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Abstract

We present a theory of atomic reflection by evanescent waves in the quantized electromagnetic

field vacuum that yields an analytical expression for the radiation pressure resulting from the

combined effect of the evanescent field and spontaneous emission. The dynamic London-van der

Waals potential between atoms and a dielectric wall is introduced as the effective interaction

between the induced oscillating atomic dipole and its dipole image. Dissipative effects due to

the imaginary part of the London-van der Waals potential are predicted.
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The long-range interaction between an atom and a perfect conducting wall in the electro-

magnetic field vacuum was first considered by Lennard-Jones more than half a century ago. In

1948 London [1] did a systematic analysis of molecular forces and found that, conversely to the

R~6 dependence of the van der Waals force on the intermolecular distance Λ, the leading term

for forces between polar molecules at short distances is proportional to R~3 when the dipole-

dipole interaction is large enough to lift the degeneracy in the rotational levels structure. The

R~G power law remains still appropriate for non polar diatomic molecules, atoms, and polar

molecules at large distances.

From the point of view of quantum electrodynamics, Casimir and Polder [2] studied the

influence of retardation on the London-van der Waals force between neutral atoms and between

a neutral atom and a perfect conducting wall. They considered a system consisting of a ground

state atom in the electromagnetic vacuum inside a cubic cavity with perfectly conducting walls.

The second-order perturbation energy of the ground state atom in the vacuum was calculated

using as intermediate states the excited states of the atom and the state of the radiation field

in which only one light quantum is present. Their results were in agreement with classical ideas

that the interaction energy between the atom and the wall should always be given by that of the

atomic dipole with its image, and that retardation effects are to be expected when the distance

of the atom to the wall becomes large. If the atom has no permanent dipole moment, the

Casimir-Polder radiative contribution to van der Waals forces goes as R~7 for (R -> oo) [3]. For

the electrostatic interaction between polar atoms with a conducting wall, the Casimir potential

falls off like R~* as (R —> oo), while London's energy dependence (R~3) is recovered at very

short distances (R —> 0).

Several experimental and theoretical papers have been devoted to the effect of the van der

Waals interaction with ground [4, 5] and excited [6] state atoms due to the proximity of a

dielectric surface [7, 8]. Since cold atomic beam reflection from laser mirrors was proposed as

a mean of measuring surface-atom forces [9], the interest on long-range interactions has been

renewed. Laser cooled atoms are released onto an evanescent wave flat mirror. The evanescent

wave creates an exponential repulsive dipole potential that added to the attractive van der Waals

potential gives a potential barrier whose height can be measured [10].

We extend here the theoretical treatment of Ref. [11] to include the atomic coupling to

the quantized electromagnetic vacuum. A dielectric with dielectric constant es fills half of the

vacuum space (—00 < χ < 0). An evanescent surface wave is generated by total internal

reflection of a laser from the flat dielectric surface at χ = 0. We write the evanescent field as

the sum of its positive and negative frequency components,

E(x) = € 8(x) exp(z/3z - iuit) + c.c., (1)

where £(x] — Soexp[—Kx]. The parameter κ = kiΛ/f4·sin#/ — 1 determines the penetration

length into the vacuum of a laser with wave number fcj,, incident on the surface at an incidence



angle #/.

Since the electromagnetic interaction affects both the electronic and translation quantum

states, to describe the state of the system we use kets in the space spanned by the direct

product of electronic and translation states. The evanescent field will be treated classically and

considered to be blue-detuned from a J = 0 — > J = 1 atomic transition. The electronic states

involved in the interaction with the applied electromagnetic field are the electronic ground state

|6), and a multiplet of excited states \M = 0, ±1). To characterize the translational degrees of

freedom of the center-of-mass motion we use transverse coordinates and longitudinal momentum

states |x, y,pz)> but we will omit the transverse coordinates dependence in the following to keep

notation simpler. The total Hamiltonian,

HT = Η + h Σ Uka\ak + Ά ^(gMkakSlj + SMalg*Mk), (2)
k M,k

consists of the Hamiltonian Η of the atom in interaction with the evanescent wave alone, plus

the energy of the vacuum electromagnetic modes and the electric dipole interaction energy with

the electromagnetic vacuum. ak and afc are creation and annihilation operators of the vacuum

field modes with vector k and polarization ek\, SM = \b,pz}(M,pz\ are projection operators,

and gMk are the system-reservoir coupling factors given by

9Mk = -i--dbM · tk exp [ik · f], (3)

where d is the atomic dipole operator, ω* are the frequencies of vacuum field modes, and V is

the quantization volume. The first two terms of the Hamiltonian Η in Equation (2)

a— ̂  + fjU *--*·«« (4)

represent the kinetic energy of the center-of-mass translation motion splitted into the kinetic

energy associated with the transverse and longitudinal motions, where m is the atomic mass,

Vj_ the transverse Laplace's operator, and pz the longitudinal momentum operator. Hat in

Equation (4) is the atomic Hamiltonian in the center-of-mass frame,

Hat = hub\b}(b\ <8> |p,>(p,| + Σ*»Μ\Μ)(Μ\ ® |ά)(ρ!;|, (5)
Μ

where pz and p'z are arbitrary center of mass momenta. The last term in Equation (4) is the

electric dipole interaction energy with the classical evanescent wave. Notice that within the

dipole approximation the evanescent field and the factors gMk depend on the position τ of the

atomic center-of-mass, that operate over the atomic translational degrees of freedom. The phase

exp (ιβζ) of evanescent wave, chosen here as propagating in the positive direction of the z-axis,

acts as a momentum transfer operator on the atomic translation states increasing the momentum

of the atom in the excited state by the momentum of the absorbed photon

z)[Pz} = \pz + W). (6)



As a consequence, the electric dipole interaction operator couples the excited degenerate mul-

tiplet of magnetic sub-levels \M = 0, ±l,pz + Τιβ) to the ground state \b,pz). In the rotating

wave approximation the electric dipole interaction may be expressed as

ζ\+^ο., (7)
M=0,±l

where

MlM(x) = (M\d-?(y)\b)e(x) (8)

is the Rabi frequency that depends on the center-of-mass position and represents the strength

of the interaction between the ground level and magnetic sub-levels of the excited state.

We follow now the standard procedure and write the Master equation for the reduced density

matrix ρ of the atomic system coupled to the electromagnetic vacuum acting as a reservoir,

I— i[i.d + I* (9)

Calculation of Lp is straightforward. Is only worth to notice that the gMk factors denned in

Eq. (3) appear only in products g*MikgMk such that when calculated at the center of mass of

one atom, the exponential factor in Eq. (3) cancel with its complex conjugate, and there is no

resulting momentum transfer operator. Therefore the term Lp in Eq. (9) is diagonal in the

longitudinal momentum representation. At low temperatures and for large detuning the only

relevant matrix elements of the Lp operator are those that give rise to population relaxation

rates ΓΜ — (4|rf|2u>at)/(9/ic3) from states of the excited multiplet into the ground state,

[ dt
ivί

\ΟΡΜΜ(ΡΖ)] γ-,
= ^ = -1-ΜΡΜΜ·

L en jvac

In Figure 1 we sketch two ladders of quantum states corresponding to the ground and excited

states of atoms whose longitudinal translations momenta are spaced by the momentum of a

photon. Spontaneous emission provides a coupling between states with the same momentum.

To deal with the non-homogeneous Equation (10) we add and subtract at the right hand side

the term ΣΜ FMPMM(PZ + ^β) and turn the resulting finite difference expression

dpMMJPz + ήβ,ί) _ PMM(PZ + Κβ,ϊ) - ΡΜΜ(ΡΖ,Ϊ) ,,~\

into a partial derivative under the assumption that Ηβ « pz:

(13)

This approximation turns the discrete jumps in momentum resulting from reflection into a

continuum force, and remains valid except for atoms at temperatures below the recoil energy or

atomic beams collimated with a precision of the order of a wave length.
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FIG. 1: Ladders of ground and excited states of atoms with different momentum. The evanescent-wave

(straight lines) couples states with different momentum, while spontaneous emission (wavy lines) couples

states with the same momentum.

We can now solve a time dependent Schrodinger equation for the atomic system,

with an effective Hamiltonian Heff that includes decay rates for the wave function Φ(ί)) con-

sistent with the results of Equations (11) and (13).

In the x, y, /^-representation, the state of the system might be expressed as a superposition

of ground and excited levels coupled by the interaction with the evanescent wave

(15)
M=0,±l

where Φί>,Μ(Ρζ>ί) are wave function for the center-of-mass translation motion. By replacing

Equation (15) into (14) and performing the unitary transformation

ΦΜ(Ρ*,*) = βχρ(ίΔί)ΦΜ(ρζ,ί), (16)

where Δ = ω — (UM — ω&) is the detuning, we obtain a system of differential equations that

describe the translation movement of the atomic center of mass

-

= -j \KM - ΛΔ] »„&/„() + it»Af*»(!>,,i) - ~tM(p',,t), (18)

where p'z = pz + Ηβ and

Ko = |
6 2m 2m

KM = -
2m 2m

For large detuning (Δ » ΓΜ) the multiplet of excited states may be adiabatically elimi-

nated:



By replacing Eq. (19) into Eq. (13) and with ρ = Φ*Ψ, we obtain

Since in the pz representation the operator ζ = ihd/dpz, the first term in the right hand side

of Eq. (20) which leads to a potential results to be linear in z. Its transverse structure is

determined by that of the evanescent field. By inserting Eq. (20) into Eq. (17) and introducing

the parameter

J 2 o 2

(21)

we obtain an equation of motion for the atoms in the ground state

[*6(P,)) + tM*) + Urp(x,z)} Φ6(ρ,,ί), (22)

with two effective potentials, the well known optical potential Ugp that causes reflection,

υορί(χ) = ηΔη2(χ), (23)

and a potential Urp arising from the longitudinal transfer of momentum under reflection:

χ ) ζ , (24)

where Γ = 3IV is the spontaneous emission rate from the excited multiplet.

Reflection from the walls takes place only for atoms in the electronic ground state, but

through the coupling with excited states that differ in momentum by the momentum of a laser

photon. The subsequent spontaneous emission into vacuum modes does not alter in average the

center-of-mass momentum. Therefore ground state atoms get successive momentum impinges of

Ηβ under reflection. The number Nscatt of evanescent- wave photons scattered by the atom under

reflection in the total effective potential is then given by the same expression already obtained

and measured in Ref. [12]:

N,M - l£, (25)

where pxi is the component of the initial atomic momentum perpendicular to the wall.

In all of the above we have used free-space quantization of the electromagnetic vacuum,

irrespective of the border condition imposed by the dielectric surface that gives rise to London-

van der Waals forces. Although the atoms lack a permanent dipole, the interaction with the

evanescent wave besides generating the dipole-force induces an oscillating atomic dipole. The

London-van der Waals interaction becomes then a dynamical interaction that depends on the

characteristics of the applied electromagnetic field, aside from the interaction through all other

electromagnetic modes that are in the vacuum state. In the following we derive an analytical

expression for the dynamical London- van der Waals interaction of the atom with the dielectric



wall assuming that it is equivalent to that of an oscillating dipole with its image, both being

induced by the same evanescent field and interacting through the electromagnetic vacuum.

Classically the effect of a flat dielectric surface with dielectric constant es on an electric dipole

di is equivalent to that of an image dipole

di = ̂ -~- (dxiS-dyiff- dtlZ). (26)
t s τ eo

The case of a perfect reflector is given by the limit es -> oo. The classical interaction energy

coincides with the expected value of the energy shift of an atomic level above a flat dielectric

surface when the components of the classical dipole are replaced by the expected values of

the atomic dipole operator components. This suggests that the method of images might be

applicable [10, 13] to calculate the interaction energy with a dielectric wall.

Following the mathematical procedure already implemented in Ref. [14], we write the two-

atom effective dipole-dipole interaction Hamiltonian Η&ρ [15] as:

+

· ?(x, z)\Mb [ct(R) + ιβ(Η)]Μ'Μ" [D-2 · ?~(z, z)]bM»> + H.C., (27)
Μ Μ'Μ" Μ"'

where Dip = ^1,2/1^1,2! are normalized dipole operators for atoms 1 and 2 respectively. R is the

relative position of the atomic centers of mass. The non-hermitian Hamiltonian Η^ρ describes

a two-atom interaction in the presence of an applied field and the vacuum. The physical process

involves four atomic transitions: atom 1 absorbs a photon of the applied field and emits a photon

into the vacuum. A vacuum photon is then absorbed by atom 2 followed by emission into the

applied field. The operator [ct(R) + ιβ(&}\ represents the overall two-atom interaction with

the electromagnetic vacuum. H^ip may be interpreted like a complex potential for a two-atom

system, whose real part gives the two-atom dipole-dipole interaction and whose imaginary part

leads to dissipation. The factors

a(R) = ̂  <fi · V(kLR) · d2 (28)

β(Η) = -̂  di · T(kLR) · <?2, (29)

where the tensors

1* 1* rr»« t»r/? 1*1* Gin Z?r F? r»rkc le-τ 7?

(30)

T(kLR) = (I- RR) ""

V(kLR) = (I- M) ̂ ^ - (/ - aAfi)

(31)

give the dependence on the inter-atomic distance and geometry of the interaction. The expression

(27) emphasizes the fact that interactions with dielectric surfaces are dependent on the atomic

level structure [13]. We now assume that the interaction with the wall will be the same as the



interaction with an image dipole induced by the same external field, and calculate the value of

Hdip foi

obtain:

ιρ f°r aJ = 0 — » J = 1 transition using expression (26). For TE incidence (e* = ey) we

^ \cos2kLxVdd(x) ~ ~
4(27)

7 e5-e01
2 rsin2fci,a; cos2fc£,a: sin2fcLa:

- 4(27) + eoJ 2kLx

where 7 = Γω^/ω^ w Γ. We have assumed spherically symmetric atoms with d2. = d2, = d2/3.

The two-atom system obeys a Schrodinger equation with the interaction Hamiltonian Η^ρ.

In the limit of large detuning an equation for the wave function of the two atoms in the ground

state is obtained [15] by adiabatic elimination of the excited states in a procedure similar as

the one followed to obtain Equation (19) for the wave function of one ground state atom. The

effective dipole potential between ground state atoms, or equivalently in our case, the dynamic

van der Waals interaction between an atom and a dielectric wall is then given by:

Udyn = [Vdd + ihTdd] 7j2(z) = - (Udyn(x) + tfdyn(x)}, (34)

where we have introduced the normalized potential and dissipation rate,

\cos2kLx sin2kLx cos 2^x1 2

- η (χ} (35)

9 / . .„„.
n(x]< (36)

that are plotted in Figure (2) as functions of ρ = 2kix along with the function — 1/p3 that

gives the dependence of the static van der Waals potential for comparison. There are noticeable

differences with the static London-van der Waals force

UT(X}-S t ( ] ~

The long-distance behavior R~3 remains valid for R -> 0 but turns into the exponential decay of

the evanescent wave at distances χ > Α;^1. For large detunings its magnitude is certainly several

orders of magnitude smaller than what could be expected for a permanent dipole because of the

factor η 2 ( χ ) « 1. In addition, the effective dipole-dipole Hamiltonian is non-hermitian and the

relaxation rate F^d introduces spatially modulated probability losses that turn reflection into a

leaky process. This losses sould be added to those due the tunneling to the wall caused by the

real part of the potential.

By recalling Eqs. (23) and (24), the effective potential acting on the atoms due to their

interaction with the light field is given by

Ueff(x,z)=^(x) * A *«,- "7 | t .-eo | !«»„ , smp
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FIG. 2: Normalized dynamical (full line), electrostatic (dot-dashed line) London-van der Waals potential,

and normalized dissipation rate (dashed line)

In Figure (3) we have plotted Ueff(x,0) as a function of ρ to show the effect of the van der

Waals interaction. It can be seen that the effective potential has a maximum lower than that of

[7opt that for Δ » 7 occurs approximately at

(39)

The top of the potential barrier Ueff(xmax,fy determines the threshold condition for atomic

reflection.

-1

-2

0.5

FIG. 3: Effective potential at ζ = 0 caused by the evanescent-wave and the dynamical van der Waals

interaction for Δ = 1007 · The dashed line represents the normalized Uopt·

Our results are relevant to recent experiments with atomic mirrors [10, 12, 16, 17], atomic

wave-guides [18], and in general to cold-matter manipulation with lasers. Atom-surface interac-

tion in presence of a light field is described by the dynamic rather than by the static London-van

der Waals potential. The last is present only for atoms with permanent dipole moments. Quan-

titative data [10] have been obtained by releasing 85Rb atoms cooled in a Magneto-optical trap

(MOT) onto an atomic mirror. The number of reflected atoms was measured as a function of

the light shift, and the height of the potential barrier was determined from the threshold value



of the light shift at which the number of reflected atoms vanish. A simple model of reflection

by a potential would predict that the reflected current for a fix kinetic energy of the atoms is

proportional to the height of the potential, but the experimental data show a saturation behav-

ior for large energy shifts. Dissipative effects were not taken in account when interpreting the

results, but they may become important for larger intensities since the dissipation rate is also

proportional to the light shift.

In experiments with hollow optical fibers, both interactions, radiation pressure and Van

der Waals attraction are relevant to the atomic wave propagation. While radiation pressure

reduces the De Brogue wavelength of the atoms by heating, the dynamical London-van der

Waals potential lowers the optical potential barrier allowing tunneling toward the fiber walls

and introduces dissipative effects. The effect of radiation pressure has not been considered when

describing waveguide propagation in hollow optical fibers. Its overall effect should be similar to

that of a tapered waveguide with increasing or decreasing diameter depending on the relative

propagation direction of the atomic beam and the evanescent wave. Radiation pressure should

be present in optical tweezers or alternative waveguides configuration like a ring-shaped laser

with the atoms propagating in the inner hole.

Coherent transport of cold and ultra-cold atomic beams and Bose Einstein Condensates de-

serves currently large attention. Guiding of cold atoms by a red-detuned laser beam of moderate

power [19] has been reported. Light tweezers [20] have been used to displace BECs and atomic

waves, and hollow optical fibers are used to perform experiments in low dimensional BECs [21].

While tweezers work in the far red detuned range, hollow optical fibers work with blue detuned

light. In both cases radiation pressure should be present under reflection by the optical poten-

tial. While the London-van der Waals force is present for matter waves inside hollow fibers, the

light field of the optical tweezers will induce a dipole-dipole interaction between atoms that may

be important at high densities. It remains to explore its magnitude and effects on light confined

BECs.
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