescence spectrum into the structured reservoir modes. When the fluorescent light is

emitted to the structureless background modes the traditional definition is applical?é&(@nd

can be omitted. This factor is crucial for “tailored” reservoirs and/or very strong laser fields.
However, the expressions (31) and (32) are quite general and they are applicable for both

strong and weak driving fields and all reservoirs with sufficiently broad linewidth, which is much

broader than the atomic linewidth to justify the Markovian approximation used to derive the

master equation. Of course, for very strong driving fields, in the secular limit, the results can be

simplified considerably.

To illustrate our results, we have plotted in Fig. 3 and Fig. 4 the fluorescence spectra for
moderately strong laser fields, for which the principal value terms (shifts) and the density of
modes of the reservoir play an important role. We can observe that the structured reservoir with
non-flat density of modes leads to narrowing of the central line and simultaneously broadening
of the sidebands when the cavity is tuned to the central frequency (Fig. 3). This is the effect
reminiscent of the analogous effect observed for the squeezed vacuum reservoir [14], and it is
related to a possibility of getting negative values\éf by tuning the Lorentzian representing the
reservoir density of modes to the central line.
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Fig. 3. The incoherent part of the fluorescence spectfum(w) for A = 0, Q/y = 15, we = wi,
ve/v = 10 (solid line), andy. /v = 10000 (dashed line).
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Fig. 4. The incoherent part of the fluorescence spectFigm(w) for A/v =5,Q/y = 15, we = wr, +9,
~e/7v = 10. Exact solution (solid line), no shifts (dashed line).

We can also observe that including the principal value terms (shifts) in the derivation of the
fluorescence spectrutirg. using our solutions for “tailored” reservoirs can lead to the observable
asymmetry in the fluorescence emitted into the cavity modes. This effect is clearly seen from
Fig. 4, where we compare the spectra with and without the shift terms. For very strong driving
fields, in the secular limit, the shift terms become negligible, and the resonance fluorescence
spectrum becomes symmetric in accordance with the earlier results [8].
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5 Summary

In this paper we have presented the generalized master equation for the reduced density matrix
within the Born and Markov approximations for a two-level atom driven by a strong laser field
and damped by a “tailored” reservoir. The dressing transformation on the atomic operators has
been performed first and after that the coupling between the dressed atom and the reservoir has
been included. The generalized master equation is valid for a wide range of laser intensities (for
very strong laser fields it includes the dependence of the damping rates on the laser intensity) and
different types of Markovian reservoirs. It includes the shifts coming from the nonzero principal
value terms. We have identified some new terms in the master equation that are reminiscent of
the well known terms occurring when atom is interacting with the squeezed vacuum. Such terms
give similar effects as if the atom were damped by a squeezed vacuum (narrowing of the central
line of the Mollow triplet, the different damping rates for the two quadrature components of the
atomic dipole) although, in fact, they are not real squeezing terms because they do not give, for
example, the phase dependence of the resonance fluorescence spectra.
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