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Cavity quantum electrodynamics for a cylinder: Inside a hollow dielectric
and near a solid dielectric cylinder

H. Nha and W. Jhe
Department of Physics, Seoul National University, Seoul 151-742, Korea
~Received 6 August 1996; revised manuscript received 21 March 1997!

We calculate the atomic energy-level shift and the modified dipolar radiation rate inside a hollow dielectric
cylinder and outside a solid cylinder using a quantum-mechanical linear-response formalism in the dipole
approximation. We first derive the electromagnetic fields scattered by the cylindrical surface for an oscillating
dipole inside and outside the cylinder. When an atom is located on the axis of the cylindrical hollow, we obtain
analytic expressions of the atomic level shifts in two limiting cases: whenb ~radius of hollow! is very small,
the level shift is proportional tob22 which is associated with the kinetic-energy change of the atomic electron,
whereas whenb is very large, the shift is proportional tob24 which is identified as the retarded~Casimir-
Polder! interaction energy. Moreover, we calculate the atomic potentials as a function of the position of atoms
in the hollow region, which is important for the atom-guiding experiment. We also calculate the decay rates
and find enhanced rates inside and outside the cylinder. In particular, we compare the radiative properties of an
atom inside the hollow cylinder with those between two plates, and those near a cylinder with near a single
surface.@S1050-2947~97!03608-1#

PACS number~s!: 42.50.Ct, 32.70.Jz, 12.20.Ds
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I. INTRODUCTION

There has been much interest and activity devoted to
study of cavity quantum electrodynamics~cavity QED! @1#
for various cavity geometries. For example, there are num
ous theoretical or experimental studies of atomic ener
level shifts and modified radiative decay rates near a sin
surface@2,3#, between parallel surfaces@4–6#, and inside or
outside of a spherical cavity@7,8#. Recently, the cavity QED
effects inside a hollow dielectric cylinder or near a so
dielectric cylinder have also become interesting and att
tive, in particular, in the fields of atom optics and atom
spectroscopy in a microcavity.

For instance, an atomic waveguide with blue-detuned e
nescent waves in an hollow optical fiber was suggested
Marksteineret al. @9# and it has been recently realized b
Rennet al. @10# and by Itoet al. @11#. In particular, isotope
separation as well as the observation of cavity QED effe
was achieved in Ref.@11#. Atoms were also guided by
red-detuned Gaussian laser in the hollow region@12#. A
similar, small hollow fiber may be used to study the quant
statistical properties of atoms in one dimension@13# or even
to realize atomic quantum wire@14#. It has been also sug
gested that a stable, helical motion of an atom around a s
optical fiber may be possible by using evanescent waves
veloped near the cylindrical surface@14#. Moreover, a quan-
tum nondemolition measurement of the photon number
side an optical fiber was performed using the Comp
scattering of the electrons due to the evanescent waves
duced near the fiber@15#.

Despite its increasing interest and importance, no theo
ical work has been done for a cylindrical cavity~inside or
outside!, except for a classical study of the damping-ra
change and frequency shift of the cyclotron motion of a f
electron inside a cylindrical microwave cavity@16#. There-
fore, it seems urgently necessary to study the cavity-Q
561050-2947/97/56~3!/2213~8!/$10.00
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effects for the cylindrical geometry in detail.~We should
especially know the attractive potential by the cylindric
surface for the analysis of the experiments related to guid
inside the fiber.! Note that the results of Ref.@16# are not
appropriate since they only deal with the classical electro
motion inside a perfectly conducting cavity. We therefo
need a more general quantum-mechanical treatment, inc
ing the effects of dielectric material as well as polarizatio
of the atomic dipole.

Although a general approach to the problem may be
perturbation theory with quantized cavity fields, it is not us
ful since it becomes very complicated and almost imposs
for problems other than the perfect-conductor case of sim
geometries. In this paper, on the other hand, we will use
linear-response formalism@4# which has been successfull
applied to other geometries@5,7#. We will calculate the dis-
persive and dissipative cavity-QED effects inside as well
outside a dielectric cylinder. In Sec. II, we solve the scatt
ing problem inside and outside the cylinder to obtain t
electric fields reflected by the cylindrical surfaces. We th
obtain the field susceptibilities and calculate the level shi
as well as the modified decay rates, inside a hollow diel
trtic cylinder in Sec. III and the decay rates outside a co
ducting cylinder in Sec. IV, where the results are compa
to those for other geometries. In Sec. V we obtain the le
shifts as a function of atomic position inside the hollow d
electric and outside the cylindrical dielectric. Conclusio
and comments are made in Sec. VI.

II. RADIATION FIELDS SCATTERED
BY CYLINDRICAL SURFACES

A. Inside a hollow dielectric

In this subsection, we calculate the scattered fields du
the cylindrical surface when the atomic dipole is located
2213 © 1997 The American Physical Society
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2214 56H. NHA AND W. JHE
side a cylindrical cavity made up of a long, hollow dielectr
@see Fig. 1~a!#. In free space, the dipole fields are obtain
from the vector potentialAW

AW 52 ikpW
eikurW2rW0u

urW2rW0u
,

BW 5¹W 3AW ,

EW 5
i

k
¹W 3BW , ~2.1!

FIG. 1. ~a! Geometry for the scattering problem when the dipo
is inside a hollow dielectric cylinder radiusb and~b! when the atom
is outside a solid cylinder. The cylinder radius isb and the dielec-
tric constant ise.
whereBW (EW ) is the magnetic~electric! field, v(5ck) is the
oscillation frequency, andrW0 is the dipole location.

By the eigenfuction expansion~refer to Appendix A for
its derivation!, we find

eikurW2rW0u

urW2rW0u
5

i

2 (
m52`

` E
2`

`

dk8eim~f2f8!eik8~z2z8!

3Jm~Ak22k82r,!Hm
~1!~Ak22k82r.!,

~2.2!

where r, (r.) is the smaller~larger! of r and r0 and
Jm(x) @Hm

(1)(x)# is the Bessel function@Hankel function# of
the first kind.

Then, from Eqs.~2.1! and ~2.2!, we obtain the free fields
in terms of the cylindrical eigenfunctions. When the dipole
located inside a hollow cylinder surrounded by the dielec
surface~dielectric constante), the scattered fields along th
axis ~i.e., z components! are found as

Ez
sc5 (

m52`

` E
2`

`

dk8Jm~a1r!eimfeik8zamk8 , ~2.3!

Hz
sc5 (

m52`

` E
2`

`

dk8Jm~a1r!eimfeik8zbmk8 , ~2.4!

and the transmitted fields are obtained as

Ez
t 5 (

m52`

` E
2`

`

dk8Hm~a2r!eimfeik8zcmk8 , ~2.5!

Hz
t 5 (

m52`

` E
2`

`

dk8Hm~a2r!eimfeik8zdmk8 , ~2.6!

where a15Ak22k82 and a25Aek22k82. @For simplicity,
we write Hm

(1)(x) as Hm(x).# Moreover,r and f compo-
nents of the fields can be calculated from thez components
by Maxwell’s equations. Therefore, we only have to det
mine the coefficientsamk8, bmk8, cmk8, anddmk8 using the
standard boundary conditions.

From the continuities of thef andz components ofE and
H fields, we obtain

emk8
z

1Jm~a1b!amk85Hm~a2b!cmk8,

hmk8
z

1Jm~a1b!bmk85Hm~a2b!dmk8,

im

b
Jm~a1b!amk82

a1v

k8c
Jm8 ~a1!bmk82 i

a1
2

k8
emk8

f

5
a1

2

a2
2S im

b
Hm~a2b!cmk82

a2v

k8c
Hm8 ~a2b!dmk8D ,

im

b
Jm~a1b!bmk81

a1v

k8c
Jm8 ~a1!amk82 i

a1
2

k8
hmk8

f
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5
a1

2

a2
2S im

b
Hm~a2b!dmk81

ea2v

k8c
Hm8 ~a2b!cmk8D ,

~2.7!

where

emk8
z

5
i

2Fa1
2Jm~a1r0!Hm~a1b!p3

2k8a1Jm21~a1r0!Hm~a1b!
ip11p2

2

1k8a1Jm11~a1r0!Hm~a1b!
ip12p2

2 G ,
emk8

f
5

i

2F2
mk8

b
Jm~a1r0!Hm~a1b!p31Jm21~a1r0!

3S k2Hm21~a1b!2
ma1

b
Hm~a1b! D ip11p2

2

1Jm11~a1r0!S k2Hm11~a1b!

2
ma1

b
Hm~a1b! D2 ip11p2

2 G ,
hmk8

z
52

ik

4
a1Hm~a1b!@Jm21~a1r0!~p12 ip2!

1Jm11~a1r0!~p11 ip2!#,

hmk8
f

5
ik

2 Fk8Jm21~a1r0!Hm21~a1b!
p12 ip2

2

1k8Jm11~a1r0!Hm11~a1b!
p11 ip2

2

1 ia1Jm~a1r0!Hm8 ~a1b!p3G . ~2.8!

Here p1 , p2, and p3 representpx , py , and pz , respec-
tively, and Jm8 and Hm8 stand for the derivatives ofJm and
Hm . For convenience, we have assumed without loss of g
erality that the dipole position is such thatf05z050. Using
Eqs. ~2.6! and ~2.7!, we now can calculate the coefficien
amk8 to dmk8.

For instance, when the dipole is inside a perfectly co
ducting cylinder (e→`),

amk852
emk8

z

Jm~a1b!
,

bmk852 i
k8

ka1Jm8 ~a1b!
S m

b
emk8

z
1

a1
2

k8
emk8

f D ,

cmk85dmk850. ~2.9!

Note that in dealing with the coefficients, we need care
treatments so that the scattered fields do not diverge: we
n-

-

l
rst

replacek5v/c by k(11 i e) and then sete→01 ~this pro-
cedure is also related to causality!.

B. Outside a solid dielectric

In Sec. II A, we have solved the scattering problem wh
the dipole is inside a hollow dielectric cylinder. On the oth
hand, the above results can be simply applied to the c
where the dipole is outside a solid dielectric cylinder. In th
case,r, (r.) becomesb (r0) at the boundaryr5b and we
need to exchangeJm(x) and Hm(x) in all the equations of
Sec. II in order for the scattered and transmitted fields no
diverge.

III. ATOMIC DECAY RATE AND LEVEL SHIFT
INSIDE A HOLLOW DIELECTRIC CYLINDER

In this section, using the results of the preceding sect
and the linear-response theory@2#, we first obtain the field
susceptibilities as

Gab5Gab
0 1Gab

R , ~3.1!

whereGab
0 is the free-space susceptibility in the absence

the cavity andGab
R is the susceptibility for the field reflecte

by the cylindrical surfaces@5#. We then calculate the modi
fied decay rate and the energy-level shift of an atom by

G f i

G f i
0 511

2

\G f i
0 pa

f i pb
i f ImGab

R ~rW0 ,rW0 ;v0!, ~3.2!

and

dE52
\

2pE0

`

dz Gab
R ~rW0 ,rW0 ; i z!aab~ i z!, ~3.3!

respectively. Herepa
f i is thea component of the matrix ele

ment of the atomic dipole operatorpW between two atomic
statesu i & andu f &, \v0 is the corresponding energy-level di
ference,G f i

0 is the free-space decay rate, andaab(v) is the
atomic susceptibility~refer to Ref.@5# for details!.

A. s-polarization case

Let us first consider thes-polarization case where th
radiative dipole is polarized along the cylinder axis~that is,
p15p250). Therefore, we only needEz

sc at the atom posi-
tion. From Eq.~2.3!, we find

Gs
R5 (

m52`

` E
2`

`

dk8Jm~a1r8!amk8
8 , ~3.4!

wherer8 is the distance between the atom and the cylin
axis andamk8

8 5amk8 /p3 sincep15p250.
Then, using Eqs.~3.2!–~3.4!, we can obtain the modified

radiative decay rate and the ground-state energy-level s
In particular, when the atom is on the axis@that is,r850 in
Fig. 1~a!#, only m50 term survives so that we find, in cas
of s polarization,

Gs

G0
5

3

2
Re E

0

`

dx a1
2a2

H0~a2j!

J0~a1j!
A, ~3.5!
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dE0
s52

2

p2(
n

S vn0

c D 3

upz
0nu2E

0

`E
0

`

dx dy
a2y3

11y2 B,

~3.6!

where

A~e,a1 ,a2 ,j!

5
J1~a1j!H0~a1j!2J0~a1j!H1~a1j!

a2J1~a1j!H0~a2j!2ea1J0~a1j!H1~a2j!
, ~3.7!

B~e,a,b,x,y,z!

5
eaK1~byz!K0~ayz!2bK1~ayz!K0~byz!

eaK1~byz!I 0~ayz!1bI 1~ayz!K0~byz!
, ~3.8!

and

a15A12x2, a25Ae2x2, j5kb52pb/l,

a5A11x2, b5Ae1x2, z5vn0b/c.

HereG0 simply denotesG f i
0 andKm(x),I m(x) are the modi-

fied Bessel functions.
In Fig. 2, we plot the decay rates as a function of t

normalized distancej52pb/l whereb is the radius of the
cylinder andl is the transition wavelength. Figures 2~a!–
2~c! present the modified decay rates when the atom is on
cylinder axis fore52.25,9,25, respectively. As shown in th
figures, we observe that when j is near
x0n52.41,5.52,8.65, etc., wherexmn is the nth root of
Jm(xmn)50, the decay rate is larger than the free-spa
value and the enhancement factor increases as the diele
constante increases.~Note that new propagating TM mode
appear atj5x0n). The general behavior of the decay ra
with respect to the cylinder radius is similar to that of t

FIG. 2. Modified decay rate normalized to the free-space va
as a function ofkb52pb/l, when the atom is on the axis of th
hollow cylinder, fors polarization with~a! e52.25, ~b! e59, ~c!
e525, and for~d! p polarization inside a conducting cylinder.
he

e
tric

case of an atom at the midpoint of the parallel dielect
plates@5#, whereas the oscillatory trend is more pronounc
in the cylinder case even in the largej region: the approach
of the normalized decay rate to unity~or, the free-space
value! is slower than that for the two plate case. The cav
effects are, therefore, rather significant even for a large
dius of the cylinder. From Fig. 2, we can also find how t
decay rate changes withe. For example, in the case of larg
dielectric constant, strong inhibition of spontaneous emiss
is expected whenj is not very close tox0n .

Next, let us consider the level shift. Using Eqs.~3.6! and
~3.8!, one can evaluate the energy shifts numerically. On
other hand, one can also easily obtain the analytical exp
sions of the shifts in the short-range and long-range lim
that is, forb→0 andb→`, respectively.

For smallz5vn0b/c ~or short-range limit!, we obtain

dE0
s52

2

p2

I 1e
s

b2(
n

S vn0

c D upz
0nu252

\e2I 1e
s

mcp2b2 , ~3.9!

where

I 1e
s 5E

0

`E
0

`

dx dy a2y

3
eaK1~by!K0~ay!2bK1~ay!K0~by!

eaK1~by!I 0~ay!1bI 1~ay!K0~by!
,

~3.10!

with a5A11x2 and b5Ae1x2. In the derivation of Eq.
~3.9!, we have used the Thomas-Reiche-Kuhn sum rule
I 1e

s is a numerical constant depending on the dielectric c
stante.

As can be seen in Eq.~3.9!, the level shift in the short-
range limit showsb22 dependence~also refer to Fig. 3! but

e
FIG. 3. Energy-level shift of the ground-state atom~in log scale!

normalized to\G0 as a function ofkb52pb/l, when the atom is
on the axis of a conducting cylinder, for~a! s and ~b! p polariza-
tion.
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the usual van der Waals interaction (b23) is not observed
when the atom is on the cylinder axis. This result is differe
from that of the two plate case but very similar to that o
spherical cavity: when the atom is at the center of a spher
cavity, the short-range interaction also showsb22 behavior
with a different coefficient@7#. Equations~3.9! and ~3.10!
also indicate that the short-range shift has no dependenc
the atomic internal states. The physical implication of t
interaction energy is discussed in the following paragrap

In the Coulomb gauge, the interaction Hamiltonian can
written as

HI52
e

mc
PW •AW 1

e2

2mc2AW 2, ~3.11!

wherePW is the atomic momentum operator. When we calc
late the energy shift to ordere2 in the perturbation theory
the second term of Eq.~3.11! produces the state-independe
shift. Moreover, thisA2 interaction describes the kinetic en
ergy associated with the vibration of the atomic electron
the fluctuating electromagnetic field@17–20#. Therefore we
can observe that Eq.~3.10! represents the renormalized k
netic energy of the electron wobbled by vacuum fluctuat
inside a hollow cylindrical cavity.

For largez ~or the long-range limit!, on the other hand
we obtain

dE0
s52

2

p2

I 2e
s

b4(
n

S c

vn0
D upz

0nu252
\cI2e

s az~0!

p2b4 ,

~3.12!

where

I 2e
s 5E

0

`E
0

`

dx dy a2y3

3
eaK1~by!K0~ay!2bK1~ay!K0~by!

eaK1~by!I 0~ay!1bI 1~ay!K0~by!
~3.13!

andaz(0) is the static atomic polarizability given by

az~0!5(
n

2upz
0nu2

\vn0
. ~3.14!

Equation ~3.12! is the well-known Casimir-Polder retarda
tion energy havingb24 dependence~see also Fig. 3!. Note
that both short-range and long-range interaction ene
which is proportional to \, are associated with pur
quantum-mechanical effects.

To obtain the full-range behavior, we assume an oscilla
atom, that is, we consider onlyn51 term which correspond
to a strongly coupled, first-excited state. In Fig. 3~a!, the
level shift, normalized to\G0, is shown as a function o
kb52pb/l when the atom is on the axis of a perfect
conducting hollow cylinder~i.e., e→`). As is clear, one can
explicitly distinguish the short-range and the long-ran
limit. For a dielectric cavity, on the other hand, the gene
behaviors are similar to those of the conductor case, but o
the absolute values are different. We therefore need to kn
t

al

on
s
.
e

-

t

n

n

y,

r

e
l
ly
w,

for a detailed evaluation, only the numerical constantsI 1e
s

and I 2e
s for each value ofe. For example, whene52.25,

I 1
s'40.37, andI 2

s'0.95.

B. p-polarization case

When the atomic dipole is polarized perpendicular to
cylinder axis (p polarization such thatp350), we can pro-
ceed by the same method as in thes-polarization case. In
Fig. 2~d!, we have plotted the normalized decay rate wh
the atom is on the axis of a perfectly conducting hollo
cylinder. In this case, the behavior is very similar to that
the parallel-plate case@5#. Moreover, the behavior in case o
a dielectric cavity is also similar to that of the conductor ca
except the fact that the decay rate is finite atj5kb50.

For the level shift, we obtain in the short-range limit

dE0
p52

2

p2

I 1e
p

b2(
n

S vn0

c D up'
0nu252

\e2I 1e
p

mcp2b2 ,

~3.15!

and in the long-range limit

dE0
p52

2

p2

I 2e
p

b4(
n

S c

vn0
D up'

0nu252
\cI2e

p a'~0!

p2b4 ,

~3.16!

where

I 1e
p 5E

0

`E
0

`

dx dy
n~e,x,y!

d~e,x,y!
, ~3.17!

I 2e
p 5E

0

`E
0

`

dx dy y2
n~e,x,y!

d~e,x,y!
, ~3.18!

and

d~e,x,y!5I 1
2S 12

a2

b2D 2

1a2
y2

x2S I 182
aK18

bK1
I 1D

3S I 182e
aK18

bK1
I 1D ,

n~e,x,y!5
y2a2

b S a

b
I 182

K18

K1
I 1DK082y3a2K0S I 182

aK18

bK1
I 1D

1y3a2K08FeS a

b
I 182

a2k18

b2K1
I 1DK18

K1
1

x2

y2b2

3S 12
a2

b2D I 1G2yaS 12
a2

b2D I 1~yK01aK08!.

~3.19!

Note that in Eq.~3.19!, the argument of the modified Bess
functionsI 1, K0 and their derivativesI 18 , K08 , is ay, whereas
that of K1 andK18 is by.

The physical implications of the interaction energy in t
short-range and the long-range limit are identical to those
the s-polarization case. In Fig. 3~b!, we present the numeri
cal result and we find that the long-range level shifts
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2218 56H. NHA AND W. JHE
nearly the same for two polarizations, however, the sh
range shift forp polarization is slightly larger than that fo
s polarization. One can also consider other interesting pr
lems, such as the level shifts as a function of the ato
position for a given hollow radius. We will discuss this iss
in Sec. V.

IV. DECAY RATE NEAR A SOLID CYLINDER

In this section, for simplicity, we present the modifie
decay rate when an atom is outside a conducting cylin
With simple modifications, as mentiond in Sec. II B, th
equations become very similar to those derived in Sec.
and consequently we just plot the numerical results with
presenting the formulas here. When the atom is near a s
cylinder, three different atomic polarizations are possi
@see Fig. 1~b!#: a dipole parallel to the cylinder axis (sz
polarization!, perpendicular to the axis but tangential to t
surface (sf polarization!, and perpendicular to the axis bu
normal to the surface (p polarization!.

In Fig. 4, we have presented the decay rates for the th
polarizations as a function of the normalized distance fr
the surfacek(r2b)52p(r2b)/l for a givenb such that
kb52pb/l51, wherer is the atom-axis separation. Th
variations of thesz polarization and thesf polarization are
nearly the same with each other. Moreover, we find that
general behaviors for the three cases are similar to that f
single plane-surface case. In the case of the single p
however, the decay rate for a dipole normal to the surfac
enhanced by a factor of 2 when the dipole-surface separa
approaches zero. As can be seen from Fig. 4, on the o
hand, the enhancement factor is more than 3 whenkb51.
This larger enhancement can be attributed to the finite ra
of the curvature of the cylindrical surface and we ha
checked that the plane-surface result can be recovered w
the radius becomes very large. We consequently conc

FIG. 4. Modified decay rate as a function of the normaliz
distancek(r2b), when the atom is outside a conducting cylind
andkb51, for ~a! sz , ~b! sf , and~c! p polarization.
t-

b-
’s

r.

V
t

lid
e

ee

e
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te,
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that the enhancement effect is more significant when
atom is near a cylindrical surface rather than near a pl
surface.

V. LEVEL SHIFT AS A FUNCTION
OF ATOMIC POSITION

In this section, we present the level shifts of the grou
state as a function of the radial position for fixed radiusb
inside the hollow fiber and outside the solid dielectric fib
They are very useful for experiments such as atom guida
for which one should know the atomic potential in additio
to the optical potential. When the atom is inside the hollo
region and at an off-axis position, we have three differe
polarizations, as in the case outside the fiber~Sec. V!. For
sz polarization, the shift is

dE0
sz52

1

p
SnE

0

`

dj
vn0upz

0nu2

vn0
2 1j2 Gzz~r ,r ,i j!, ~5.1!

where

Gzz~r ,r ,v!5
i

2
SmE dk8a1

2@Jm~a1r !#2

3Hm~a1b!
PUz1QVz

P21QR
~5.2!

and r is the atomic distance from the center (k5v/c). @For
the expressions ofP, Q, R, Ui , andVi( i 5r,f,z) which
depend onb, m, k, k8, ande, see Appendix B.#

For sf and p polarization, on the other hand, the shif
are

dE052
1

p
SnE

0

`

dj
vn0upi

0nu2

vn0
2 1j2 Gii ~r ,r ,i j!, ~5.3!

wherei 5r,f and

Grr~r ,r ,v!5 iSmE dk8
k8

a1
2S a1Jm8 ~a1r !

PUr1QVr

P21QR

1
imk

k8
Jm~a1r !

PVr2RUr

P21QR D , ~5.4!

Gff~r ,r ,v!5 iSmE dk8
k8

a1
2S im

r
Jm~a1r !

PUf1QVf

P21QR

2
a1k

k8
Jm8 ~a1r !

PVf2RUf

P21QR D . ~5.5!

Using the above results, we can calculate the atomic le
shifts for various atomic positions. For example, in Fig.
we present the level shift of a two-level atom (sz polariza-
tion! normalized to\G when the atom is inside the hollow
dielectric (e 5 2.25! with kb52pb/l55 with the normal-
ized distancer /b,1. We observe the short-range van d
Waals type potential near the surface. Moreover, this ra
becomes even smaller askb increases. When the atom
outside the cylindrical dielctric, on the other hand, we on
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have to exchangeJm(x) with Hm(x) ~and vice versa! in all
the equations. Note thatr /b.1 in this case.

VI. CONCLUSIONS

In summary, we have calculated the decay rates and
level shifts of an atom when it is inside a hollow dielectr
cylinder, and the decay rate when the atom is ouside a s
dielectric cylinder. In particular, we have obtained the a
lytical expressions in two limiting cases. When the atom
on the axis of the hollow cylinder, the short-range level sh
scales asb22, whereas the long-range shift goes asb24.
Each energy shift is attributed to the state-independent in
action due to vacuum fluctuation and the Casimir-Polder
tarded interaction, respectively. We have also compared
decay rates inside the hollow cylinder to those between
allel plates, and the results outside a solid cylinder to th
near a plane surface. The similarities, as well as the dif
ences, are discussed in detail. Moreover, we obtained
level shift as a function of atomic radial distance for fix
radius inside the dielectric hollow and outside the cylindri
dielectric.

The general equations and specific results presente
this paper may be useful for some experiments in quan
optics and atom optics. For example, the results for a hol
optical fiber may be applied to a realization of atomic qua
tum wire @14#, laser cooling and trapping in the hollow@13#,
and cavity-QED effects therein@11#. The results for a solid
optical fiber may be also applied to the atomic helical mot
guided along the fiber’s outer surface by a blue-detuned l
coupled into the fiber core@14#. Experimental studies o
these possibilities are under investigation.
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APPENDIX A: DERIVATION OF EQ. „2.2…

First, we note thatG(rW,rW8)5eikurW2rW8u/(4purW2rW8u) is the
radially outgoing solution of the equation

~¹21k2!G~rW,rW 8!52d~rW,rW8!52
1

r
d~r2r8!

3d~f2f8!d~z2z8!. ~A1!

Since

d~f2f8!5
1

2p (
m52`

`

eim~f2f8!,

and

d~z2z8!5
1

2pE2`

`

eik8~z2z8!, ~A2!

we can writeG(rW,rW8) as

G~rW,rW8!5
1

4p2 (
m52`

` E
2`

`

dk8eim~f2f8!

3eik8~z2z8!gm~k8,r,r8!. ~A3!

To determinegm(k8,r,r8), we insert Eq.~A3! into Eq.~A1!
and obtain

F1

r

d

drS r
d

dr D1S k22k822
m2

r2 D Ggm52
1

r
d~r2r8!.

~A4!

Due to the finiteness at the origin and the radially outgo
property, we assume the appropriate solution as

gm~k8,r,r8!5AJm~kr,!Hm
~1!~kr.!, ~A5!

wherer,(r.) is the smaller~larger! of r andr8. The con-
stantA can be determined by the discontinuity in the slo
due to thed function in Eq.~A4!

dgm

dr U
1

2
dgm

dr U
2

52
1

r8
. ~A6!

Since W„Jm(x),Hm
(1)(x)…52i /px where W denotes the

Wronskian, we obtainA5p i /2. Consequently, we obtain

eikurW2rW8u

urW2rW8u
5

i

2 (
m52`

` E
2`

`

dk8eim~f2f8!eik8~z2z8!Jm

3~Ak22k82r,!Hm
~1!~Ak22k82r.!. ~A7!

APPENDIX B: FORMULAS IN SEC. VI

In this Appendix,a15Ak22k82,a25Aek22k82, and the
argument of the Bessel functionJm(Hm) and its derivative

d
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Jm8 (Hm8 ) is a1b (a2b) unless it is explicitly specified. Then
the functions are given as

P5
im

b S 12
a1

2

a2
2D Jm , ~B1!

Q5
a1k

k8
Jm8 2

ka1
2

a2k8

Hm8

Hm
Jm , ~B2!

R5
a1k

k8
Jm8 2

eka1
2

a2k8

Hm8

Hm
Jm , ~B3!

Uz52
im

b S 12
a1

2

a2
2D , Vz5

ea1
2k

a2k8
2

a1k

k8

Hm8

Hm
. ~B4!

And for Ur ,Uf ,Vr , andVf , we have

Ui5
ia1

2

k8
f i

f1
ima1

2

ba2
2 f i

z2
ka1

2

k8a2

Hm8

Hm
gi

z , ~B5!

Vi5
ia1

2

k8
gi

f1
ima1

2

ba2
2 gi

z1
eka1

2

k8a2

Hm8

Hm
f i

z ~ i 5r,f!,

~B6!

where

f r
z52 ik8a1Jm8 ~a1r !Hm~a1b!,
.

on

Z.
gr
z52

ikm

2r
Jm~a1r !Hm~a1b!, ~B7!

f r
f5Fk2

„Jm11~a1r !Hm11~a1b!2Jm21~a1r !Hm21~a1b!…

1
2ma1

b
Jm8 ~a1r !Hm~a1b!GY4, ~B8!

gr
f5 ikk8„Jm21~a1r !Hm21~a1b!

1Jm11~a1r !Hm11~a1b!…/4, ~B9!

and

f f
z 52mk8a1Jm~a1r !Hm~a1b!/r ,

gf
z 52ka1Jm8 ~a1r !Hm~a1b!/2, ~B10!

f f
f5 i Fk2

„Jm11~a1r !Hm11~a1b!1Jm21~a1r !Hm21~a1b!…

2
2m2a1

b
Jm~a1r !Hm~a1b!GY4, ~B11!

gf
f5kk8„Jm21~a1r !Hm21~a1b!

2Jm11~a1r !Hm11~a1b!…/4. ~B12!
e,

E.

t.

ys.
@1# See, for example,Cavity Quantum Electrodynamics, edited by
P. R. Berman~Academic, New York, 1994!.

@2# J. M. Wylie and J. E. Sipe, Phys. Rev. A30, 1185~1984!.
@3# D. Meschede, W. Jhe, and E. A. Hinds, Phys. Rev. A41, 1587

~1990!.
@4# G. Barton, Proc. R. Soc. London, Ser. A320, 251~1970!; 410,

141 ~1987!; W. Jhe, Phys. Rev. A43, 5795 ~1991!; 44, 5932
~1991!.

@5# H. Nha and W. Jhe, Phys. Rev. A54, 3505~1996!.
@6# J.-Y. Courtois, J.-M. Courty, and J. C. Mertz, Phys. Rev. A53,

1862 ~1996!.
@7# W. Jhe and K. Jang, Phys. Rev. A53, 1126~1996!.
@8# V. V. Klimov, M. Ducloy, and V. S. Letokhov, J. Mod. Opt

43, 549 ~1996!.
@9# S. Marksteiner, C. M. Savage, P. Zoller, and S. L. Rolst

Phys. Rev. A50, 2680~1994!.
@10# M. J. Renn, E. A. Donley, E. A. Cornell, C. E. Wieman, and

Anderson, Phys. Rev. A53, R648~1996!.
,

@11# H. Ito, T. Nakada, K. Sakaki, M. Ohtsu, K. I. Lee, and W. Jh
Phys. Rev. Lett.76, 4500~1996!.

@12# M. J. Renn, E. Montgomery, O. Vdovin, D. Z. Anderson, C.
Wieman, and E. A. Cornell, Phys. Rev. Lett.75, 3253~1995!.

@13# H. Nha and W. Jhe, Phys. Rev. A~to be published!.
@14# J. P. Dowling and J. Gea-Banacloche, Adv. At. Mol. Op

Phys.36, 1 ~1996!.
@15# S. R. Friberg and R. J. Hawkins, J. Opt. Soc. Am. B12, 166

~1995!.
@16# L. S. Brown, G. Gabrielse, K. Helmerson, and J. Tan, Ph

Rev. A 32, 3204~1985!.
@17# A. D. McLachlan, Mol. Phys.6, 423 ~1963!.
@18# E. M. Lifshitz and L. P. Pitaevskii,Statistical Physics, 3rd ed.

~Pergamon, New York, 1980!, Part I, pp. 377–396.
@19# J. D. Jackson,Classical Electrodynamics, 2nd ed.~Wiley, New

York, 1978!, pp. 391–395.
@20# V. Weisskopf, Phys. Rev.56, 72 ~1939!.


