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Effects of phase fluctuations of a laser on the dynamics of an atom in metallic cavities
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We study the effects of phase fluctuations of a laser on the dynamics of a two-level atom. We assume that
the atom is in a cavity and consider two cases in which the atom is either sandwiched between two parallel
metal plates or placed inside a rectangular metallic waveguide. We use the well-known master equation and
utilize the phase diffusion model for our analysis. We derive expressions for the dipolar and dissipative forces
acting on the atom. We then show that the laser fluctuations produce an increase in the magnitude of the
dissipative force and a reduction in the dipolar force. We illustrate that the atom-laser interaction gives rise to
a potential, which binds the atom to the central part of the cavity. We also show that the atomic velocity
produces significant changes on the potential and on the force acting on the atom. The combined effects of the
velocity and laser fluctuations on the atomic motion are discussed.
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I. INTRODUCTION

There is considerable interest in the study of the ato
motion induced by the field of a laser. The interest ste
from the recent developments in the utilization of the rad
tion field to achieve cooling and trapping of atoms@1–3#.
The atom optics@4# has become a major field of resear
activity dealing with the interaction of an atom with radi
tion. It is desirable in this field to find ways to maneuv
atoms in some specific direction@5#. Al-Awfi and Babiker
@6,7# have achieved significant progress in the study of at
dynamics induced by a laser radiation when the atom is
side two specific cavities: one formed by two parallel me
plates@6# and the other by a rectangular waveguide@7#. They
have calculated forces acting on the atom and have sh
that atoms can be trapped in the central part of the cavitie
a potential well generated by the interaction of the atom w
the radiation field.

Perfectly conducting parallel plates represents a relativ
simple system that displays the effects of confinemen
quantum electrodynamics. An atom, enclosed in the syst
is attracted to the surface by the van der Waals force. H
ever, a relatively stable state of the atom can be realize
the vicinity of the center of the cavity. In this region, th
atom is under the influence of two almost equal forces
opposite directions. This fact was used by Sandogdharet al.
@8# for the first experimental demonstration of the van d
Waals interaction between an atom located at the cente
the gap and the metal surfaces. More recently the prob
was tackled quantum mechanically by treating the chang
the energy of the atom as a Lamb shift arising from exc
tions and de-excitations of the surface plasmons@9,10#. A
metallic waveguide is another arrangement in which an a
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can be guided along its axis by using a laser field as
driving force.

In the present paper, we consider the effects of ph
fluctuations of a laser on the dynamics of an atom, enclo
in a cavity. Although the lasers are usually assumed to
coherent, there is significant presence of fluctuations bot
the amplitude and in the phase angle. This is particularly t
in the case of low power gas lasers in which collision broa
ening can be substantial. Since low power lasers are use
study of the atom dynamics, it is useful to examine the eff
of the fluctuations on the atomic motion. We show in th
paper that these effects can indeed be significant.

Lawande and Panat@11# have studied forces acting on a
atom in free space by laser fields produced by a Lague
Gaussian, or by an ideal Bessel beam. The case of an ato
a cavity, which is the subject of the present investigatio
differs substantially from the free-space situation. For
atom in a cavity, the electric fields are determined by
geometry of the cavity while in free space the fields a
determined by the laser characteristics. Moreover the sp
taneous decay coefficients are drastically changed when
tallic boundaries are present. They also depend on the p
tion of the atom within the cavity. The atomic transition rat
are also affected to some extent by the van der Waals in
action between the atom and the metal plates. This inte
tion is, however, very weak everywhere except near the
face. We, therefore, consider the effects of the radiation fi
only and neglect the effects of the van der Waals interact

In this paper, we derive the exact master equation
which the effects of phase fluctuations are fully taken in
account. We define the reduced density operatorW for the
system using the standard master equation under
rotating-wave approximation. The reduced density opera
is averaged over the distribution of the phases following
procedure proposed by Lawandeet al. @11#. The optical
forces on the atom are then obtained by taking the trace
the gradient of the laser-atom interaction over the pha
averaged density operatorW̄.

The paper is organized as follows. In Sec. II, we give t
basic formalism leading to the appropriate phase-avera

er-
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reduced atomic density operatorW̄. The density operatorW̄
is then used to derive the optical forces on the atom. Sec
III is devoted to the application of the formalism to study,
detail, the atomic motion in both the parallel plate and
rectangular waveguide systems. The effect of velocity on
atomic dynamics is presented in Sec. IV. Numerical res
are discussed in Sec. V. Concluding remarks are made in
VI.

II. FORMALISM

Consider a two-level atom in a cavity. We denote t
ground state of the atom byu1& and the excited state byu2&.
The energy difference between the two levels is\v0 . The
atom, while inside the cavity, interacts with an externa
tunable laser having a frequencyvL . The frequency is se
lected so that it is in resonance with one of the modes of
cavity. We assume that the laser radiation propagates
plane wave parallel to the plates~in the two geometrical
configurations!. The amplitude of the wave has the spa
dependence, consistent with the geometry of the cavity. W
PW and RW as the momentum and position of the atom, t
Hamiltonian of the system in the dipolar approximation@6,7#
is given by

H5
P2

2M
1\v0P222 i\@«~ t !g~RW !exp~2 ivLt !P212H.c.#

[H01H1 . ~1!

Here u i &^ j u5P i , j are the atomic operators obeying the co
mutation relation

@P i j ,Pkl#5P i l d jk2Pk jd i l , ~2!

wherei, j, k, andl assume the values 1 and 2.g(RW ) gives the
variation of the electric field over the cross section of t
cavity. The dynamics of the atom is described by the redu
atomic density operatorr, which satisfies the master equ
tion

i\
]r

]t
5@H,r#1 i\Rr, ~3!

whereRr is the dissipation term resulting from the couplin
between the atom and the radiation vacuum of the cavity
is given by@11#

Rr5G@2P12rP212P22r2rP22#. ~4!

Here 2G is Einstein’s coefficient, which is appropriate
modified by the cavity. The quantity«(t) is related to the
electric fieldEW (t) and the dipole momentdW according to

«~ t !5dW 12•EW ~ t !/\. ~5!

The field EW (t) will depend upon a particular mode of th
cavity and can be written as

EW ~ t !5EW 0eiQ1 ic~ t !, ~6!
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whereQ is kWg•rW i2vLt andc(t) is the stochastic phase fac
tor of the mode. HerekWg is a wave propagation vector andrW i

is the vector component ofrW parallel to the plates. Allowed
values of the laser frequencyvL depend on the geometry o
the cavity. The dissipation constantG is altered by the cavity
from its free-space valueG0 as a result of the changes in th
density of states@6,7#. The Rabi frequency, given byV
5uc(0)g(R)u, where c(0)5udW 12•EW 0 /\u, depends on the
mode functionEW 0 and field profile functiong(RW ).

We describe the phase fluctuations in terms of a ph
diffusion model wherem(t)5ċ(t) is a Gaussian white nois
such that

m̄~ t !50 and m~ t !m~ t8!52Gcd~ t2t8!. ~7!

Here the bar means ensemble average.Gc is the bandwidth
of the phase fluctuations. UnlikeG, the spontaneous emissio
rate,Gc does not change with the position of the atom. Th
is a consequence of the fact thatGc results from intrinsic
laser fluctuations. The calculation of the optical forces on
atom requires obtaining the traces@11# of appropriate matri-
ces such as Tr(rP21e

iQ1 ic(t)) and Tr(rP12e
2 iQ2 ic(t)) aver-

aged over the distributions of the phase fluctuations.
evaluate these quantities we make a unitary transforma
of r:

W5exp$2 i @c~ t !1vLt#P22%r exp$ i @c~ t !1vLt#P22%.
~8!

Following the definition ofW, we are able to express

Tr~reic~ t !1 iQP21!5Tr~WeiQP21! ~9!

and

Tr~re2 ic~ t !2 iQP12!5Tr~We2 iQP12!. ~10!

Using Eqs.~3!, ~4!, and~8!, we obtain the master equation

dW

dt
5@A02 i ċ~ t !A1#W, ~11!

where

A0W52 iD@P22,W#2~VeiQ@P21,W#2H.c.!1GRW,

~12!

A1W5@P22,W#, ~13!

and D05vL2v0 is a detuning parameter. Equation~11! is
the Langevin equation but with a difference that the ope
tors A0 andA1 do not commute. Fortunately, it can be ave
aged over the phases using the delta function correla
given by Eq.~7!. Thus, the phase averagedW̄ satisfies
7-2
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dW̄

dt
5~A02GcA1

2!W̄. ~14!

Equation~14! can be solved in a steady state, i.e.,dW/dt

50. Various matrix elements ofW̄, given in @11#, can be
written as

~W̄!115
uVu2~G1Gc!1G~G1Gc!

21GD2

D
, ~15!

~W̄!22512~W̄!11, ~16!

~W̄!1252
VG~G1Gc1 iD!e2 iQ

D
, ~17!

and

~W̄!215~W̄!12* , ~18!

where D, the detuning factor, which includes the effect
atomic velocityV, according to Al-Awfi and Babiker@6,7# is
given by

D5D02kgV. ~19!

and

D52uVu2~G1Gc!1GD21G~G1Gc!
2. ~20!

When we take the average of the gradient ofH1 , we will get
two terms: one involving¹W Q and the other involving¹W V.
The former is defined as the dissipative force and the late
the dipolar force. After evaluating the Tr(W̄eiQP21) and
Tr(W̄e2 iQP12) using expressions~15!–~18!, and after some
algebra we get the average dipolar force as
n-

is
c-
a
rc

06381
as

^Fdipolar&52
2\G~D!V~¹W V!

~G1Gc!F2uVu21G~G1Gc!1S G

G1Gc
DD2G .

~21!

The dipolar force is conservative and generates the exp
sion for the potential energyU:

U5
\

2 S G

G1Gc
DD lnF 11

2uVu2

G~G1Gc!1
G

G1Gc
D2G .

~22!

Similarly, the average dissipative force is given by

^Fdissipative&5
2\GuVu2¹W Q

F2uVu21G~G1Gc!1
G

G1Gc
D2G . ~23!

The origin of the dissipative force arises from the abso
tion and spontaneous emission cycles. The dipolar force
the other hand arises from the absorption and stimula
emission cycles. The phase fluctuations are expected to a
the two forces differently. This will be reflected more clear
in the following analysis.

We take the ratio of the dipolar forces with and witho
fluctuations and find the condition for the ratio to be grea
than unity. We separate the space dependent parts fromG and
V by introducing the definitionsG5G0f andV5V0g. The
ratio of the dipolar forces with fluctuations present and wh
absent, using Eq.~21! can be written as
@^Fdipolar&bÞ0 /^Fdipolar&b50#5
f @2g21 f 2~G0 /V0!21~D/V0!2#

~ f 1b!@2g21 f ~ f 1b!~G0 /V0!21$ f /~ f 1b!%~D/V0!2#
, ~24!
of
ter
ded

s.
n-

two
t

whereb5(Gc /G0).
The ratio is greater than unity provided the following co

dition is satisfied:

0.@2g21 f b~G0 /V0!212 f 2~G0 /V0!2#. ~25!

Whenf is positive the above condition is never satisfied. W
will find later that for the two cavities considered in th
paperf is always positive. Hence, the dipolar force with flu
tuations cannot exceed the force when the fluctuations
absent. The corresponding condition for the dissipative fo
requires that

~D/V0!2. f ~ f 1b!. ~26!
e

re
e

The condition~26! is satisfied easily for a range of values
D andV0 . Consequently the dissipative force can be grea
with fluctuations present than when they are absent provi
condition ~26! is satisfied.

III. ATOMIC MOTION IN CAVITIES

In this section, we will define quantities required in Eq
~21!–~23! and apply them for the motion of an atom e
closed within two parallel plates.

In a Cartesian coordinate system, we assume that the
metal plates are parallel to thex2y plane and are located a
z50 and atz5L. The electric field for the TE mode is
expressed by@6#
7-3
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EW ~kWg ,n,rW,t !5C~kWg ,n!~ k̂g3 ẑ!sin~npz/L !

3exp$ i @kWg•rW 2v~kg ,n!t#%. ~27!

The electric field for the TM mode is given by

EW ~kWg ,n,rW,t !5
2 iC~kWg ,n!

v~kg ,n! F ikWg

ukWgu
S np

L D sinS npz

L D
2 ẑukWgucosS npz

L D G
3exp$ i @kWg•rW 2v~kg ,n!t#%. ~28!

Here the mode frequencyv is given by

v2~kWg ,n!5c2Fkg
21

n2p

L2 G ~29!

and

C~kg ,n!5F\v~kg ,n!

«0AL fn
G1/2

, ~30!

where f 052 and f n51 for n.0, rW[(rW ,z) andA is the sur-
face area of the plates.

The free-space spontaneous transition rate is given b

G05
v0

3ud12u2

3p\«0c3 ~31!

as demonstrated by Al-Awfi and Babiker@6#. For an atom
moving within parallel conducting plates two situations mu
be considered. The first is when the dipole of the atom
oriented parallel to the plates, while the second is when
atomic dipole is oriented perpendicular to the plates. For
case where the dipole is parallel to the plates, the emis
rate for 1,2L/l,2 is given by@6#

G i5G0S 3l

4L D H 11
l2

4L2J sin2S pz

L D , ~32!

5G0f i~z!.

Clearly f i is positive and hence the conclusion from Eq.~25!
that dipolar force with fluctuations is always smaller than
dipolar force without fluctuations. The corresponding Ra
frequencyV is

V i5V0&S l

2L D sinS pz

L D5V0gi~z!. ~33!

If I is the intensity of the laser used to excite the mode,
free-space Rabi frequency is

V05
udW 12uAI

\A2«0c
. ~34!

When the atomic dipole is perpendicular to the metal pla
06381
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G'5G0F3l

4L H 112S 12
l2

4L2D cos2S pz

L D J G
5G0f'~z!. ~35!

and

V'5V0A2S 12
l2

4L2D cosS pz

L D
5V0g'~z!. ~36!

B. Atomic motion in a rectangular waveguide

We now consider a rectangular waveguide. We selec
coordinate-axis scheme different from the one used in
previous section. We assume that the axis of the waveg
is oriented along thez axis and the cross section is assum
to be parallel to thex–y plane. The cross section has th
dimensions ofa and b along thex axis and they axis, re-
spectively. According to Al-Awfi and Babiker@7#, the electric
fields for the TE mode is

EW ~rW,t !5A 2\v~Q!

AL«0@km
2 1kn

2# f mn
@ êxkm cos~knx!sin~kmy!

2eW ykn sin~knx!cos~kmy!#exp@ i $kgz2v~Q!%t#,

~37!

and for TM modes, the electric fields are

EW ~rW,t !5A 2\c2

AL«0v~Q!@km
2 1kn

2#
@ êxknkg cos~knx!

3sin~kmy!1eW ykmkg sin~knx!cos~kmy!

1 ieW z~kn
21km

2 !sin~knx!sin~kmy!#

3exp@ i $kgz2v~Q!t%#, ~38!

where

v2~Q!5c2$kg
21km

2 1kn
2%, kn5np/a, and

km5mp/b. ~39!

A is the cross-sectional area of the guide,L is its ~large!
length, f 015 f 105(1/2), andf mn51 for m>1 andn>1. We
defineG i as the decay rate when the atomic dipole is para
to the z axis andG' the rate when the dipole is in they
direction. We assume thata5b5L and 1,(l/L),2. Since
the main aim of this paper is to examine the effects of ph
fluctuations, these assumptions will not seriously restrict
conclusions of this paper. Interchange ofx andy will provide
the results when the dipole is in thex direction. The simplic-
ity arises because of our assumption thata5b5L. The re-
sults for various parameters are obtained from the work
Al-Awfi and Babiker @7#. They are given as follows:
7-4
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G i

G0
5 f i5~3/4!~l4/L4!

1

A12l2/2L2
sin2~px/L !sin2~py/L !

~40!

and

G'

G0
5 f'5~3/p!

l2

L2 F sin2~px/L !

A12l2/4L2

1
cos2~py/L !sin2~px/L !

4A12l2/2L2 S 22
l2

2L2D G . ~41!

The Rabi frequencies for the dipole parallel to thez axis and
parallel to they axis are given, respectively, by@7#

V i

V0
5gi5&S l

L D sin~px/L !sin~py/L ! ~42!

and

V'

V0
5g'5A2S 12

l2

2L2D cos~py/L !sin~px/L !. ~43!

IV. TIME-DEPENDENT EFFECTS

In this section, we discuss the time-dependent effects
sociated with atomic motion in the confined geometri
Equations~21!–~23! show that the force and the potenti
acting on the atom depends on the atomic velocity. The
pendence arises through the termD defined by Eq.~19!. To
evaluate these changes, we use the equation of motio
determine the atomic velocity as a function of timet using
the relation

M
dV

dt
5

2\GuVu2¹W Q

F2uVu21G~G1Gc!1
G

G1Gc
D2G , ~44!

where we have used the expression for the dissipative fo
which acts in the direction of laser propagation. The solut
can be expressed as

t5a1V31a2V21a3V, ~45!

where

a15
kgM

6\V0
2f g2 F f

f 1b G , a25
D0M

2\V0
2f g2 F f

f 1bG ,
a35F2V0

2g21S f

f 1b DD0
21G0

2f ~ f 1b!G
3

M

2\V0
2kgf g2 , ~46!

and we have assumed that the laser excitation was initiate
time t50.
06381
s-
.

e-

to

e,
n

at

From the knowledge ofV as a function of time, it is
possible to evaluate the time development of the dissipa
force or the potential energy using Eqs.~23! and ~22!, re-
spectively. The results are obtained numerically and are
cussed in the following section for the two cavities.

V. RESULTS AND DISCUSSION

A. Atom between two parallel plates

We obtain quantitative results for the effect of fluctuatio
on the atomic motion using Eqs.~22! and~23! and using the
results given in Sec. III A for the case in which the atom
situated between two parallel plates. The width between
planes is normalized to unity so thatz/L varies from 0 to 1.
We use the same values for the parameters as those us
the work of Al-Awfi and Babiker@6,7#. The energy difference
between the ground state and the excited state of our t
level atom is defined by the sodium linel55890 Å. We
assume that the intensity of the laser radiation is given bI

5107 W m22 and thatudW 12u52.6ea0 ~e is the electron charge
and a0 is the Bohr radius!. Using Eq. ~33!, we get V0
58.563109 s21. The width between the parallel metal plat
is assumed to be 5000 Å, which is smaller thanl for reasons
discussed in the work of Al-Awfi and Babiker@6,7#. We use
the value forG056.133107 s21. The detuning factor, de
fined by D05v2v0 , is selected to beD05663102G0
where the negative value implies the negative detuning.
atom is subjected to a laser beam, which contains a ph
fluctuating component. The component is defined in terms
Gc , which is the bandwidth@see Eq.~7!#. The numerical
estimates are obtained in terms of a dimensionless param
b5(Gc /G0), which is the measure of the phase fluctuatio
of the laser beam.

In Fig. 1 we have shown the magnitude of the dissipat
force expressed in units ofF0 when the dipole is oriented
parallel to the plates. We define the force unitF0 in confor-
mity with Al-Awfi and Babiker @6,7# according to

FIG. 1. Variations of the dissipative force on the atom over
gap distance in units ofF0 when the atom is situated between tw
parallel plates. We assume that the atomic velocity is zero.
effect of phase fluctuations on the force is denoted by three va
of the parameterb.
7-5
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F052\G052.33310220 N. ~47!

The force is along the direction of laser propagation. Fr
Fig. 1, we conclude that the force is at its maximum va
when the atom is at the center of the gap. It reduces to z
at the plates. The force near the center increases with
increase in the fluctuations~i.e., asb increases!. This result is
consistent with predictions of Eq.~26!. With the increase in
the fluctuations, the increase in the force is spread o
greater area of the cross section of the waveguide. The
tuations have virtually no effect on the atomic force at
near the surface. In Fig. 2, we have shown the dependen
the potential energy of the atom expressed in units ofU0 , as
a function of position within the gap, when the dipole
parallel to the plates. The unit of the potential energyU0
@6,7# is given by

U05~1/2!\G053.23310227J. ~48!

The potential energy, as seen from Fig. 2, provides a bind
potential for the atom, restricting the movement of the at
to the central region when negative detuning is applied. T
potential depth as well its width of the potential, decrease
b increases. In summary, the phase fluctuations produce
ferent effects on the atomic motion; the fluctuations incre
in the magnitude of the force but reduce in the binding. B
these factors can be tailored to achieve maximization
atomic channeling.

In Fig. 3 we have sketched the magnitude of the dissi
tive force when the atomic dipole is oriented normal to t
plates. The force is zero at the center of the gap and atta
large value as the atom approaches the plates. The fluc
tions increase the force as the atom comes closer to the
face. Fluctuations have no effect on the force at the cente
Fig. 4, we have shown the variation in potential ener
across the gap when negative detuning is applied. The po
tial energy is zero at the center and decreases towards

FIG. 2. Variation of the potential energy of the atom over t
gap distance in units ofU0 when the atom is situated between tw
parallel plates. We assume that the atomic velocity is zero.
effect of the phase fluctuations on the potential energy is denote
the three values of the parameterb.
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plates. The atom, therefore, is repelled away from the cen
region and attracted by the plates. If positive detuning
applied, the potential energy changes its sign and the re
sive potential at the center becomes attractive. The fo
however, does not change in sign with the change in the s
of the detuning. The force although zero at the center,
creases and attains a sufficiently large value in the reg
in-between the center of the gap and the plates. Thus e
tive channeling can be achieved with positive detuning wh
the dipole is perpendicular to the plates. The fluctuatio
reduce the binding potential when positive detuning is
plied.

In Figs. 5~a! and 5~b! we have sketched the potential e
ergy across the width of the two metal plates, as the velo

e
by

FIG. 3. Variation of the dissipative force on the atom over t
gap distance in units ofF0 when the atom is situated between tw
parallel plates. We assume that the atomic velocity is zero.
effect of the phase fluctuations on the force is denoted by th
values of the parameterb.

FIG. 4. Variation of the potential energy of the atom over t
gap distance in units ofU0 when the atom is situated between tw
parallel plates. We assume that the atomic velocity is zero.
effect of phase fluctuations on the potential energy is denoted
three values of the parameterb.
7-6
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of the atom increases. The results are shown in Fig.~a!
when fluctuation parameterb50 and in Fig. 5~b! we show
the results forb58. Figures 5~a! and 5~b! show that as the
atomic velocity increases the binding potential becom
weaker. For both the cases, we expect that for the ato
velocity in excess ofV52.03104 m/s the potential energy
may be too shallow to bind the atom. Figures 6 and 7 sh
the time variations of the atomic velocity and the atom
force for three values of the fluctuation parameterb. Since
the force increases with fluctuations, the atomic velocity
greater for the larger values of the parameterb. Figure 7
shows that the magnitude of the force decreases with t
and approaches zero asymptotically.

The two parallel plates under the action of a laser can
as an atomic separator between the atoms having the d
moment directed parallel and perpendicular to the surfa
If negative detuning is used, the atoms with dipoles para
to the plates experience a force in the direction of the be
and as a consequence the atom can be effectively chann
through the central region of the gap. The atoms with dip

FIG. 5. Variation of the potential energy of the atom over t
gap distance in units ofU0 for various values of the atomic velocity
The labels 1–6 stand for atomic velocitiesV50.0, 0.4, 0.8, 1.2, 1.6
and 2.03104 ms21, respectively. The fluctuation parameter isb
50 in ~a! andb58 in ~b!.
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perpendicular to the plates are, however, pushed out from
central region and are attracted by the surface. For a pos
detuning a reverse situation occurs. Dipoles parallel to
plates are pushed away from the central region while dipo
normal to the plates can be effectively channeled.

B. Atom in a rectangular waveguide

In this section we obtain numerical results for the moti
of an atom in a rectangular waveguide. Our focus is, as
fore, on the effect of the phase fluctuations on the atom
motion. We use the same values for various parameters
by Al-Awfi and Babiker@6,7#. The cross section in normal
ized to unity so thatx/L andy/L vary from 0 to 1. In Figs.
8 and 9, we have shown the dissipative force acting on
atom when the dipole is directed along the axis of the wa
guide. In Fig. 8, we assume that the laser fluctuations
zero, i.e.,b50, while in Fig. 9, we assume that the fluctu
tions are present and are given by the parameterb58. The

FIG. 6. Variation of the atomic velocityV with G0t when the
atomic dipole is parallel to the surfaces for three values~0,4,8! for
the phase-fluctuation parameterb. The atom is assumed to be on th
midpoint plane between the gap.

FIG. 7. Variation of the dissipative force on the atom withG0t
when the atomic dipole is parallel to the surfaces for three val
~0,4,8! for the phase-fluctuation parameterb. The atom is assumed
to be on the midpoint plane between the gap.
7-7



th
is
s
on
a

tio
a
th

e-
ied,
ro-
is

ing

nd
se
ss
s.

he

m
am

he

m
tua

sed
om

is
se-

he

med
ua-

V. V. PARANJAPE, P. V. PANAT, AND S. V. LAWANDE PHYSICAL REVIEW A64 063817
figures clearly show that the force is large at the center of
waveguide and falls to zero at the surfaces. The compar
between Figs. 8 and 9 shows that the force increases a
fluctuations increase. This is consistent with the predicti
of Eq. ~26!. The force at the center is about 3 times larger
b58 than atb50. While the force is relatively localized
near the center of the guide whenb50, the spread of the
force is broadened to a larger fraction of the cross sec
when b58. Comparison between Figs. 1, 8, and 9 reve
that the maximum force on the atom is greater when

FIG. 8. Variation of the dissipative force on the atom over t
cross section of a waveguide in units ofF0 when the atom is situ-
ated within a rectangular waveguide. The atomic dipole is assu
parallel to the axis of the waveguide. The phase-fluctuation par
eterb is assumed to be zero.

FIG. 9. Variation of the dissipative force on the atom over t
cross section of a waveguide in units ofF0 when the atom is situ-
ated within a rectangular waveguide. The atomic dipole is assu
parallel to the axis of the waveguide. The effect of phase fluc
tions on the force is denoted by the parameterb58.
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atom is within the waveguide than when the atom is in b
tween two parallel plates. When negative detuning is appl
the interaction between the atom and the radiation field p
duces a binding potential for the atom when the dipole
parallel to the axis. As the fluctuations increase, the bind
potential is weakened as seen from Figs. 10 and 11.

When the dipole is normal to the surfaces the force a
the potential acting on the atom is different from the ca
when the atomic dipole is parallel to the axis. We discu
these results briefly without displaying them in diagram

ed
-

ed
-

FIG. 10. Variation of the potential energy of the atom expres
in units ofU0 over the cross section of a waveguide when the at
is situated within a rectangular waveguide. The atomic dipole
assumed parallel to the axis of the waveguide. The pha
fluctuation parameterb is assumed to be zero.

FIG. 11. Variation of the potential energy of the atom over t
cross section of a waveguide in units ofU0 when the atom is situ-
ated within a rectangular waveguide. The atomic dipole is assu
parallel to the axis of the waveguide. The effect of phase fluct
tions on the energy is denoted by the parameterb58.
7-8
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The force on the atom at the center of the waveguide is z
It increases as we approach they50 andy51 planes. As the
fluctuations increase fromb50 to b58, the force increase
near they50 or y51 planes by about a factor of 3. Th
force on the atom near planesx50 andx51 remains close
to zero. The potential energy is zero at the center of wa
guide and along they50.5 plane. It decreases to abo
235U0 as we approach they50 andy51 planes. The po-
tential would push the atom away from the center and
atom is attracted towards they50 and y51 planes. The
effect of fluctuations is to reduce the potential energy
about 10%–15%. When positive detuning is applied the
tential energy reverses its sign, and instead of a repul
potential it changes to a binding potential alongy50.5
plane.

In Fig. 12, we have displayed the variation of the poten
energy of the atom at the center of waveguide as a func
of velocity when the atomic dipole is parallel to the axis
the waveguide and when negative detuning is applied.
was the case of parallel plates, the depth of the poten
energy well decreases as the velocity increases. The
variation of the atomic velocity is shown in Fig. 13 for thre
values of the fluctuation parameterb. As expected the atomic
velocity increases with time and the increase is greater w
the value of the parameterb is larger. The force acting on th
atom decreases to a small value with time as can be
from Fig. 14. At timet50 the force acting on the atom i
greater for larger values ofb. The values are consistent wit
the force evaluated and shown in Figs. 8 and 9 forb50 and
b58, respectively.

VI. CONCLUDING REMARKS

So far, we have not included effects of van der Wa
interaction on the atomic motion. When the laser field
absent, the force between an atom and the surface is o
entirely due to the van der Waals interaction. In view of
intrinsic importance, we would like to make comments

FIG. 12. Variation of the potential energy of the atom wi
atomic velocityV, when the atom is located on the axis of th
waveguide for three values~0,4,8! of the phase-fluctuation param
eter b. The atomic dipole is assumed to be parallel to axis of
waveguide.
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the role of the van der Waals to interaction on the conc
sions of this paper. A long time ago, Zaremba and Kohn@12#
made an exhaustive study of the van der Waals interac
between a metal surface and rare-gas atoms. The main r
of their study shows that the interaction energy can be
pressed in terms of a functional relation2A/(z2z0) wherez
is the separation of the atom from the metal surface andz0 is
the distance from the metal surface of a plane defined a
‘‘reference plane.’’A is a constant, derived in a classic pap
by Lifshitz @13#. Zaremba and Kohn@12# have expressed th
binding energy of the atom bound to the metal surface us
the expression for the van der Waals interaction energy
the equilibrium position of the atom. The binding ener
varies for different metal surfaces. It attains the lowest va
of 0.13 meV for a He atom bound to a Cs surface. The va
corresponds to the energy level of about26000U0 , in terms
of the energy units used in this paper and defined in Eq.~48!.

e

FIG. 13. Variation of the atomic velocityV as a function ofG0t
when the atom is located on the axis of the waveguide. The ato
dipole is assumed parallel to the axis of the waveguide. The ef
of phase fluctuations is denoted by three values~0,4,8! of the pa-
rameterb.

FIG. 14. Variation of the dissipative force on the atom in un
of F0 as a function ofG0t when the atom is situated on the axis
the waveguide. The atomic dipole is assumed parallel to the ax
the waveguide. The effect of phase fluctuations is denoted by t
values~0,4,8! of the parameterb.
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Neglecting the kinetic energy of the atom, the energy leve
the atom induced by the laser field is@see Fig. 7# 2160U0
when the atomic dipole is parallel to the axis of the wav
guide. The laser-induced energy level is thus much hig
than the energy level of the atom bound to the surface@12#.
We would expect the atom bound to the central potentia
tunnel to one of the excited states of the atom bound to
surface. The atom would ultimately reach the ground stat
the surface potential by emission of single-particle exc
tions of the metal electrons. The effective channeling
therefore, possible only during the lifetime of the atom in t
.

pt

E.

ds
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binding potential produced by the radiation field. A mo
detailed study is required in order to make quantitative p
dictions of lifetime and the associated atomic channeling
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