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Repulsive Casimir-Polder potentials of low-lying excited states of a multilevel alkali-metal atom
near an optical nanofiber
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We study the Casimir-Polder potential of a multilevel alkali-metal atom near an optical nanofiber. We calculate
the mean potential of the atom in a fine-structure state. We perform numerical calculations for the Casimir-Polder
potentials of the ground state and a few low-lying excited states of a rubidium atom. We show that, unlike the
potential of the ground state, which is negative and attractive, the potential of a low-lying excited state may take
positive values, oscillate around the zero value with a decaying amplitude, and become repulsive in some regions
of atom-to-surface distances. We observe that, for a nanofiber with a radius of 200 nm, the potential for the state
851, of a rubidium atom achieves a positive peak value of about 17 K at a distance of about 150 nm from the
fiber surface and becomes strongly repulsive in the region of distances from 150 to 400 nm. We also calculate
the nanofiber-induced shifts of the transition frequencies of the atomic rubidium D, and D, lines. We find that
the shifts are negative in the region of short distances, become positive, and oscillate around the zero value with

a decaying amplitude in the region of large distances.

DOI: 10.1103/PhysRevA.105.042817

I. INTRODUCTION

Over the past two decades, studies on the interaction be-
tween atoms and guided light of optical nanofibers have
received a lot of interest [1-4]. Optical nanofibers are ultra-
thin tapered fibers that have a subwavelength diameter and
significantly differing core and cladding refractive indices [1].
They allow guided light, tightly confined radially, to propagate
along the fiber for a long distance (with several millimeters
being typical) and to interact efficiently with nearby quantum
or classical emitters, absorbers, and scatterers [2—4]. Optical
nanofibers have been used in various applications including
sensing [5,6], nonlinear optics [7,8], quantum optics [9], parti-
cle manipulation [10,11], and as optical couplers in photonics
[12,13]. Such nanofibers have recently become an important
tool in atomic physics and have been used for trapping cold
atoms [14-18], efficient channeling of emission from atoms
into guided modes [19-21], efficient absorption of guided
light by atoms [22,23], collective excitations of atoms [24],
collective strong coupling of atoms to a ring cavity [25],
generation of Rydberg states of atoms near a dielectric surface
[26], excitation of quadrupole transitions of atoms [27,28],
and atomic lifetime measurements [29].

The presence of a macroscopic body in the space surround-
ing an atom modifies the spontaneous emission of the atom,
shifts the energy levels of the atom, and exerts a position-
dependent force on the atom [30-32]. Such effects have been
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studied for a large number of systems [30-32]. In the par-
ticular case of an atom near a nanofiber, the modifications
of the radiative decay have been investigated in the context
of a two-level atom [33-35] as well as a realistic multilevel
alkali-metal atom [19,36-39]. The shift in the energy level
of the atom caused by the presence of the body depends on
the position of the atom and is known as the Casimir-Polder
potential. In the nonretardation regime, the body-induced po-
tential is sometimes referred to as the van der Waals potential
[31,32]. The nonretarded van der Waals potential of an atom
or a molecule in the vicinity of a dielectric or metallic cylinder
has been calculated using a complete set of eigenmodes of the
electric scalar potential and the propagator method [40,41].
Using the electrostatic approximation and the image-charge
formalism, a different study has been developed for the van
der Waals interaction between an atom and the convex surface
of a nanocylinder [42]. Based on the powerful Green tensor
technique and the exact center-of-mass equation of motion, a
systematic theory has been developed for the Casimir-Polder
force on a multilevel atom near a dispersing and absorbing
magnetodielectric body [43]. With the use of the eigenmode
function technique and the Hamiltonian formalism, the force
of light on a two-level atom near a nanofiber has been investi-
gated [44,45].

Recently, the Casimir-Polder potential of a rubidium atom
in a Rydberg state near a nanofiber has been calculated [39]
using the nonretardation approximation [46]. In the numerical
calculations of Ref. [39], the multilevel structure of atomic
rubidium has been accounted for by summing up the contri-
butions of the individual transitions between a large number of
magnetic sublevels. Several related works have been reported
[47-51]. The Casimir-Polder potential of a Rydberg-state
rubidium atom in a metallic cylindrical cavity has been
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studied [47]. The van der Waals interaction potentials between
Rydberg atoms near flat perfect mirrors [48], between two-
level atoms near magnetoelectric spheres [49], and between
two-level atoms inside a hollow cylindrical waveguide [50]
or outside a solid cylindrical waveguide [50,51] have been
calculated. The atomic physics involving 3j and 6 symbols
has been worked out for the Casimir-Polder potentials of
ground- and excited-state multilevel alkali-metal atoms near
a flat dielectric surface [52—-54]. It has been demonstrated that
the nonretarded Casimir-Polder potential of an excited atom
near a flat surface can become repulsive due to a resonant
coupling between a virtual emission of the atom and a vir-
tual excitation of a surface polariton [32,54,55]. It has been
pointed out that the resonant part of the nonretarded potential
of an excited two-level atom in front of a flat dielectric surface
is repulsive when the permittivity of the dielectric half space
is |€] < 1[32]. The possibilities of oscillatory surface-induced
potentials have been shown for the excited state of a two-level
atom near a flat dielectric surface [32] or a nanofiber [45].
We also note that an oscillatory lateral Casimir-Polder force
on a two-level atom near a nanofiber has been reported [56].
However, this lateral force is associated with the nanofiber-
induced asymmetry of the spontaneous emission of an atom
with a rotating dipole, is aligned along the fiber axis, and
cannot be derived from a potential.

In this paper, we study the Casimir-Polder potential of a
multilevel alkali-metal atom near an optical nanofiber without
relying on the nonretardation approximation. We calculate the
mean Casimir-Polder potential of the atom in a fine-structure
level. We use the sum rules for 3 and 6 symbols to carry
out analytically the summations over the relevant sublevels in
the general expression for the Casimir-Polder potential. We
perform numerical calculations for the Casimir-Polder poten-
tials of the ground state and a few low-lying excited states of a
rubidium atom near an optical nanofiber. We show that, due to
the retardation and the interference between the emitted and
reflected waves, the Casimir-Polder potential of a low-lying
excited state may take positive values, oscillate around the
zero value with a decaying amplitude, and become repulsive
in some regions of atom-to-surface distances. Although these
effects are known for the interaction between a two-level atom
and a flat dielectric surface, we study them in the context of a
realistic multilevel alkali-metal atom near an ultrathin optical
fiber. The theoretical formulation of our treatment is based on
the powerful Green tensor technique and hence can be used
for a multilevel atom near an arbitrary dielectric body.

The paper is organized as follows. In Sec. II, we derive
an analytical expression for the Casimir-Polder potential of
a multilevel alkali-metal atom near a macroscopic body. In
Sec. III, we present the results of numerical calculations for
a rubidium atom near a nanofiber. Finally, we conclude in
Sec. IV.

II. THEORY

In this section, we study the Casimir-Polder potential of
an atom near an arbitrary nonmagnetic dielectric or metallic
body [see Fig. 1(a) for the specific case of a nanofiber]. We use
the theory of Ref. [43], which was developed for a multilevel
atom, to calculate the mean potential of an alkali-metal atom
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FIG. 1. (a) Atom in the vicinity of an optical nanofiber.
(b) Schematic of the energy levels of a two-level atom. (c). Schematic
of the hyperfine-structure levels of the states 5P;;, and 5S;,, of
a rubidium-87 atom. The red arrows indicate the allowed electric
dipole transitions between the levels F’ and F.

in a fine-structure state and use the sum rules for 3j and 6;
symbols to carry out analytically the summations over the
relevant sublevels.

A. Casimir-Polder potential of a two-level atom

We start by considering the model of a two-level atom near
a macroscopic body. The atom has an upper energy level |e)
and a lower energy level |g) [see Fig. 1(b)], with energies i,
and fiw,, respectively. The atomic transition frequency is wg =
w, — wg. The electric dipole transition between the levels |e)
and |g) is allowed. We use Cartesian coordinates {x, y, z}.

The Casimir-Polder potential of the atom initially prepared
in an eigenstate near a body is the body-induced part of the
Lamb shift of the energy level [31,32]. In the framework of
the perturbation theory, the Casimir-Polder potentials U, and
U, of the atom in the ground and excited states, respectively,
are given as [43]

wo 0 u? 5
Uy = —2/ du————d - G*(R, R;iu) - d",
weoc? Jo wy +u
00 2
U, =2 2/ duzu—zd-G(SC>(R, R;iu) - d*
wegc? Jo Wy +u
2
~ %4 Re{GI(R, R )] <1>
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Here, d = (e|D|g) is the matrix element of the electric dipole
operator D of the atom, R is the position of the atom out-
side the body, and G is the scattering part of the Green
tensor of the medium in the presence of the body. We
note that Im[G®9(R, R;iu)] = 0, that is, G*Y(R, R;iu) =
Re[GOY(R, R;iu)] [31,32]. Equations (1) are valid for not
only the nonretardation regime, where AR < A¢, but also the
retardation regime, where AR 2 Ag. Here, AR is the atom-
to-body distance and Ay = 2wc/wy is the wavelength of the
atomic transition. The Casimir-Polder potentials in the non-
retardation regime are sometimes referred to as the van der
Waals potentials [31,32].

The first and second terms in the expression for U, in
Eqgs. (1) are respectively the nonresonant part U™ and the
resonant part U™ of the Casimir-Polder potential of the
excited state |e). Thus, we can write [43]

U, = Ue(nres) + Ue(res)7 2)
where
oo 2
Ue(nres) - _ @o 5 / du 2M 2d . G(SC)(R, R; zu) . d*,
TTENC 0 Cl)o + u
2
U = ‘e%d ‘Re[G*(R, R;wp)] - d*. 3)
0

The potential U, for the ground state |g) does not contain
a resonant part. In other words, U, is nonresonant. It is clear
that U, is opposite to the nonresonant part U™ of U,, that
is, Uy = —U™),

For a two-level atom with an isotropically averaged dipole,
we must formally replace the factor d - G®® - d* in Egs. (1) by
the factor |d|*Tr (G©®®)/3. It is clear that the expressions for
the ground-state potential U, and the excited-state potential U,
of the isotropic two-level atom contain the same effective cou-
pling factor |d|*Tr (G©“®)/3, unlike the case of an atom with
two energy level terms [see Eqgs. (9) in the next subsection].

Equations (1)—(3) have been used to study the Casimir-
Polder potential of a two-level atom near a flat surface [43].
These equations can be formally extended for an arbitrary
multilevel atom by summing up the contributions of individ-
ual transitions. For a realistic atom, due to the complexity of
the energy level structure, the extension involves the summa-
tion over a large numbers of levels and sublevels. We will
show in the next subsection that, in the case of a multilevel
alkali-metal atom, it is possible to simplify the summation
over the magnetic sublevels of the atom.

B. Casimir-Polder potential of a multilevel alkali-metal atom

We now consider a multilevel alkali-metal atom [see
Fig. 1(c)]. We calculate the mean Casimir-Polder poten-
tial of the atom initially prepared in a hyperfine-structure
(hfs) level of a fine-structure state. The energy levels of
the atom are specified in an arbitrary Cartesian coordinate
system {xg, yo, zp}, wWhere zg is the direction of the quan-
tization axis. We assume that the surface-induced mixing
between different hfs levels and between different fine-
structure levels is negligible. We take into account the
contributions of electric dipole transitions but neglect the
contributions of electric quadrupole transitions. We note

that this approximation is valid when the atom is not
highly excited and the atom-to-body distance is not too
small [39].

We first examine the contributions of the transitions be-
tween the sublevels of an upper fine-structure level |n'J’) and
a lower fine-structure level |nJ), where J' and J are the total
electronic angular momenta, and n’ and n are the sets of
remaining relevant quantum numbers (such as the principal
quantum number, the electronic orbital angular momentum,
the electronic spin, and the nuclear spin). We temporally
neglect the contributions of other fine-structure levels to the
potentials of these two levels |n'J’) and |nJ).

Let |e) = [n'J'F'M') and |g) = |[nJFM) be the magnetic
sublevels of the hfs levels |n'J'F’) and |nJF) of the upper
and lower fine-structure levels |n'J’) and |nJ), respectively.
Here, F’ and F are the total atomic internal-state angular mo-
menta and M" and M are the corresponding magnetic quantum
numbers. For illustration, we show in Fig. 1(c) the hfs levels
and the magnetic sublevels of the ground state 55, and the
excited state 5P3/, of a rubidium-87 atom [57].

We denote the energies of the upper and lower levels as fiw,
and /fiw,, respectively. In the absence of the magnetic field,
hw, and fiw, do not depend on the magnetic quantum numbers
M’ and M, respectively. We note that the hfs splitting is small
compared to the optical transition frequency. Therefore, we
neglect the hfs splitting in our calculations. In other words,
we assume that the energies fiw, and fiwg do not depend on
the quantum numbers F’ and F, respectively; that is, we use
the approximations w, = wyy and w, = W,y.

We introduce the notation d., = (e¢|D|g) for the dipole
matrix element of the transition between the states |e) =
|[WJF'M') and |g) = [nJFM). In an arbitrary quantization
coordinate system {xg, yo, Zp}, the spherical tensor compo-
nents de(gq) of the dipole matrix element d,,, with the index
q = 0, 1, are given by the expression [58]

¥ = (—1Y* M D nd)y/@F + HRF + 1)

J F I|(F 1 F @)

“Vr 7 1(\M ¢ -M)
Here, the array in the curly braces is a 6j symbol, the array
in the parentheses is a 3j symbol, I is the nuclear spin, and

(W'J'||D||nJ) is the reduced electric dipole matrix element in
the J basis. Note that dég) is nonzero only if M' — M = g =
0, £1.

The 3j and 6j symbols have the following orthogonal
properties [59]:

Z v B\(h J T
my my m3)\mp my mj

mymy

1

= mfsj;jg5m3m;{jl J2 J3} (5)

and
. ook o Bla i g
273+ 1)1° . . . . Iy
;( ’3 ){14 Js ]6}{]4 Js 16}
8ot

_ T 6
—2j6+1{]1 Js Je3Jja j2 Je} (6)
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Here, the triangular delta {j; j» j3} is equal to 1 when the
triad (ji, j2, j3) satisfies the triangle conditions, and is zero
otherwise. With the help of Egs. (5) and (6), we find

1 (n'J'|D|nJ)|?
d, T-dar, = Dy oy,
2F +1 2 de «= 3+ oD

MF'M'

1
. d, -T-d°, =
2F + 1 Z 8 eg

M'FM

| 1D |n])|*

30+ .M

where T is an arbitrary dyadic tensor. In deriving Eqgs. (7),
we have used the relations d,, - T - djg =3 " qz(—l)"””’2
diy™MdS T, ., dP = (=1)dG?*,  and  Tr(T) =
> (=DITy —y for qi,qp,q =0, 1. Here, T, are the
matrix elements of the dyadic tensor T in the spherical tensor
basis. Equations (7) allow us to carry out analytically the
summation over the relevant sublevels.

Let U, and U, be the Casimir-Polder potentials of the lower
state |g) = |[nJFM) and the upper state |e) = |n'J'F'M’), re-
spectively, induced by the transitions |g) <> |e) between these
two states. The total potential of the lower state [nJF M) or the
upper state |n'J'F’M’), caused by the transitions to the set of
the sublevels of the upper term |n'J’) or the lower term |nJ),
respectively, is given as Uyrm = ) pyp Ug OF Upypmr =
> e Ue. The average Ug of the potentials U,;r) With respect
to the magnetic quantum number M and the average U, of the
potentials U,y ry With respect to the corresponding magnetic
quantum number M’ are given as

_ 1

_ 1
U, = v, U,= U,. (8
§ 2F+1M;;4/ § 2F/+1M2F;4 ®)

Thus, Ug and U; are the mean Casimir-Polder potentials of
the magnetic sublevels of the hyperfine-structure levels |g) =
|nJF) and |e) = |[n'J'F’), having a flat statistical distribution
over the magnetic sublevels. According to Ref. [39], the de-
pendence of the potential of an individual magnetic sublevel
[nJFM) or [WJ'F'M'y on M or M’ is weak in the region of
distances r — a > 60 nm. Hence, the differences between Ug
and U,;ry and between U; and U,y ryp are small when the
atom-to-surface distance is not too short.

When we neglect the dependencies of the transition fre-
quency w, on F and F’ and use Egs. (7) to carry out
analytically the summation over the relevant sublevels, we
find

o wg |(JID|nJ) /“’du uw
7 3mepcr 2+ 1 0 wZ, + u?
x Tr[G®(R, R; iu)],
O, — __“es |(nJ'|ID|nJ)|* /°° u’
T 3mec? 20 +1 0 Wz, + u?

x Tr[G*V(R, R; iu)]
gy | J'|DIn])

2 +1

It is clear that expressions Eq. (9) for the mean potentials

U; and U; do not contain the summation over the magnetic

sublevels. Due to the symmetry of the atomic wave functions
and the averaging procedure, these expressions contain the

Re(Tr[G* (R, R; weo)l}. (9)

3epc?

reduced electric dipole matrix element (n'J’||D||nJ) instead
of the electric dipole vector d. Furthermore, we see that the
mean potentials U; and U; do not depend on the orientation
of the quantization axis. Consequently, the diagonalization of
the full Hamiltonian in the relevant Hilbert subspace is not
necessary for the calculations of these mean potentials.

It is interesting to note that the mean Casimir-Polder po-
tentials U; and U; do not depend on the quantum numbers
F and F’, respectively. Due to this property, U; or U; can be
considered as the mean Casimir-Polder potential of the atom
in the lower term |g) = |nJ) or the upper term |&) = |n'J’) in
the framework of the two-term atom model.

Comparison between Eqgs. (1) and (9) shows that the mean
potential Uz or U; can be formally considered as the poten-
tial of the ground or excited state of a two-level atom with
an isotropically averaged dipole moment of magnitude |d| =
(' J'IDlInJ)|/~/20 + 1 or |d| = [{n'J"|DlnJ)|/v2J + 1,
respectively. This effective dipole moment of the two-term
atom depends on the reduced dipole matrix element of the
transitions and the degeneracy of the initial-state term. It is
clear that, when J # J', the effective dipoles for the potentials
of the lower term |g) = |nJ) and the upper term |&) = |n'J’)
have different magnitudes, unlike the case of two-level atoms
[see Egs. (1)]. This feature occurs because, when the numbers
of the sublevels of the lower and upper terms are not the same,
the mean dipole coupling strength for the sublevels of a term
is different from that of the other term.

We now consider the full set of fine-structure energy lev-
els of the multilevel alkali-metal atom. It is clear that the
Casimir-Polder potential U of the atom in an arbitrary level
la) = |nyJ,) is the sum of the contributions from the transi-
tions between this level and other levels |b) = |n;J;), that is,

3 aja D J 2 0 2
U:_Z wb2|(n I DlnpJp)| / du 2”
~ 3menc 2J,+1 0 w’, + u?

x Tr[G*(R, R; iu)]

2 2
aJa||D||npd;
Y 0L [1eTal Do)
b

3epc? 2J,+1
x Re{Tr[G* (R, R; @)1} (10)
Here, w,, = w, — wp = —wp, 1 the transition frequency and

O(wyp) is the Heaviside step function of w,,. Expression
Eq. (10) allows us to calculate the Casimir-Polder potential
of the atom using the transition frequencies w,;, the reduced
dipole matrix elements (n,J,||D||nyJp), and the scattering
Green tensor G©°.

Expression Eq. (10) is the key result of this section. In
deriving this expression, the summation over the magnetic
sublevels of the atom has been carried out analytically. In
addition, it is valid for both nonretardation and retardation
regimes.

In general, the potential U can be decomposed as U =
Unres + Ures, With the nonresonant part

. a-]a D J 2 o0 2
U = = 3" 2l ||nbb>|/ P
- 3mepc? 2J,+1 0 w2, + u?

x Tr[G*(R, R; iu)] (11)
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and the resonant part
Wy, |(nadal|Dlinydy)|1*
3epc? 2J,+1

Ures = — Y O(0a)
b

x Re{Tr[G*(R, R; wa)]}. (12)

The presence of the Heaviside step function ®(w,,) in ex-
pression Eq. (12) indicates that only downward transitions
(with w,, > 0) can contribute to the resonant part Uyes of the
Casimir-Polder potential U.

In the particular case where the state |a) of the multilevel
atom is the ground fine-structure state |n,J,), the resonant part
U, of the potential U is vanishing. In this case, we have U =
Upres, that is,

U= Z Weg |(neje||D||nng>|2 /Oodu u?
— 3mé€oc? 2/, +1 0 Wz, + u?

x Tr[GCO(R, R; iu)], (13)

where |n,J.) is an arbitrary excited fine-structure state and
Weg = Wy,J, — Wn,J, is the transition frequency. We can rewrite
the above expression for the Casimir-Polder potential of a
ground-state atom in the form [31,32]

Fl o0
__n / du (TG (R, R; in)], (14)
27‘[606‘2 0

where

2 w,
= — eJellD]||ngJ, I 15
a(w) 3(21g+1)h262|<n lDlnge) P ——— (15)

es

is the scalar polarizability of the ground-state alkali-metal
atom [60,61].

We emphasize that, in terms of the general scattering
Green tensor G, Eqgs. (10)—(14) are valid for a multilevel
alkali-metal atom in the presence of an arbitrary nonmagnetic
dielectric or metallic body [31,32]. In the particular case of
a dielectric or metallic cylinder, an explicit expression for
Tr[G®(R, R;iu)] is given in Appendix A. Equation (14)
with Tr[G®®(R, R;iu)] given by Eq. (A10) is similar to but
more rigorous than the results of Refs. [40-42] for the nonre-
tarded van der Waals potential of a ground-state atom near a
dielectric or metallic cylinder. We note that, in the context of
the surface-induced transition frequency shift of a multilevel
alkali-metal atom, the atomic physics involving 3; and 6j
symbols has been worked out for the case where the atom is
in front of a flat dielectric surface [52-54].

III. NUMERICAL CALCULATIONS

We perform numerical calculations for the Casimir-Polder
potential of a multilevel alkali-metal atom near a vacuum-clad
silica nanofiber [see Fig. 1(a)]. The nanofiber is an ultrathin
fiber of radius a and refractive index n; and is surrounded by
an infinite background vacuum or air medium of refractive
index np, = 1. The nanofiber diameters are a few hundreds
of nanometers. We use Cartesian coordinates {x, y, z}, where
z is the coordinate along the fiber axis, and also cylindrical
coordinates {r, ¢, z}, where r and ¢ are the polar coordinates
in the fiber transverse plane xy.

To be concrete, we study a rubidium atom. The transition
frequencies and reduced dipole matrix elements of atomic

5S1/2

0, ,,,,,,,,,,,
—~ 501
M
=
p—
D 1001

-150 1
0 200 400 600 800

r-a (nm)

FIG. 2. Casimir-Polder potential U of a rubidium atom in the
ground state 5S;,, vs the atom-to-surface distance r — a. The radius
of the nanofiber is a = 200 nm. The quantities plotted in the inset
and their units are the same as those in the main plot.

rubidium are taken from Ref. [62]. Since these parameters
are the same for rubidium-87 and rubidium-85, our numerical
results are valid for both isotopes. We note that, according to
Ref. [39], the contributions of the quadrupole transitions of
the atom are not important for the potentials of the excited
states with the principal quantum number n < 20. Therefore,
we limit our numerical calculations to the cases where the
principal quantum number of the initial atomic state is n < 10.

The Green tensor of an infinitely long dielectric or metallic
cylinder surrounded by a bulk dielectric medium is given in
Refs. [39,63—66]. The relevant expressions for the scattering
part of the Green tensor are summarized in Appendix A.

The Green tensor depends on the permittivity of the
nanofiber. The material of the nanofiber is fused silica. To cal-
culate the permittivity of silica, we use the four-term Sellmeier
formula, which is good for the spectral range from 200 nm
to 7 um [67,68], and the Dawson-function model, which is
good for the spectral range between 7 and 50 um [69,70] (see
also Appendix B). Since the poles of the Green tensor, which
characterize the resonances of the field, lie close to the real
frequency axis, a special treatment of the integral path to avoid
them is necessary in the calculations of Uy [47,71,72].

We present the results of our numerical calculations below.
These results are new as they stand for a realistic multilevel
alkali-metal atom near a nanofiber. They are obtained without
using the nonretardation approximation.

A. Potential for the ground state

We calculate the Casimir-Polder potential U of the rubid-
ium atom in the ground state 55 /». In the calculations, we take
into account the dominant dipole transitions from 55, to the
neighboring levels nP); and nP;, withn =5, 6, ..., 8. Our
additional calculations, which are not shown here, confirm
that the contributions of the levels with n > 9 to the potential
of the ground state are negligible. Since the wavelengths of
the dominant transitions from 35S/, are significantly smaller
than 7 um, we use the Sellmeier formula [67,68] to calculate
the permittivity of silica.

We plot in Fig. 2 the Casimir-Polder potential U of the
rubidium atom in the ground state 5S;,, as a function of
the distance r — a from the atom to the fiber surface. We
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FIG. 3. Comparison between the Casimir-Polder potentials U of
a rubidium atom in the ground state 55, for the fiber radii a = 150,
250, and 350 nm.

observe from Fig. 2 that the Casimir-Polder potential U of
5812 is negative and monotonically reduces (increases) with
decreasing (increasing) distance r — a. It is clear that the
Casimir-Polder force F = —oU/dr is negative, that is,
the potential is attractive. This behavior is in agreement with
the results of the previous studies for the van der Waals po-
tential of a ground-state alkali-metal atom in the vicinity of a
nanofiber [15,42] or a general dielectric surface [31,32].

The monotonic falling-off behavior of the potential U of
the ground state is well known [31,73] and is a consequence of
the fact that this potential contains only the nonresonant terms
[see Eq. (13)] [31]. The distance dependencies of the nonres-
onant terms appear through the Green tensor G*(R, R; iu)
at imaginary frequency. For the imaginary frequency iu,
the tensor G®9(R, R; iu) contains the monotonically varying
modified Bessel functions of the second kind K, (g»r), where
q2 = Ju?/c* + B?% is a real parameter with 8 varying from
—oo to +00 [see Eq. (A10)]. It has been rigorously proven
that the Casimir force between two dielectric bodies that are
mirror images of each other is always attractive, independent
of the exact form of the bodies or dielectric properties [73].

In Fig. 3, we compare the Casimir-Polder potentials U of
the ground state 55/, for different values of the fiber radius
a. The figure shows that, in the range of the parameters used
for calculations, a moderate variation of the fiber radius does
not affect much the monotonic falling-off behavior of the
potential U of the ground state. It is clear from the figure that
an increase of the fiber radius leads to an increase of the
absolute value of the potential.

We emphasize that the numerical results presented in
Figs. 2 and 3 for the Casimir-Polder potential of a ground-state
rubidium atom near a nanofiber have been obtained by using
the most accurate available formalism and without relying on
the nonretardation approximation.

B. Potentials for the excited states of the D, and D, lines

The first two excited states of the rubidium atom are the
states 5P3;» and 5P;;. The only downward electric dipole
transitions from these excited states are the transitions to
the ground state 5S;,,. The transitions 5P;/; <> 551/, and
5Pi/» <> 551, are called the D, and D lines, respectively.

5Py, (a)

-50

U (1K)

-100

-150

0 300 600 900 1200
r-a (nm)
° (b)

5

-104

and U, (LK)

-15

nres

U

-20 -

-25 T T T T T .
100 200 300 400 500 600 700
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FIG. 4. (a) Casimir-Polder potential U of a rubidium atom in the
excited state 5P;,, of the D, line vs the atom-to-surface distance
r — a. The inset shows the details of the oscillations of the potential.
The quantities plotted in the inset and their units are the same as
those in the main plot. (b) Nonresonant part U, (dash-dotted green
line) and resonant part U,s (dashed blue line) of the potential U
(solid red line). In parts (a) and (b), the radius of the nanofiber
is a = 200 nm.

They play an important role in laser cooling and atom-light
interaction experiments [57]. Below, we present the numerical
results for the Casimir-Polder potentials of the atom in these
excited states.

In the calculations for the potentials of 5P, and 5Py,
we take into account the dominant dipole transitions to the
states nSy, with n =35, 6, ..., 8 and the states nD3,, with
n=4,5, ..., 8. For the potential of the state 5P;,,, we also
include the dominant dipole transitions to the states nDs;,
with n =4, 5, ..., 8. The contributions of the levels with
n 2 9 to the potentials of 5P5,, and 5P; ), are negligible. Since
the wavelengths of the dominant transitions from 5P;,, and
5Py, are significantly smaller than 7 ;um, the permittivity of
silica is calculated using the Sellmeier formula [67,68].

We plot in Fig. 4(a) the Casimir-Polder potential U for
the rubidium atom in the excited state 5P3;, of the D, line
as a function of the distance r — a from the atom to the fiber
surface. We display in Fig. 4(b) the nonresonant part Uy.s and
the resonant part U, of the potential U.

We observe from Fig. 4(a) that, in the region of short dis-
tances, the Casimir-Polder potential U of the rubidium atom in
the excited state 5P;/, is negative, monotonic, and attractive.
However, in the region of moderate and large distances, the
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potential U becomes positive in some spatial intervals and
oscillates around the zero value. The wavelength of the spatial
oscillations of U is about half of the wavelength of 780 nm of
the D, line of atomic rubidium [57]. Due to the spatial oscil-
lations, the Casimir-Polder potential U can become repulsive,
that is, the corresponding force F = —aU/dr can become
positive, depending on the distance. It is clear that this effect
occurs in the retardation regime. The maximal amplitude of
oscillations of the potential is about 2.3 ©K. The maximal
depth of the wells created by the spatial oscillations of the
potential is about 2.8 K. This depth is about 15 times larger
than the recoil energy E,/kg = 181 nK for the D, line of
atomic rubidium [57].

Note that similar repulsive Casimir forces between surfaces
in a liquid were obtained for suitable choices of surfaces
[74]. The possibilities of oscillatory surface-induced poten-
tials were shown for the excited state of a two-level atom near
a flat dielectric surface [32] or a nanofiber [45]. According
to Ref. [32], the resonant part of the nonretarded potential of
an excited two-level atom in front of a flat dielectric surface
is repulsive when |e| < 1, where € is the permittivity of the
dielectric half space. It has been demonstrated that the non-
retarded potential of an excited atom near a flat surface can
become repulsive due to a resonant coupling between a virtual
emission of the atom and a virtual excitation of a surface
polariton [32,54,55,75]. We emphasize that the repulsion and
spatial oscillations of the nanofiber-induced Casimir-Polder
potential of a rubidium atom in the excited state 5P3/, of the
D, line are not related to the excitation of a surface polariton.

Comparison between Figs. 2 and 4(a) for the potentials of
the ground state 55/, and the excited state 5P3/, shows that,
in the region of short distances, both potentials are attractive
but the magnitude of the potential for 5P;, is larger than that
for 5§ 1/2-

The oscillations in the spatial dependence of the Casimir-
Polder potential U of the excited state 5P;/, originate from
the resonant part U [see the dashed blue curve in Fig. 4(b)]
and appear through the spatial dependence of the Green ten-
sor G(R, R; w,p) at the resonant transition frequency wgp
[see Eq. (12)]. This tensor contains oscillating Hankel func-
tions of the first kind H{"(n,r), where 1, = \/w?/c? — B2
is a real parameter for the radiation modes with the longi-
tudinal propagation constant |8| < w/c [see Eq. (A9)]. The
spatial oscillations of the potential U can be ascribed to
the constructive-destructive interference between the quantum
light waves emitted from the atom and reflected from the
fiber surface. The wavelength of the spatial oscillations of
the potential is close to half the wavelengths of the dominant
downward resonant transitions of the atom.

We observe from Fig. 4(b) that, for increasing distance
r — a, the magnitude of the nonresonant component U5 of
the Casimir-Polder potential U reduces quickly and monoton-
ically approaches zero. Meanwhile, the magnitude of the reso-
nant component Ul first reduces quickly but then starts oscil-
lating around the zero value with a decaying amplitude. In the
region r — a > 180 nm in the case of the figure, Uy, is domi-
nant over Uy and, hence, the total potential U is determined
mainly by Uy.s. However, in the region r — a < 180 nm in the
case of the figure, the magnitude of the resonant component

~~
M
=
N
D
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FIG. 5. (a) Casimir-Polder potentials U and (b) the correspond-
ing forces F = —9U/0r for a rubidium atom in the excited state
5Py, of the D, line (solid red line) and the excited state 5Ps, of the
D, line (dashed blue line) vs the atom-to-surface distance r — a. The
radius of the nanofiber is @ = 200 nm. The quantities plotted in the
insets and their units are the same as those in the main plots.

of the potential is smaller than that of the nonresonant compo-
nent. This feature is a consequence of the multilevel structure
of the atom, where all higher levels can contribute to the
nonresonant component of the Casimir-Polder potential [43].

We plot in Fig. 5(a) the potential of the excited state
5Py of the D; line. For comparison, we also plot in this
figure the potential of the excited state 5P3;, of the D, line.
We observe from the figure that the potentials for 5P, and
5P;), are very similar to each other. Both are attractive for
the short distances and are oscillatory for the distances in the
range » — a > 400 nm. One of the reason for the similarity
between the two potentials is that the wavelength of the D
line (795 nm), which is responsible for the spatial oscillations
of the potential of 5P, is just slightly different from the
wavelength of the D, line (780 nm), which is responsible
for the spatial oscillations of the potential of 5P3/,. Another
reason is that the normalized reduced dipole matrix elements
[(allD||b)|/~/2J, + 1 for the downward transitions from the
excited states |a) = 5P;;, and 5P;; to the ground state |b) =
5812 have the same value (>~ 2.98 a.u.) [62]. The reduced
dipole matrix elements and wavelengths of the D, and D,
lines determine the resonant parts Uy [see Eq. (12)] of the
potentials U for 5P;,; and 5P3;;. Similar to the case of the
excited state 5P;,, the repulsion and spatial oscillations of the
nanofiber-induced Casimir-Polder potential of the rubidium
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FIG. 6. Nanofiber-induced shifts §w of the transition frequencies
of the D; (solid red curve) and D, (dashed blue curve) lines of atomic
rubidium vs the atom-to-surface distance r — a. The radius of the
nanofiber is @ = 200 nm. The quantities plotted in the inset and their
units are the same as those in the main plot.

atom in the excited state 5P, are not related to the excitation
of a surface polariton.

The radial dependence of the Casimir-Polder potential U
leads to a radial Casimir-Polder force F = —dU /dr acting on
the center-of-mass motion of the atom. We plot in Fig. 5(b) the
radial dependencies of the forces F' on the atom in the excited
states 5Py, and 5P;),. The figure shows that the forces can
take positive values, depending on the region of space, and
oscillate around the zero value with a decaying amplitude. The
maximal positive value of the forces is on the order of 0.4
zN. This value is about 40 times smaller than the maximal
value Fsg“a") = fliky /2 = 15 or 16 zN of the force resulting
from absorption followed by spontaneous emission for the D
or D, line, respectively, of atomic rubidium in free space [57].
Here, k is the wave number of the resonant light and y is the
linewidth of the atom.

The difference between the Casimir-Polder potentials U, =
U(la)) and U, = U(|b)) of the levels |a) and |b) determines
the shift §w = (U, — U})/h of the atomic transition frequency
wap = w, — wp. We plot in Fig. 6 the nanofiber-induced shifts
dw of the transition frequencies of the D; and D, lines of
atomic rubidium. The figure shows that the frequency shifts of
these lines are almost the same. The shifts are negative in the
region of short distances and oscillate around the zero value
with a decaying amplitude for the distances in the range from
400 to 1200 nm. The shifts can become positive depending on
the distance. The oscillatory behavior of the frequency shifts
dw shown in Fig. 6 occurs as a consequence of the oscillatory
behavior of the Casimir-Polder potentials of the excited states
5Py, and 5Pz, and is a signature of the retardation and
interference effects.

We compare in Fig. 7 the Casimir-Polder potentials U of
the excited state 5P3 for different values of the fiber radius a.
The figure shows that the oscillatory behavior of U is sensitive
to the variation of a. Indeed, a minor or moderate variation
of a may cause a significant variation of oscillations of U.
In particular, an increase of a may lead to an increase or a
decrease of the amplitude of oscillations of U, depending on
the range of a. Among the curves of Fig. 7, the curves for

200 400 600 800 1000 1200
r-a (nm)
FIG. 7. Comparison between the Casimir-Polder potentials U of

arubidium atom in the excited state 5P5, for the fiber radii a = 150,
200, 250, 300, and 350 nm.

a = 250 and 350 nm have the largest oscillation amplitudes
(the peak values are on the order of 4 uK).

C. Potentials for a few low-lying excited states nS;,,

We plot in Fig. 8 the Casimir-Polder potentials of sev-
eral low-lying excited states nS,» withn =26, 7, ..., 10. In
the calculations of these potentials, we take into account the

0 200 400 600 800 1000 1200

r—a (nm)
(b) ' ' —— 651
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FIG. 8. (a) Casimir-Polder potentials U for the states nS;,, with
n==6,7, ..., 10 vs the atom-to-surface distance r — a in the range
from 100 to 1200 nm. The radius of the nanofiber is @ = 200 nm. The
quantities plotted in the inset and their units are the same as those in
the main plot. The logarithm scale of the vertical axis of the inset
shows the rapid decrease of the magnitudes of the potentials in the
range of short distances from 50 to 100 nm. (b) Same as panel (a) but
for large distances in the range from 6 to 10 um.
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dominant dipole transitions to the neighboring levels nPs);
and nPy, withn =35, 6, ..., 20. Our additional calculations,
which are not shown here, confirm that the contributions of
the levels nP;/; and nPi;; with n > 15 to the potentials are
negligible. Since the wavelengths of the dominant transitions
from the states nS;,, with n =6, 7, ..., 10 are larger than
1 um, the permittivity of silica is calculated by using the
Dawson-function model [69,70].

The logarithmic scale of the vertical axis of the inset of
Fig. 8(a) shows that, in the range of short distances (from
50 to 100 nm), the magnitudes of the potentials for all of
the aforementioned states rapidly decrease with increasing
distance. We also observe from the inset that, in the region
of short distances, the potential for the state 8S;,, shows a
slightly different behavior than the rest: The curve for the state
8812 (the dotted red line) is higher than the curve for the state
7812 (the dashed green line) and crosses the curve for the
state 65> (the solid blue line). Except for the state 8S),,, the
states nSy, with n < 10 demonstrate the general tendency:
The higher state nS; , has the deeper potential in the region of
short distances.

We observe from Fig. 8(a) that, in the region of moderate
distances from 100 to 1200 nm, the curves for the potentials
behave in a very different manner. Namely, the potentials
for some of these states demonstrate a nonmonotonic behav-
ior. Specifically, the potential for the state 85;,, undergoes a
change in sign, achieves a positive peak value Uy = 17 uK
at a distance r — a = 150 nm, and becomes rather strongly
repulsive in the region of distances from 150 to 400 nm.
Furthermore, the potentials for the states nS;, with n =6,
7, and 8 demonstrate a pronounced oscillatory behavior at
the distances r — a > 400 nm [see Fig. 8(a)], and these os-
cillations persist even when the atom is several micrometers
away from the fiber surface, with an amplitude on the order of
10 nK [see Fig. 8(b)]. The potentials for the states 95/, and
105} /> are monotonic for the distances r — a < 1200 nm [see
Fig. 8(a)] but have small oscillations with a small amplitude
on the order of 1 nK for the distances from 6 to 10 um [see
Fig. 8(b)].

One can notice that, for the state 6S;,,, the oscillatory
behavior of the potential is caused by the contributions from
the downward transitions 65y, — 5P;;; and 65, — 5P;)2,
which have similar transition frequencies (with the wave-
lengths of 1324 and 1367 nm). However, for the higher states
78172, 85172, 9512, and 108 2, the oscillatory behavior of the
potential is a result of the beating between the contributions
from several downward transitions with significantly differ-
ent transition wavelengths. When the atom is excited highly
enough (the principal quantum number is n 2> 9 in the case
of rubidium), due to the beating between a large number of
downward transitions and the increase to the wavelengths of
the dominant downward transitions, the oscillatory behavior
of the Casimir-Polder potential becomes less prominent and
may even practically disappear. We note that the potentials of
highly excited Rydberg states, calculated in Ref. [39], are not
oscillatory.

The reason why the potential U for the state 8S;,, is so
different from the potentials for the other states [see Fig. 8(a)
and the inset] is that 8S;,, is the only state for which the
resonant part Uy is positive for r — a < 1200 nm. This leads

200 r
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FIG. 9. Individual contributions U, of the groups of transitions
851/2 g }’lPl/z,3/2 with n = 5, 6, 7, 8, and 9 to the Casimir-Polder
potential U of the excited state 8S), vs the atom-to-surface distance
r — a. The radius of the nanofiber is a = 200 nm.

to a slightly different behavior of the potential at the positions
that are very close to the surface (see the inset), and to the
presence of a well distinct “bump” at the distance r — a = 150
nm [see Fig. 8(a)]. A deeper inspection of the properties of
85 /> reveals that the strongest downward transitions from this
state are the transitions to the lower states 7P, and 7P3,,
with the wavelengths of A; = 8.249 um and X, = 8.495 um,
respectively [62]. For these wavelengths, the real part of
the permittivity € of silica is negative (Re[e(A;)] = —0.31
and Re[e(A;)] = —0.64) and the associated imaginary part is
significant (Im[e(A;)] = 0.61 and Im[e(A;)] = 0.85), that is,
silica is a lossy metal. It is clear that A; and X, are close to a
surface plasmon resonance, which is determined by the con-
dition €(1) = —1 in the case of a flat surface. In addition, we
have [e(A1)| = 0.69 < 1 and |e(X;)| = 1.07 > 1. Meanwhile,
it follows from Eq. (153) of Ref. [43] that, for an atom situated
above a semi-infinite half space containing a homogeneous
medium, the resonant part of the Casimir-Polder potential is
positive for short distances under the condition |e| < 1. This
condition is satisfied for A; but is slightly violated for A,.
Nevertheless, due to the curvature and the finite size of the
cylindrical surface, the resonant component of the nanofiber-
induced potential is positive for both wavelengths A; and X, in
the region of short distances. The effect is enhanced because
the transition wavelengths are close to a surface plasmon
resonance [32,54,55].

In order to show more clearly the origin of the distinct
bump of the Casimir-Polder potential U of the excited state
8S1/2, we plot in Fig. 9 the individual contributions U, of
the groups of transitions 85y, — nPjj 3, withn =35, 6, 7,
8, and 9. The figure shows that the contribution of the group
of the downward transitions 85, — 7P 3> (see the dotted
red line) is positive even at short distances, while the con-
tributions of the other transitions are negative. The different
transitions of the atom have different transition frequencies
and hence correspond to different values of the permittivity of
the nanofiber. The presence of the bump of the Casimir-Polder
potential of the excited state 8S;,, at short distances is due
to the optical properties of silica at the wavelengths of the
downward transitions 85,2, — 7P 3,2, which are close to a
surface plasmon resonance.
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FIG. 10. Casimir-Polder potential U (a) and corresponding force
F (b) for a rubidium atom in the excited state 8S;,, as functions of
the atom-to-surface distance r — a for different fiber radii a = 150,
200, 250, 300, and 350 nm.

In order to see the effect of the fiber radius a on the behav-
ior of the bump of the potential in the region of short distances,
we plot in Fig. 10 the potential and the corresponding force
for the excited state 85}/, as functions of the atom-to-surface
distance r — a for different values of a. The figure shows that
the height and position of the bump are sensitive to the vari-
ation of a. For increasing a in the range from 150 to 350 nm,
the height of the bump decreases and its position moves
away from the fiber surface. It is interesting to note that,
for the parameters in the range considered, the smaller fiber
radius leads to the stronger repulsion in the region of short
distances. The reason is that the repulsion of the potential
originates from the resonant part, which may increase more
quickly than the nonresonant part decreases when the fiber
radius reduces.

IV. SUMMARY

In this paper, we have studied the Casimir-Polder potential
of a multilevel alkali-metal atom near an optical nanofiber.
We have calculated the mean Casimir-Polder potential of the
atom in a fine-structure level. We have used the sum rules for
3j and 6 symbols to carry out analytically the summations
over the relevant sublevels in the general expression for the
Casimir-Polder potential.

We have performed numerical calculations for the Casimir-
Polder potentials of the ground state and a few low-lying
excited states of rubidium. We have observed that the
Casimir-Polder potential of the ground state 55, is negative

and its absolute value monotonically reduces to zero with
increasing atom-to-surface distance. We have shown that the
Casimir-Polder potential of a low-lying excited state (5P;2,
5P35, or nSy, with n =6, 7, or 8) may take positive values,
oscillate around the zero value with a decaying amplitude,
and become repulsive in some regions of atom-to-surface dis-
tances. The spatial oscillations of the potential of a low-lying
excited state occur as a consequence of the retardation and
the interference between the emitted and reflected waves. The
characteristic wavelengths of the spatial oscillations of the
potential are determined by the wavelengths of the dominant
downward resonant transitions of the atom. The maximal
amplitude of oscillations of the potential is on the order of a
few microkelvins.

We have observed that, for a nanofiber with a radius of
200 nm, the potential for the state 8/, of a rubidium atom
achieves a positive peak value of about 17 uK at a distance
of about 150 nm from the fiber surface and becomes rather
strongly repulsive for distances from 150 to 400 nm. When
the atom is initially in an excited state with a principal quan-
tum number n > 9 in the case of rubidium, the oscillatory
behavior of the Casimir-Polder potential is no longer promi-
nent and may even disappear. This arises from the beating
between the large number of downward transitions and the
increase to the wavelengths of the most significant downward
transitions.

We have also calculated the nanofiber-induced shifts of the
transition frequencies of the D, and D, lines of atomic rubid-
ium. We have found that the shifts are negative in the region
of short distances, become positive, and oscillate around the
zero value with a decaying amplitude in the region of large
distances.

Our results give insight into the Casimir-Polder potential
of a multilevel alkali-metal atom near an optical nanofiber.
The repulsive character and spatially oscillatory behavior of
the potential of a low-lying excited state may cause significant
effects on the center-of-mass motion of cold atoms with a tem-
perature comparable to or less than the oscillation amplitude,
that is, on the order of or less than 1 uK. Such tempera-
tures can be achieved for atoms using the Raman cooling
technique [57].
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APPENDIX A: GREEN TENSOR FOR A DIELECTRIC
OR METALLIC CYLINDER

We consider an infinitely long, nonmagnetic, dielectric or
metallic cylinder of radius a and dielectric permittivity €
in a nonmagnetic dielectric medium of dielectric permittivity
€. We use the Cartesian coordinates {x, y, z}, where z is the
coordinate along the cylinder axis. We also use the cylindrical
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coordinates {r, ¢, z}, where r and ¢ are the polar coordinates in the transverse plane xy. When the field point R and the source
point R’ are outside the cylinder (r > a and ¥’ > a), we can decompose the Green tensor (the dyadic Green function) G(R, R’, w)
as [30-32,63,64]

GR,R,») =GR, R, w)+G*R, R, w). (A1)

Here, GO (R, R’, ») is the homogeneous-medium Green tensor and G®®(R, R, w) is the scattering Green tensor.
The homogeneous-medium Green tensor G© can be represented in the form [30-32]

1 exp(ikaR;;) ikoR;; — 1 3 —3ikRij — K3R;, . .
GO[R. R}, 0) = ——38R; — R)I Z1(1 : 'R;R;; |, A2
( Jj Cl)) k2 ( ]) + 47TRij k%Rlzj k%Rlzj JANij ( )
where ky = /& w/c. In Eq. (A2), the notations R;; = |R;;| and R;; = R;;/R;; with R;; = R; — R; have been used.
Meanwhile, the scattering Green tensor G can be given as [39,63—66]
(sc) / d'B (1) (1) /
G*'(R,R,w) = — Z {[A rM,,,, (B, R) + BgN,, (B, R)]Mmh(,B R’
(1) ’
+[CrNG) (B, R) + DM} (B, R)IN,,, (B, R)}. (A3)

Here we have introduced the notations 7; = /ka. — B = J€jw?/c* — B? with k; = | /€j w/c for j = 1,2. We have also used

the vector wave functions

in R oo
M()(B.R) = [ ZH@f — nH (nr)p e,

N{)(B.R) = [iﬁnH,f”’(nr)f' - @H;”(nr)@ + nzH,E”(nr)z}eW*"ﬂz, (Ad)
r

1
Vit + B
M o e Wygona ] —ing—ipz
M,, (B,R) = —7Hn (mr)t —nH, " (nr)@ |e ,

~

N,, (B.R) = [—iﬂnH,ﬁ”’(nr)f - @H;”(nrw + nzH;”<nr>i}e—f"¢‘“"z, (AS5)
r

1
v+ B
where H,fl) is the Hankel function of the first kind. The coefficients Ag, Bg, Cg, and Dy are given as [39,63—-66]

1 Jy(pa) [ 2/32< 1>2 (J,/z(ma) Ji(ma) )(kffy’,(ma) kgH,i”/(ﬂza)ﬂ
Wr HY(pa) L @ \n3 mh(ma)  mu(ma) ) \m(ma)  p,HP (n2a)

oo L nma) [ 2/32( 1>2 (J;(nla) HY' (ma) )(ka,’l(ma) kﬁf,’l(nza)ﬂ
= — ) L) _ _
Wi HD(a)L @@ \ 2~ 72 mh(ma)  pH () ) \midu(ma) — naJu(n2a)
1 Ju(na) knp (1 1\ (Ji(na)  HY (na)
Br=Dr= v -5~ — 22 IO (AS)
WRH (ma)n2 a \n; m Ju(nra) H, ' (na)
where
W — n2ﬁ2<1 1)2 +< Tma)  H'(na) ><k%f,§<ma> k%H;”%nza)) A
R—————\|\— — — — — .
a \n3 n} mh(ma)  pHP (pa)) \mb(ma)  nH (gpa)

Note that Ag and C are even functions of 8 and n, while Bg and Dy are odd functions of these variables.
In the particular case where R = R’, Eq. (A3) reduces to

G OR R, w) = Z / dﬁ{AR[—H<‘>2<n2r>ff+H;‘>’2(n2r>¢¢}
+CR'§2 [H(l)’z(n r)rr+ H<”2(n2r)<p<p+ ,82H“)2(n r)zz]

n
+ (Br + DR>n f rH,i”(nzr)H,i”’(nm(ff + @@)}. (A8)
2R2
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It is clear from Eq. (A8) that the tensor G®(R, R, w) is diagonal in the cylindrical coordinate basis. Note that expression
Eq. (A8) contains not only the terms associated with the coefficients Az and Cg but also the terms associated with the coefficients
Bpr and Dg. This feature is different from the corresponding result of Ref. [47] for a cylindrical cavity.

From Eq. (A8), we find

2
TG R, R, )] = — Z f dﬂ{(AHCR’Zz)[ — 2 r)+H“)’2(nzr)] +CRk2H“”<n 2r)
np 1) 1y
+2(Bg + Dp)——H," (1) H" (1127) 1. (A9)
nakar

The spatial dependence of Tr[G®®(R, R, w)] is determined by the functions H" (n,r).

For the imaginary frequency w = iu, we have k; = ik; and n; = ig;, where k; = ,/€;(iu)u/c and g; = /K]2» +p2=

€;(iu)u?/c* + B2 for j = 1 and 2. Note that €;(iu) is real and positive and hence so is ¢;. Using the relations J,(ix) = i"I,(x)
and H(V(ix) = (2/7)i "~ 'K, (x), we find

2
THGO (R R, iw)] = — Z / dﬁ{(A el )[ ; 2K2<qzr>+1<’2<qzr>]—C%K,%(qzr)
_ 2
—2i(B + D)ﬁKn(er)Ké(W)}, (A10)
qakrr
where
1 I(qza)[ 2ﬁ2< 1 )2 +< L(gia)  I(ga) )(x%l,;(qla) B K%(qm))}
T W Ku(qra) 3 q abli(qia)  @l(ga) )\ ql(qa)  ¢Ki(qa)) |
1 Ll(qzco[ 252( 1 )2 +< Liqa) K (qa) )(x%lé(qla) _Kzzl;(qza))}
" W Ky(q2a) @ ¢ gil(qa)  @Ki(qa) )\ qil(qia)  ql(qa))]
B_p_ i @ g@(% B %) (Li(qza) B K,i(qza))7 ALD
w Kn(an) q> a q2 In(q2a) Kn(an)
with
2 2 2 ’ / 27/ 2t
W— f ( %) +< L(qa)  Ki(qa) )(Klln(qla) B KZK,,(qza))' (A12)
AN ql(qia)  @K(qa) )\ qil,(q1a)  q:K,(q2a)

Note that Tr[G®®(R, R, iu)] is real. The spatial dependence of Tr[G®Y(R, R, iu)] is determined by the monotonic functions
Kn(qu)-

APPENDIX B: DAWSON-FUNCTION MODEL FOR THE Note that the Dawson function D(z) can be generalized for
SILICA DIELECTRIC PERMITTIVITY DISPERSION the entire complex plane of its argument z and can be written
In order to describe the frequency dispersion of the di- as
electric permittivity €(w) = €'(w) + i€”(w) of silica for the f
wavelength in the range from 7 to 50 um, we employ the D) = ( - w(z)), (B2)
Dawson-function model suggested by Meneses and coauthors
in Ref. [69]. According to this model, we have
) o; TABLE I. Model parameters proposed in Ref. [70] and used to
€(n) =€ +2 Z ﬁ (D@2VIn2 (n +n;)/o;) fit different experimental data on silica glass permittivity.
J
j o; i (cm™! o;(cm™!
_pQ ,—lnz (n— nj)/aj)), J J n; ( ) ;i ( )
o L 1 3.7998 1089.7 31.454
€)=Y aj(e MmOl gmdinz i /ony By 2 0.46089 1187.7 100.46
j 3 1.2520 797.78 91.601
Here, n is the frequency measured in em™!, e =2.1232 g Zg;‘g 1222?3 232}?';’
is the permittivity of silica at high frequencies, D(x) = ¢ 53757 443,00 45220
e fg ¢”dt is the Dawson function, and aj, nj, and o; are 7 6:3305 465:80 22:680
the model fitting parameters that were suggested in Ref. [70] 8 1.2948 1026.7 232.14

for silica and are presented in Table 1.
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where

wi@) =e (1 + % /0 ) e’zdt> (B3)

is the Faddeeva function. By making use of Eq. (B2), one can
rewrite Eq. (B1) in a rather elegant form:

en) = o+ Y ia[w(zj ) — w(z; 1),
J

2+/In2 (n £ n;)

gj

T = (B4)

When dealing with the nonresonant part of the Casimir-
Polder potential, one has to compute the dielectric permittivity
for a purely imaginary frequency. In this case, owing to the
property w(x + iy) = w*(—x + iy) (for real x and y), one can
obtain

€(in) = €00 +2 Y _ ajIm[w(Z))], (B5)
J

where ¢; = 24/In2 (in +n;)/o;.

[1] L. Tong, R. R. Gattass, J. B. Ashcom, S. He, J. Lou, M. Shen,
I. Maxwell, and E. Mazur, Nature (London) 426, 816 (2003).

[2] T. Nieddu, V. Gokhroo, and S. Nic Chormaic, J. Opt. 18, 053001
(2016).

[3] P. Solano, J. A. Grover, J. E. Homan, S. Ravets, F. K. Fatemi,
L. A. Orozco, and S. L. Rolston, Adv. At. Mol. Opt. Phys. 66,
439 (2017).

[4] K. Nayak, M. Sadgrove, R. Yalla, F. Le Kien, and K. Hakuta,
J. Opt. 20, 073001 (2018).

[5] J. C. Beugnot, S. Lebrun, G. Pauliat, H. Maillotte, V. Laude,
and T. Sylvestre, Nat. Commun. §, 5242 (2014).

[6] Y. Tang, H. Liu, J. Pan, Z. Zhang, Y. Xu, N. Yao, L. Zhang, and
L. Tong, ACS Appl. Mater. Interfaces 13, 4560 (2021).

[7] S. G. Leon-Saval, T. A. Birks, W. J. Wadsworth, P. S. J. Russell,
and M. W. Mason, Opt. Express 12, 2864 (2004).

[8] M. Bouhadida, J. C. Beugnot, P. Delaye, K. Phan Huy, and S.
Lebrun, Appl. Phys. B 125, 228 (2019).

[9] K. M. Shafi, K. P. Nayak, A. Miyanaga, and K. Hakuta, Appl.
Phys. B 126, 58 (2020).

[10] A. Maimaiti, D. Holzmann, V. G. Truong, H. Ritsch, and S. Nic
Chormaic, Sci. Rep. 6, 30131 (2016).

[11] G. Tkachenko, I. Toftul, C. Esporlas, A. Maimaiti, F. Le Kien,
V. G. Truong, and S. Nic Chormaic, Optica 7, 59 (2020).

[12] M. Cai, O. Painter, and K. J. Vahala, Phys. Rev. Lett. 85, 74
(2000).

[13] E Lei, R. M. J. Murphy, J. M. Ward, Y. Yang, and S. Nic
Chormaic, Photon. Res. 5, 362 (2017).

[14] V. 1. Balykin, K. Hakuta, F. Le Kien, J. Q. Liang, and M.
Morinaga, Phys. Rev. A 70, 011401(R) (2004).

[15] E. Le Kien, V. I. Balykin, and K. Hakuta, Phys. Rev. A 70,
063403 (2004).

[16] E. Vetsch, D. Reitz, G. Sagué, R. Schmidt, S. T. Dawkins, and
A. Rauschenbeutel, Phys. Rev. Lett. 104, 203603 (2010).

[17] A. Goban, K. S. Choi, D. J. Alton, D. Ding, C. Lacrofite, M.
Pototschnig, T. Thiele, N. P. Stern, and H. J. Kimble, Phys. Rev.
Lett. 109, 033603 (2012).

[18] E. Le Kien, S. Nic Chormaic, and T. Busch, Phys. Rev. A 103,
063106 (2021).

[19] F. Le Kien, S. Dutta Gupta, V. I. Balykin, and K. Hakuta, Phys.
Rev. A 72, 032509 (2005).

[20] K. P. Nayak, P. N. Melentiev, M. Morinaga, F. Le Kien, V. L.
Balykin, and K. Hakuta, Opt. Express 15, 5431 (2007).

[21] K. P. Nayak and K. Hakuta, New J. Phys. 10, 053003 (2008).

[22] F. Le Kien, V. I. Balykin, and K. Hakuta, Phys. Rev. A 73,
013819 (20006).

[23] G. Sague, E. Vetsch, W. Alt, D. Meschede, and A.
Rauschenbeutel, Phys. Rev. Lett. 99, 163602 (2007).

[24] N. V. Corzo, J. Raskop, A. Chandra, A. S. Sheremet, B.
Gouraud, and J. Laurat, Nature (London) 566, 359 (2019).

[25] S. K. Ruddell, K. E. Webb, I. Herrera, A. S. Parkins, and M. D.
Hoogerland, Optica 4, 576 (2017).

[26] K. S. Rajasree, T. Ray, K. Karlsson, J. L. Everett, and S. N.
Chormaic, Phys. Rev. Research 2, 012038(R) (2020).

[27] F. Le Kien, T. Ray, T. Nieddu, T. Busch, and S. Nic Chormaic,
Phys. Rev. A 97, 013821 (2018).

[28] T. Ray, R. K. Gupta, V. Gokhroo, J. L. Everett, T. Nieddu,
K. S. Rajasree, and S. Nic Chormaic, New J. Phys. 22, 062001
(2020).

[29] S. Pucher, P. Schneeweiss, A. Rauschenbeutel, and A. Dareau,
Phys. Rev. A 101, 042510 (2020).

[30] L. Novotny and B. Hecht, Principles of Nano-optics (Cam-
bridge University Press, Cambridge, UK, 2012).

[31] S. Y. Buhmann, Dispersion Forces I: Macroscopic Quantum
Electrodynamics and Ground-State Casimir, Casimir-Polder,
and van der Waals Forces (Springer, Berlin, 2012).

[32] S. Y. Buhmann, Dispersion Forces Il: Many-Body Effects,
Excited Atoms, Finite Temperature, and Quantum Friction
(Springer, Berlin, 2012).

[33] H. Nha and W. Jhe, Phys. Rev. A 56, 2213 (1997).

[34] V. V. Klimov and M. Ducloy, Phys. Rev. A 69, 013812
(2004).

[35] T. Sgndergaard and B. Tromborg, Phys. Rev. A 64, 033812
(2001).

[36] F. Le Kien and K. Hakuta, Phys. Rev. A 78, 063803
(2008).

[37] E. Le Kien, S. S. S. Hejazi, T. Busch, V. G. Truong, and
S. Nic Chormaic, Phys. Rev. A 96, 043859 (2017).

[38] P. Solano, J. A. Grover, Y. Xu, P. Barberis-Blostein, J. N.
Munday, L. A. Orozco, W. D. Phillips, and S. L. Rolston, Phys.
Rev. A 99, 013822 (2019).

[39] E. Stourm, M. Lepers, J. Robert, S. Nic Chormaic, K. Mglmer,
and E. Brion, Phys. Rev. A 101, 052508 (2020).

[40] M. Boustimi, J. Baudon, P. Candori, and J. Robert, Phys. Rev.
B 65, 155402 (2002).

[41] M. Boustimi, J. Baudon, and J. Robert, Phys. Rev. B 67, 045407
(2003).

[42] M. C. Frawley, S. Nic Chormaic, and V. G. Minogin, Phys. Scr.
85, 058103 (2012).

[43] S. Y. Buhmann, L. Knoll, D. G. Welsch, and H. T. Dung, Phys.
Rev. A 70, 052117 (2004).

042817-13


https://doi.org/10.1038/nature02193
https://doi.org/10.1088/2040-8978/18/5/053001
https://doi.org/10.1016/bs.aamop.2017.02.003
https://doi.org/10.1088/2040-8986/aac35e
https://doi.org/10.1038/ncomms6242
https://doi.org/10.1021/acsami.0c20392
https://doi.org/10.1364/OPEX.12.002864
https://doi.org/10.1007/s00340-019-7340-7
https://doi.org/10.1007/s00340-020-7407-5
https://doi.org/10.1038/srep30131
https://doi.org/10.1364/OPTICA.374441
https://doi.org/10.1103/PhysRevLett.85.74
https://doi.org/10.1364/PRJ.5.000362
https://doi.org/10.1103/PhysRevA.70.011401
https://doi.org/10.1103/PhysRevA.70.063403
https://doi.org/10.1103/PhysRevLett.104.203603
https://doi.org/10.1103/PhysRevLett.109.033603
https://doi.org/10.1103/PhysRevA.103.063106
https://doi.org/10.1103/PhysRevA.72.032509
https://doi.org/10.1364/OE.15.005431
https://doi.org/10.1088/1367-2630/10/5/053003
https://doi.org/10.1103/PhysRevA.73.013819
https://doi.org/10.1103/PhysRevLett.99.163602
https://doi.org/10.1038/s41586-019-0902-3
https://doi.org/10.1364/OPTICA.4.000576
https://doi.org/10.1103/PhysRevResearch.2.012038
https://doi.org/10.1103/PhysRevA.97.013821
https://doi.org/10.1088/1367-2630/ab8265
https://doi.org/10.1103/PhysRevA.101.042510
https://doi.org/10.1103/PhysRevA.56.2213
https://doi.org/10.1103/PhysRevA.69.013812
https://doi.org/10.1103/PhysRevA.64.033812
https://doi.org/10.1103/PhysRevA.78.063803
https://doi.org/10.1103/PhysRevA.96.043859
https://doi.org/10.1103/PhysRevA.99.013822
https://doi.org/10.1103/PhysRevA.101.052508
https://doi.org/10.1103/PhysRevB.65.155402
https://doi.org/10.1103/PhysRevB.67.045407
https://doi.org/10.1088/0031-8949/85/05/058103
https://doi.org/10.1103/PhysRevA.70.052117

FAM LE KIEN et al.

PHYSICAL REVIEW A 105, 042817 (2022)

[44] E. Le Kien, S. S. S. Hejazi, V. G. Truong, S. Nic Chormaic, and
T. Busch, Phys. Rev. A 97, 063849 (2018).

[45] F. Le Kien, D. F. Kornovan, S. S. S. Hejazi, V. G. Truong,
M. L. Petrov, S. Nic Chormaic, and T. Busch, New J. Phys. 20,
093031 (2018).

[46] S. A. Ellingsen, S. Y. Buhmann, and S. Scheel, Phys. Rev. A 84,
060501(R) (2011).

[47] S. A. Ellingsen, S. Y. Buhmann, and S. Scheel, Phys. Rev. A 82,
032516 (2010).

[48] J. Block and S. Scheel, Phys. Rev. A 96, 062509 (2017).

[49] H. Safari, D. G. Welsch, H. T. Dung, and S. Y. Buhmann, Phys.
Rev. A 77, 053824 (2008).

[50] H. T. Dung, J. Phys. B: At. Mol. Opt. Phys. 49, 165502 (2016).

[51] E. Le Kien, L. Ruks, and T. Busch, Appl. Phys. B 125, 205
(2019).

[52] M. Chevrollier, M. Fichet, M. Oria, G. Rahmat, D. Bloch, and
M. Ducloy, J. Phys. II France 2, 631 (1992).

[53] J. Y. Courtois, J. M. Courty, and J. C. Mertz, Phys. Rev. A 53,
1862 (1996).

[54] H. Failache, S. Saltiel, M. Fichet, D. Bloch, and M. Ducloy,
Eur. Phys. J. D 23, 237 (2003).

[55] H. Failache, S. Saltiel, M. Fichet, D. Bloch, and M. Ducloy,
Phys. Rev. Lett. 83, 5467 (1999).

[56] S. Scheel, S. Y. Buhmann, C. Clausen, and P. Schneeweiss,
Phys. Rev. A 92, 043819 (2015).

[57] H.J. Metcalf and P. van der Straten, Laser Cooling and Trapping
(Springer, New York, 1999).

[58] See, for example, B. W. Shore, The Theory of Coherent Atomic
Excitation (Wiley, New York, 1990).

[59] D. A. Varshalovich, A. N. Moskalev, and V. K. Khersonskii,
Quantum Theory of Angular Momemtum (World Scientific,
Singapore, 2008).

[60] P. Rosenbusch, S. Ghezali, V. A. Dzuba, V. V. Flambaum, K.
Beloy, and A. Derevianko, Phys. Rev. A 79, 013404 (2009).

[61] F. Le Kien, P. Schneeweiss, and A. Rauschenbeutel, Eur. Phys.
J.D 67,92 (2013).

[62] N. Sibali¢, J. D. Pritchard, C. S. Adams, and K. J. Weatherill,
Alkali  Rydberg [https://arc-alkali-rydberg-
calculator.readthedocs.io/en/latest/index.html].

[63] C. T. Tai, Dyadic Green Functions in Electromagnetic Theory
(IEEE Press, Piscataway, NJ, 1994).

[64] W. C. Chew, Waves and Fields in Inhomogeneous Media (IEEE
Press, New York, 1999).

[65] L. W.Li, M. S. Leong, T. S. Yeo, and P. S. Kooi, J. Electromagn.
Waves Appl. 14, 961 (2000).

[66] D. F. Kornovan, A. S. Sheremet, and M. L. Petrov, Phys. Rev. B
94, 245416 (2016).

[67] 1. H. Malitson, J. Opt. Soc. Am. 55, 1205 (1965).

[68] G. Ghosh, Handbook of Thermo-optic Coefficients of Opti-
cal Materials with Applications (Academic Press, New York,
1997).

[69] D. De Sousa Meneses, G. Gruener, M. Malki, and P. Echegut,
J. Non-Cryst. Solids 351, 124 (2005).

[70] R. Kitamura, L. Pilon, and M. Jonasz, Appl. Opt. 46, 8118
(2007).

[71] D. P. Fussell, R. C. McPhedran, and C. Martijn de Sterke, Phys.
Rev. E 70, 066608 (2004).

[72] C. A. Marocico and J. Knoester, Phys. Rev. A 79, 053816
(2009).

[73] O. Kenneth and I. Klich, Phys. Rev. Lett. 97, 160401 (20006).

[74] M. Bostrom, B. E. Sernelius, I. Brevik, and B. W. Ninham,
Phys. Rev. A 85, 010701(R) (2012).

[75] D. E. Chang, K. Sinha, J. M. Taylor, and H. J. Kimble, Nat.
Commun. 5, 4343 (2014).

calculator

042817-14


https://doi.org/10.1103/PhysRevA.97.063849
https://doi.org/10.1088/1367-2630/aadf6d
https://doi.org/10.1103/PhysRevA.84.060501
https://doi.org/10.1103/PhysRevA.82.032516
https://doi.org/10.1103/PhysRevA.96.062509
https://doi.org/10.1103/PhysRevA.77.053824
https://doi.org/10.1088/0953-4075/49/16/165502
https://doi.org/10.1007/s00340-019-7321-x
https://doi.org/10.1051/jp2:1992108
https://doi.org/10.1103/PhysRevA.53.1862
https://doi.org/10.1140/epjd/e2003-00098-4
https://doi.org/10.1103/PhysRevLett.83.5467
https://doi.org/10.1103/PhysRevA.92.043819
https://doi.org/10.1103/PhysRevA.79.013404
https://doi.org/10.1140/epjd/e2013-30729-x
https://arc-alkali-rydberg-calculator.readthedocs.io/en/latest/index.html
https://doi.org/10.1163/156939300X00086
https://doi.org/10.1103/PhysRevB.94.245416
https://doi.org/10.1364/JOSA.55.001205
https://doi.org/10.1016/j.jnoncrysol.2004.09.028
https://doi.org/10.1364/AO.46.008118
https://doi.org/10.1103/PhysRevE.70.066608
https://doi.org/10.1103/PhysRevA.79.053816
https://doi.org/10.1103/PhysRevLett.97.160401
https://doi.org/10.1103/PhysRevA.85.010701
https://doi.org/10.1038/ncomms5343

