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The Jaynes-Cummings model of a two-level atom interacting with a single quantized mode of radia-
tion field is generalized to include the effects of stochastic fluctuations in the atom-field coupling. The
coupling coefficient is assumed to fluctuate either in phase or in frequency. The fluctuations are modeled
by binary random telegraph processes. Invoking the Markovian property of the telegraph noise, we
derive in these two cases an equation for the density operator averaged over the distribution of fluctua-
tions. The solution of this equation is used to study the resulting decoherence effects in the dynamical
behavior of the atom and the statistical properties of the field.

PACS number(s): 42.50.Ar, 42.50.Lc, 42.50.Ct

I. INTRODUCTION

The simplest model of atom-field interaction first pro-
posed by Jaynes and Cummings [1] describing the in-
teraction of a two-level atom with a single quantized
mode of an electromagnetic field in a lossless cavity con-
tinues to receive a great deal of theoretical [2-7] as well
as experimental attention [7,8]. Theoretical interest in
this model arises from the fact that it is one of the few ex-
actly solvable models in quantum optics showing several
quantum-mechanical features. The Jaynes-Cummings
model (JCM) predicts several interesting effects such as
vacuum field Rabi oscillations [2], collapses and revivals
of Rabi oscillations in the coherent field [3-7], photon
antibunching [9], squeezing of the cavity field [2,10,11],
and chaos [12]. The model is also useful in studying the
emission spectra of two-level atoms in a cavity [13]. It is
also known [14] that the predictions of the model depend
sensitively on the statistics of the field in the cavity.

Recent advances in high-Q cavities have made it possi-
ble to verify the predictions of JCM in the optical as well
as in the microwave regime. Experimental observation of
collapses and revivals has been reported by Rempe,
Walther, and Klein [15]. Rabi oscillations have been ex-
perimentally observed by Gentile, Hughey, and Kleppner
[16]. The creation of a single-mode two-photon maser
has also been reported [17].

The analytical simplicity and the experimental realiza-
tion of the model have inspired several extensions and
generalizations of the original JCM in many directions.
The model has been extended to include the effects of
finite cavity damping [18] and blackbody photons [19].
The influence of the atomic spontaneous emission decay
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on the collapse-revival phenomenon has also been investi-
gated [20]. The JCM has also been modified to treat an
atom undergoing a two-photon transition in an ideal cav-
ity [21]. It has been extended further to study the
behavior of multiatom systems [22] as well as multilevel
systems [23]. The effects due to spatial structure of the
cavity field mode [24] and those due to the Kerr-like
medium [25] on the behavior of the JCM have also been
considered recently.

In a recent paper [26], the standard one-photon as well
as the two-photon JCM’s were extended to include the
transient effects arising from a time-dependent atom-field
coupling coefficient. In subsequent papers [27,28], we at-
tempted to study the effects due to stochastic time depen-
dence of the atom-field coupling coefficient on the
behavior of a single two-level atom interacting with a sin-
gle mode of the electromagnetic field in an ideal cavity.
These stochastic fluctuations in the cavity may presum-
ably be inherited from the source of the chosen single-
mode coherent field coupled to the cavity. An alternative
mechanism for the fluctuations in the atom-field coupling
parameter may arise from the following consideration.
In the current experiments on cavity quantum electro-
dynamics, a stabilized beam of Rydberg atoms enters in a
superconducting cavity. The flow rate of the atomic
beam is well controlled so that the single atom-field in-
teraction is the dominant process. However, any varia-
tion in the mechanism of the production of Rydberg
atoms due to instabilities either in the atomic vapor pro-
duction source or in the dye laser system that is responsi-
ble for exciting the atoms to the Rydberg states may in-
troduce stochastic fluctuations. It is conceivable that
these fluctuations may in turn be acquired by the process
of interaction of the electromagnetic field with the atomic
beam in the cavity. Also, it has been reported very re-
cently that the atom-field coupling coefficient or the fluc-
tuations of vacuum Rabi frequency play a significant role
in observing trapping state dynamics of a one-atom mi-
cromaser system [29]. In fact, large fluctuations in the
vacuum Rabi frequency g wash out the trapping states.

619 ©1995 The American Physical Society



620 S. V. LAWANDE, AMITABH JOSHI, AND Q. V. LAWANDE 52

Experiments do confirm that the fluctuations in g are
about 20% and so we are motivated to model such fluc-
tuations in g.

In Ref. [28] we assumed that the atom-field coupling
coefficient fluctuates both in amplitude as well as in phase
and that the fluctuations in the phase and the amplitude
are statistically independent. The fluctuations in the
phase were described by the well-known Gaussian pro-
cess of phase diffusion [30], while the amplitude fluctua-
tions were described by a Gaussian distribution for
colored noise [31]. Further, we invoked a secular approx-
imation and the theory of multiplicative stochastic pro-
cesses [32] to derive a master equation for the density
operator averaged over the distributions of both phase
and amplitude fluctuations. The solution of this master
equation was used to study the decoherence in the Rabi
oscillations and other statistical properties of the field.
Incidently, Moya-Cessa et al. [33] have also analyzed the
decoherence of Rabi oscillations in the JCM invoking a
recent model proposed by Milburn [34] for intrinsic
quantum decoherences. The decoherence in the Rabi os-
cillations arising from phase fluctuations in our model
[27] were shown to be qualitatively similar to the above
[33], though the mechanisms are different.

Another possible motivation for considering the JCM
with stochastic fluctuations is because of its application
to study the motion of an ion in a harmonic trap interact-
ing with a standing wave or a traveling wave. This is be-
cause in some approximation [35,36] the equations
governing the motion of the ion in the trap may be re-
duced to a form that is similar to the JCM with the field
variables replaced by the vibrational modes of the quan-
tized center-of-mass motion of the ion. The coupling
coefficient now involves the amplitude and the phase of
the standing wave and it is natural to consider the fluc-
tuations in both amplitude and phase in this case.

In the present paper, we consider an alternative model
for introducing stochasticity in the JCM based on the so-
called jump processes. Such models were first introduced
in quantum optics by Burshtein [37] to treat the noisy
laser-atom interactions. The simplest example of such a
model is the two-state random telegraph. While models
based on Gaussian noise have been generally popular in
quantum optics, random telegraph models have also been
studied considerably by several authors [38—41]. Models
of Gaussian noise can be handled analytically using the
so-called cumulant approximations only when extremely
short coherence times are involved [32]. In contrast, all
random telegraph models, whether associated with phase,
frequency, or amplitude fluctuations, lead to equations
for average response that have exact algebraic solutions
[38]. We apply here the model of a two-state telegraph to
treat the phase and frequency fluctuations in the JCM.
As in the previous paper [28], these fluctuations can be
associated with the coupling coefficient in the JCM. We
show that exact algebraic equations for the matrix ele-
ments of the average density operator can be obtained in
both cases. These algebraic equations are solved to study
the atomic response as well as the statistical properties of
the random field.

The organization of the paper is as follows. In Sec. I1

we present the basic formulation of the stochastic JCM.
After introducing the physical model and the basic prop-
erties of the phase and frequency telegraph noise, we con-
sider the atomic dynamics. Exact equations are derived
for the relevant density matrix averaged over the fluctua-
tions in phase and frequency. The formal analytical solu-
tion of these equations are presented. Approximate
analytical limits of these solutions are also derived.
These solutions are subsequently used in Sec. III to dis-
cuss the dynamical behavior of the atom and the statisti-
cal properties of the field. Finally, some concluding re-
marks are added in Sec. IV.

II. BASIC FORMULATION

A. Physical model

We consider the interaction of a single two-level atom
with a single mode of radiation field. The atom is charac-
terized by spin-1 angular-momentum operators S.,S,,
while the field is described by the annihilation and the
creation operators a and aT, respectively. For simplicity
we assume that the field is in resonance with the atomic
transition frequency w,. In the usual rotating-wave ap-
proximation, the Hamiltonian of the system takes the
form

H=0yS,toa’a+[g*(S,a+gn)S_a'l, @1

where the coupling g (¢) between the atom and the field is
assumed to be time dependent. Transient effects arising
from various forms of deterministic modulation of the
coupling coefficient g(¢) have been already studied in a
recent paper [26]. Moreover, it is easy to introduce sto-
chasticity in the problem through the coupling coefficient
g (1), irrespective of its origin. This has been illustrated
in recent papers [27,28], where the stochastic fluctuations
in the atom-field coupling were treated. In these papers
the coupling coefficient was assumed to fluctuate in phase
and/or in amplitude. The phase fluctuations were de-
scribed by a Wiener-Levy (phase-diffusion) process and
the amplitude fluctuations by colored Gaussian noise.
An alternative model that represents noise by means of
discrete jump processes was first introduced into quan-
tum optics by Burshtein [37]. A simple example of such
a jump process is the two-state random telegraph.
In order to illustrate such a model we assume that

g(t)y=goe 14 | (2.2)

where the nonstochastic amplitude g, is a positive real
quantity while the phase ¢(¢) is treated as a stochastic
variable. There are now two ways in which the random
telegraph model can be used in the system. The first is
the so-called random-phase telegraph where the ¢(¢) it-
self fluctuates in the manner of a jump. The second case
involves writing

o= [p()ar’

where ¢=p(t) is a random telegraph. We may appropri-
ately call this case a random frequency telegraph. The
correlation function (g(z)g(¢’)) is different in the two

(2.3)
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cases. Following the analysis of Eberly, Wodkiewicz, and
Shore [40], we have, for a binary phase, telegraph noise
where ¢(¢) randomly jumps between two possible values
(states) @ and —a, the correlation function

(g(t)g(t'))=gi{exp{i[d(t)—¢(t')]})
=g2[cos’a +sin%a exp(—2[t —¢t'|/T)],

(2.4)
J

(g(0g(t'))=(g5/2){(1/vT +exp[ —(1/T =)t —¢'|1—(1/vT — Dexp[ —(1/T +v)|t —t'[]} ,

where

Vvi=(1/T?>—a?). (2.6b)

The correlations (2.4) and (2.6a) are central to the deriva-
tion of the appropriate master equation.

B. Atomic dynamics

We now proceed to study the dynamics in the presence
of telegrapher noise. For this purpose, we derive the
relevant equation of motion from the basic Liouville—von
Neumann equation for the density operator. It is con-
venient to use the interaction representation and write
the evolution equation as (%=1)

iop/ot=[H,,p], (2.7a)
where H, denotes the interaction Hamiltonian
H =go{exp[i$(1)]S, a+exp[—id(D]S_a'} .  (2.7b)

We now introduce the states

d .

t T — (¢ , S
Et_pm:(t):_fodt {ae A )][anpz:—(t )= QP (2

dt

In describing these equations, we have assumed that
pE:¥(0)=0. The reason for this will be made clear later.
One can develop similar equations for the evolution of
pi2 T (1), but we will not require them in the present pa-
per. The idea behind recasting Eq. (2.9) in the above
form is to make use of the Markovian property of the
telegrapher noise. According to this, since ¢’ <¢, the part
involving the exponential factor in Egs. (2.13) and (2.14)
gets decoupled from the other part, which depends on ¢’
[39,40]. This allows us to take the average over the sto-
chastic distribution of the telegrapher noise. Using the
symbol { ) to denote such an average and writing

c(t —t')=(eTion—du]y (2.15)

r)]+amei[¢(t)*¢(t')][amp:n+(tr)_anp;n—(t:)]} ,

L (0= Jiat @y e 10N ot (1)~ a, o (1) F e O MO, 0 F (1) o ()]} -

where T is the mean dwell time of the telegraph.

In the other case of frequency telegraph ¢ =p(t) obeys
the binary telegraph process. In this case, Wodkiewicz,
Shore, and Eberly [41] have shown that

(u(tu(t')) =a’exp(—2[t —¢t'| /T) 2.5)
and
(2.6a)
[
wt)y=Im,1),
(2.8)

These states are degenerate in the absence of the interac-
tion. The interaction causes a transition between them.
It is convenient to derive from (2.7) the equation of
motion for the diagonal and the off-diagonal elements of
the operator p. These equations read as

%pif(t)=i[ane””pi;f(t)—amei“”p,f,;i(t)] , (2.9
g;pﬁf(t)=iet""’[anpi;,i(t)—amp,f,;l(t)] , (2.10)
where the notation used is
P (O=(WE p()|¥F), (2.11)
a,=goVm-+1. (2.12)

These equations have to be solved taking into account the
stochastic nature of the phase variable ¢(¢). For this pur-
pose, it is convenient to first solve Eq. (2.10) formally and
insert the solution in Eq. (2.9). We thereby obtain

(2.13)

(2.14)

we obtain from Egs. (2.13) and (2.14) the following equa-
tions for {pi: ¥ (1)):

d, 44 = [ gt a(s 4t 2 2 PV
1 P () fodt et —t") (a2 +a2)ptt (')

20,0, {prn ')},

(2.16)
_d_ - — ta Y + 44
(P () fodt c(t—t")(2a,a,{ptt ("))
—(aZ, +aZ X pu (')} . (2.17)
For convenience we may introduce two quantities
Fr()=1{{pt ) £pm (1))} (2.18)
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and rewrite (2.16) and (2.17) in the form
d

where F £, (z) is the Laplace transform of F,(z). When
n=m, Q,,.(0)=0 and we have directly from Eq. (2.19)

LEE(=—F, [fdt'c(t —t"FE "), (2.19)
dt 0 + +
. F} ()=F}(0). (2.23)
where
(Q;:n )2=(am Fa, )2=g(2)(‘/m_—‘_‘/m)z ) (2.20) On the other hand, when nm, inversion of Eq. (2.22)

yields the general solution

Equation (2.19) may be readily solved by using Laplace

transform techniques. The form of the correlation func-
tion ¢ (¢) depends on the telegrapher process considered.
In the subsequent subsection we obtain explicitly the =1 T =20
solution of Eq. (2.19) in the two cases of telegraph noise

3. A, (A;+2/T)

and apply it to discuss the behavior of atomic observables

and the field statistics presented in Sec. III.

C. Solutions of the equation of motion

1. Phase telegraph

The correlation function C(t —t’) for the phase tele-

graph is given by [see Eq. (2.4)]

C(t —t')=cos’a +sinZae ~2lt ~*'1/T

Ff ()=FL 0] exp(A;1) |, (2.24)
k#j

where A; are the roots of the cubic equation

A+ Q2/TA+H Q] PA+(2/T)Q,, 2cos’a =0 . (2.25)

This equation has one negative real and a pair of
complex-conjugate roots.

We may obtain the approximate solution in the two
limits of large and small 7. When T is very large
(goT >>1), the real approximate roots of the cubic equa-

(2.21) ¢
tion (2.25) are

Inserting Eq. (2.21) in Eq. (2.19) and taking the Laplace

transform with respect to ¢z, we obtain rM=—(2/ T)cos’a , (2.26a)
- +2/T)F,;,(0) o .2
Fi,=— 22(2 Do . Ay y=i(QF,)— 0@ (2.26b)
22+ (2/D22+(QF, )2 +(2/T)Q,}, Y *cos?a r
(2.22) and the solution for F¥(t) reads as
|
x ( —yqt F F
Fl ()= ";1 —(sin2a)e "+ |[(4cos*a +sin*a)+(Q), T)2cosQ .}, 1
+ %‘%[(Qin T)2—(3 cos?a —1)(cos?+ 1) Jsin(QF, 1) [e ] , (2.27)
where
2
y1=(2/T)cos’a, y,= su;a , (2.28a)
D,=(Q, T+ (3cos’a —1)*. (2.28b)
In the opposite case of small T (g, T << 1), the approximate roots of the cubic equation (2.25) are
Q5,7
M=—(2/T) |1— —~ﬂ4"———sin2a , (2.29a)
= . in2
Ay y=+iQT cosa—(Q, T)Z—S“;—“ (2.29b)
and the solution for F, (¢) takes the form
+ F,ff,,(O) ¥ . 2, V3t 2 F o2
an(t)=—7)—2— —(Q,Tsina)’e ">+ [[(1—3sin%a)(Q,, T)*+4]cos(Q,],t cosa)
sin’a . —yat
- —czg(n;f,, Tsin(Q} tcosa) |e ™|, (2.30)
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where
Q5 T7
y3=2/T) |1— m‘: sina | , (2.31a)
22
ra=(QF, T)zs“fT“ , (2.31b)
D,=(1—4sin’a)(Q,,T)*+4 . (2.31¢c)

The effect of phase telegraph noise is manifest in the solu-
tions (2.27) and (2.30) in terms of the modified amplitude
and frequency of Rabi oscillations and the decay
coefficients ;.

In the particular case, when a =0 or , the cubic equa-
tion (2.25) has the exact roots

M=—2/T, Ay3=%iQ), . (2.32)

|

In this case the exact solution for F, (¢) reads as

FE (t)=FZ% (0)cos(Q, 1) (2.33)

irrespective of the value of the dwell time 7. This result
is to be expected as the correlation function of Eq. (2.21)
is unity in this case. In this special case, the telegraph
noise does not introduce damping of Rabi oscillations.
Note also that the special solution (2.33) is recovered
from both Egs. (2.27) and (2.30) when the parameter a is
set equal to O or 7.

On the other hand, when @ = /2, the correlation func-
tion C(t —t')=exp(—2|t —¢t'|/T). In this case also the
cubic equation (2.25) is exactly solvable with the roots

M=0, Ay;=—(1/DE[1/T*—(Q7, P (234

and the solution take the form

FE ()=FZ%,(00e T |cosh(tV 1/T?—Q:2)+sinh(tV 1/T>— QI /(TV 1/T*—Q%2) | .

For large T, this reduces to the approximate form
Ff (t)=FF,(0)e "/Tcos(Q,},t)+sinh(Q,},0)/Q, T],
(2.36)

which may also be obtained from (2.27) by letting
a=1/2 therein. On the other hand, in the opposite limit
of small T, we have a purely decaying solution

FE (t)=FZ% (0)e /T

_oT2
X[(1+T2QT2/4)e O 1172

—20(1—Q T 272 /4)/T

—(T?Q, 2/4)e 1, 2.37)

which may also be derived from (2.30) by letting a =7 /2
therein.

2. Frequency telegraph

In the case of the frequency telegraph, the correlation
function C (¢ —t') has the form [see Eq. (2.6a)]

1 1 _ )t =t
ity — +1 (1/T—v)|t —¢t'|
C(t—t')= > |5 e
__é VI —1 Ie—(l/T+v)|t~t’| , (2.38)

where v*=(1/T?—a?). Inserting Eq. (2.38) in Eq. (2.19)
and taking the Laplace transform with respect to 7, we
obtain

22+2—;+02 FE (0)

Fr (2=

234222 /T +(Q 2 +a?)z+(2/TQ) 2
(2.39)

As before, when n =m, Q,,,(0)=0 and it is clear from
Eq. (2.19) that F,}, (¢)=F,},(0), as in Eq. (2.23). When
n7m, the inversion of Eq. (2.39) yields the general solu-

(2.35)

[
tion of the form (2.24), where A j are now the roots of the
cubic equation

M+ %x2+(9,f,3+a2)x+—27:n,§,3=0 . (2.40)
This equation has one negative real root and a pair of
complex-conjugate roots. As before, when T is large
(goT >>1), the approximate roots of the cubic equation
(2.40) are given by

af |
}‘x:_l = > (2.41a)
T | T,
1 a 2
Ays==+il} —— , (2.41b)
S

(FE 2=k, +a?. (2.41c)

Note that the quantity a has the dimensions of frequency.
The appropriate solution for F, (¢) takes the form

Fi (0) QIFZ o
Fpy(n=—"" [a2 —4—%i3 n
1 IﬁmnT
40, 4+q* _
F2 mn F
+ | | Qi+ i cos(I", ¢)
3(Q,a)? , oy
—(I‘gnfT sin(lF6) e ™'},
mn
(2.42)
where
y’1=lT(Q,jf,,/rj,,)2, 7/’2=~1T—( /T, (2.43a)
D =(If )+, 2—a?? /(T )4 T? . (2.43b)

On the other hand, when T is small (g,7 <<1) the ap-

proximate roots of the cubic equation are given by

a’T
4

and the approximate expression for F,

M=—2/T, Ay=%iQ} — (2.44)

(t) reads as
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F ()= #(asze T [(QF, TP —2aT+4]cos(QF, 1) — (aT /80T, [ 20QF, T — (aTP+8]sin(QF,0}e ™),

2

where
2
yi=—uT, yi=—2L, (2.46a)
D, =[(Q,},)?—a?]T*+4 . (2.46b)

Once again the effects of the random frequency telegraph
noise is evident in the solutions (2.42) and (2.45) by the
modified amplitude and frequency of Rabi oscillations
and the damping coefficients ;.

Furthermore, when a =0, the correlation function
C(t—1t')=1 and F,(t) reduces to the form (2.33). Asa
check, one may also verify that the approximate solutions
(2.42) and (2.45) reduce to this form when a is set equal to
zero.

III. RESULTS AND DISCUSSION

We now use the general solution of the preceding sec-
tion contained in Egs. (2.27) and (2.30) for phase tele-
graph noise and in Egs. (2.42) and (2.45) for frequency
telegraph noise to obtain explicit analytic expressions for
some physical observables of the system. For this pur-
pose, we assume that initially the field has a photon-
number distribution p, and the atom is in the excited
state. Thus the initial density operator has the form

pO)=3 p,ln, ) {n, L+ 3 ppIn,L){m, 1|,
n

nitm
=3P S+ 3 p W7 WL GD)
n nf#Em
It is clear from here that p}t(0)=p,, and

P (0)=pZ F(0)=0s0 that

Fin(0)=1p,, Fi(0)=1p,, . (3.2)
The probability P,(¢) of finding the atom to be in the ex-
cited state at any time ¢ is

P ()=(Tr(S,+L)p(t))={ptf(),

=1+L3pxm(1). (3.3)
m

In the expression above we have used the fact that
Fl.(t)=F} (0)=p, /2 and introduced x,,(t)=F,,,(t)/
F .. (0). This expression allows us to study the effects of
phase fluctuations on the phenomenon of collapses and
revivals. We may also study the effects of phase fluctua-
tions on the photon statistics of the field in the cavity.
For this purpose, we need the expressions for the mean
photon number n(#)={a’a)) and the quantity
«a™a?)). These expressions read as

(2.45)
—
n(t)=~«a'a ))Z(Tr[aTap(t)])
=3t X mpp—3 Z PnXm(t), (3.4)
m=0 m=0
CaPa?N=S m%p,,— S mpuXm() . (3.5)

m =0 m =0

A related quantity of interest is the normalized intensity-
intensity correlation

gX(n=«aa?) /(KaTa ) )?, (3.6)

which can be obtained from Egs. (3.4) and (3.5). The
function x,,(¢) contains all the information about the sto-
chastic fluctuations. An approximate analytical form of
X (2) for the case of phase telegraph and frequency tele-
graph may be obtained from the solutions derived in Sec.
II C and is given below.

A. Phase telegraph

The analytic expression for y,,(¢) in the case of binary
random-phase telegraph reads as

X ()= Ae "VH[(1— A)cos(fQ,,1)
+Bsin(fQ,t)]e ¥, 3.7)

where the amplitude factors A, B, the damping constants
Y1,Y2 and the frequency factor f depend on the dwell
time T of the telegraph. For large T (g,7 >>1), the fac-
tor f is unity and Q,, =2g,V'm + 1, while

A=—sin*2a/D , (3.8a)
B=sin%a[1—3cos’a(3cos’a —1)]/(DQ,, T), (3.8b)
D=(Q,, T+ (3cos’a—1)*, (3.8¢)
y1=2cos’a/T, y,=sin’a/T . (3.8d)

On the other hand, for small T (g,7 <<1), we have
f =cosa and

A=—(Q,,Tsina /D, B =(Q,, T)sin%a /D cosa ,

(3.9a)
D=(Q,, T)X(1—4sin’a)+4 , (3.9b)
y1=2[1—(Q,, Tsina )*/41/T ,

(3.9¢)

¥,=(TQ2 sina)/4 .

These approximate analytical expressions are found to
agree well with the exact results. The latter are obtained
by inserting numerically obtained exact roots of the cubic
equation (2.25) in the general form (2.24).

The effects due to phase telegraph noise on the atomic
behavior and the photon statistics of the field in the cavi-
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ty are depicted in Figs. 1-3. In these results the field is

assumed to be in a coherent state initially. For such a

field )

_lal?  —jap
n!

n b

(3.10)

*xn_.m
—_a '  —laf?

Prm =Wl

where |a|>=1, the mean photon number in the field. As
T— « and a —0, the expressions for P,(¢), {n(z)), and
g?)(¢) tend to the corresponding expressions for the JCM
without fluctuations. Curve A in Figs. 1-3 represents
this case for |a|?=m=10. Curves B (D) and C(E) in
each figure, on the other hand, show, respectively, the
behavior of P,(t), n(t), and g¥(¢) for a large (g, T =10)
and a small (g,7 =0.1) value of dwell time T for a fixed
value of jump parameter a =7 /4 (7/2) and 71 =|a|*=10.
As expected, physically, the fluctuations affect the oscilla-
tory behavior of the JCM considerably for smaller dwell
times of the phase telegraph (see curves C and E in Figs.
1-3). In particular, for a =7/2 and g,T =0.1, the oscil-
latory behavior is completely suppressed.

B. Frequency telegraph

The analytic expression for x,,(z) in the case of the
binary frequency telegraph may be obtained from the
general expressions

Xm()=A'e P4 [(1— 4")cos(T,,1)

+B'sin(T,,1)]e . (3.11)

P.(4)
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FIG. 1. Excitation probability P,(z) as a function of time g,¢
with phase telegraph noise for the initial coherent field with
mean photon number |a|*=10. The curves A[P,(1)],
B[P (t)+1], C[P,(1)+2], D[P,(t)+3], and E[P,.(t)+4] cor-
respond, respectively, to the parameters (a,g,7)=(0, ),
(7/4,10), (7/4,0.1), (7/2,10), and (7 /2,0.1).
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ot
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FIG. 2. Photon-number distribution n(¢) as a function of
time g, with phase telegraph noise for the initial coherent field
with mean photon number |a|?=10. The curves A[n(z)],
B[n(t)+1], C[n(t)+2], D[n(t)+3], and E[n(t)+4] corre-

spond, respectively, to the parameters (a,g0T)
=(0, 0 ),(7/4,10), (7 /4,0.1), (7 /2,10), and (7 /2,0.1).
@)
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FIG. 3. Intensity-intensity correlation function g®(¢) as a

function of time g,¢ with phase telegraph noise for the initial

coherent field with mean photon number |a|>=10. The curves

Alg®()], B[g@()+0.04], C[g?(1)+0.08], D[g®(s)

+0.12], and E[P,(t)+0.16] correspond, respectively, to the

parameters (a,go7)=(0, ), (7/4,10), (7/4,0.1), (7w/2,10),

and (7 /2,0.1).
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For large values of T (g,7T <<1),
T, =(Q%+a?)'?, Q,=2g,Vm+1,
A'=a’[1—4(Q,, /TT?)?]1/D’,

(3.12)
B'=(Q,,a)*/[TT; D],
D'=T2 +[2(Q,,)*—a?]/(T,, )*T?
and the damping coefficients are
Bi=2Q,, /T, /T, B,=(a/T,, /T . (3.13)

On the other hand, for smaller values of T (g, T <<1), the
above parameters take the form

r,=Q,,4=(aT?/D', D'=(Q%—a*>)T?+4, (3.14a)

B =a’T[2(Q,,T)*—(aT)*+8]/(8Q,,D'), (3.14b)
By=—2/T, B,=—a’T/4. (3.14¢)

The effect of the frequency telegraph noise on the exci-
tation probability P,(t) is pictorially shown in Fig. 4 for a
field that is initially in a coherent state with mean photon
number |a|?=10. Note that as T— o and a —0, one re-
covers from (3.11) the usual expression for P,(t) for the
JCM without stochastic fluctuations. This case is shown
by curve A4 in Fig. 4, while curves B(D) and C(E)
represent, respectively, the excitation probability P,(t)
for the dwell time g,7 =10 and 0.1 for a fixed value of
parameter @ =0.75 (1.5). The effects are more pro-
nounced for smaller 7" and larger values of a. This is also
reflected in the behavior of n(t¢) and the intensity-

P, (1)
5.01

gt

FIG. 4. Excitation probability P,(z) as a function of time gt
with frequency telegraph noise for the initial coherent field with
mean photon number |a[?=10. The curves A[P,(1)],
B[P,(t)+1], C[P,(¢)+2], D[P,(¢)+3], and E[P,(t)+4] cor-
respond, respectively, to the parameters (a,80o7)=(0, ),
(0.75,10), (0.75,0.1), (1.5,10), and (1.5,0.1).
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FIG. 5. Photon-number distribution n(z) as a function of
time got with frequency telegraph noise for the initial coherent
field with mean photon number |a|?*=10. The curves 4 [n(1)],
B[n(t)+1], C[n(8)+2], D[n(t)+3], and E[n(t)+4] corre-
spond, respectively, to the parameters (a,go7)=(0, ),
(0.75,10), (0.75,0.1), (1.5,10), and (1.5,0.1).
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0. 10. 20 30. 40. 50.

oA

FIG. 6. Intensity-intensity correlation function g®(¢) as a
function of time g,¢ with frequency telegraph noise for the ini-
tial coherent field with mean photon number |a|?>=10.
The curves A[g®(t)], B[g®(t)+0.04], C[g?®(t)+0.08],
D[g®(¢)+0.12], and E[P,(t)+0.16] correspond, respectively,
to the parameters (a,g,7)=(0, « ), (0.75,10), (0.75,0.1), (1.5,10),
and (1.5,0.1).
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intensity correlation function g ?(¢) shown in Figs. 5 and
6, respectively.

IV. CONCLUDING REMARKS

We have considered in this paper yet another mecha-
nism of intrinsic decoherence in the JCM associated with
stochastic fluctuations in the atom-field coupling parame-
ter. The mechanism involves a rather basic stochastic
model for phase and frequency fluctuations introduced in
quantum optics first by Burshtein [37] and subsequently
by others [38-41]. This model involves noise in the form
of random jump processes. We have used a simple ver-
sion of such generalized Poisson processes, viz., the two-
state random binary telegraph to describe both the phase
and the frequency fluctuations in the JCM. An aestheti-
cally pleasing feature of these non-Gaussian models of
noise is that they lead to exact equations for atomic ob-
servables that may be solved in finite terms. Indeed, this
aspect preserves the mathematical tractability of the
JCM. The formalism may be suitably extended to study
other features of the JCM such as the fluorescent spec-

trum. Moreover, the approach may also be extended to
treat the decoherence effects due to a superposition of n
independent random binary telegraphs for phase and/or
frequency fluctuations. As has been shown by Wod-
kiewicz, Shore, and Eberly [39], such a superposition cor-
responds to a pre-Gaussian noise because in the limit
n — o, it converges to a Gaussian stochastic process.

The dephasing mechanism considered here is different
from usual dissipation mechanisms such as cavity-field
damping and spontaneous emission decay or radiative
damping of the system. In these cases one finds that the
total energy of the atom plus field system is no longer a
constant of motion. Such a kind of dissipation mecha-
nism affects both diagonal as well as off-diagonal ele-
ments of the system’s density operator. In other words,
energy and coherence both undergo relaxation, but the
latter decays very fast and thus the collapse-revival
phenomenon vanishes quickly, way before any significant
change is made in the energy of the system. Finally, as
has been remarked earlier, the effects due to stochastic
fluctuations in the JCM could be of interest in the micro-
masers or in the study of the motion of an ion in a har-
monic trap interacting with a standing or a traveling
wave.
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