
VOLUME 77, NUMBER 8 P H Y S I C A L R E V I E W L E T T E R S 19 AUGUST 1996

, France

14
Measurement of the van der Waals Force in an Atomic Mirror
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We have measured the attractive van der Waals force between a dielectric wall and an atom in
its ground state. The method is a direct force measurement in which we use an evanescent wave
atomic mirror to balance the van der Waals force and the inertia of the incident atom. [S0031-
9007(96)00933-7]
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For many years, the van der Waals interaction
tween a ground state atom and a wall—dielectric
conductor—has attracted a lot of theoretical attent
Even the simple Lennard-Jones model [1] based on
electrostatic interaction between the atomic dipole an
image involves the quantum fluctuations of the ato
dipole. It was recognized by Casimir and Polder [2] t
when the atom-wall distancez is not small compared t
the wavelengths of the dominant atomic transitions,
z23 law associated with the instantaneous electrostati
teraction is no longer valid. The full quantum treatm
of the van der Waals attraction, leading to the fam
long distancez24 law, is a fundamental QED proble
[3] involving the quantized electromagnetic field and
tardation effects. The van der Waals energy shift
be considered a modification of the Lamb shift res
ing from the modification of the density of modes of t
electromagnetic field due to the presence of the wall.
the case of a dielectric wall, this density must take
account not only modes associated with traveling wa
incident on, and reflected from, the vacuum-dielectric
terface, but also evanescent waves [4,5].

In contrast to the theoretical work, few experimental
sults have been reported on the van der Waals intera
between an atom and a wall. The pioneering experim
of Ref. [6] studied the deflection of thermal atomic be
by a sharp metal or dielectric edge. The observed e
was extremely weak, because only a very small frac
of the atoms passed close enough to the interface to
an interaction energy comparable to their kinetic ene
Qualitative trends in agreement with thez23 law were ob-
served, but no precise quantitative comparison was
sible. Recently, more precise data on the van der W
interaction between an atom and a metal has been
tained by spectroscopic studies of Rydberg atoms
micron-sized parallel-plate metallic cavity [7]. A stu
of the transmission of ground state atoms through a s
lar cavity also permitted the measurement of the Cas
Polder force on an atom in its ground state [8]. Anot
series of spectroscopic measurements on light refle
from the wall of a cell containing an atomic vapor h
given information on the difference between the van
Waals shifts of various atomic levels, and interesting
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sults have been obtained on the role of the frequency
pendence of the dielectric constant of the wall [9].

In this paper, we report on new mechanical measu
ments for determining the van der Waals interaction
tween a ground state atom and a dielectric wall. T
idea, first used in Ref. [10], is to release laser coo
atoms with a well-defined kinetic energy onto an evan
cent wave atomic mirror. The atoms bounce if the
flecting potential barrier height is larger than their kine
energy. The height of the reflecting potential, which is t
sum of the repulsive dipole potential and of the attract
van der Waals potential (Fig. 1), can be calculated a
function of the evanescent wave parameters. Thus, w
a measurement of the atomic kinetic energy and the
tensity and detuning of the evanescent wave, we hav
direct test of the theory of the van der Waals interacti
In our experiment we confirm the electrostatic model
within our uncertainty. In fact, the QED calculation
in slightly better agreement with our data, although
-

-
on
ts

ct
n
ve
.

s-
ls
b-
a

i-
ir
r
ed

r
-

FIG. 1. Interaction potentials seen by a rubidium atom in
evanescent wave mirror, as a function of the distance in u
of ly2p. The solid line is the sum of the van der Waa
potential in the electrostatic approximation (shown separa
as the dashed lineUydW ), and of the dipole potentialUdip due
to the evanescent wave. The light shift due to the evanes
wave L  16.8G has been chosen so that the maximum va
of the total potential equals the kinetic energy of the incide
atoms in our experiment. The dotted line shows the to
potential taking into account the full QED expression of t
van der Waals potential, for the same value of the light shift
© 1996 The American Physical Society
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correction is on the order of our experimental uncertain
To our knowledge, this is the first quantitative experime
tal test of the van der Waals interaction between a gro
state atom and a dielectric wall.

In an evanescent wave mirror, atoms reflect on
potential barrier created by the quasiresonant interac
of the light electric field with the induced atomic dipo
[11,12]. When the detuningD  vL 2 vat between the
evanescent wave and the atomic transition is large eno
that the number of spontaneous emissions per boun
negligible, the dipole potential is equal to the light sh
of the ground state which, for a two level atom, is th
approximated by

Udipszd  h̄Le22kz 
h̄
4

V2

D
e22kz . (1)

We useL to denote the light shift of the ground state
the surfacesz  0d of the prism supporting the evanesce
wave, andV is the corresponding Rabi frequency (w
have assumed that the change in the atomic reson
frequency withz due to the van der Waals interactio
is negligible compared with the detuning). For a posit
(“blue”) detuning, the dipole potential is positive, and th
repulsive for incident atoms.

In the short distance limit, the electrostatic model
valid, and the van der Waals potential arising from
dielectric wall supporting the evanescent wave assu
the simple form [13]

UydW szd  2
´1 2 1
´1 1 1

1
48p´0

D2

z3
 Ah̄G

µ
1
kz

∂3

, (2)

where ´1 is the dielectric constant of the prism (tak
to be frequency independent [14]), andD2 only depends
on the atomic state. For a state with a total electro
angular momentumJ # 1y2, where the wave function
has no quadrupolar component,D2 is the variance of
the atomic electric dipole in the atomic state. Ev
thoughUydW is the potential for the ground state of th
atom, and involves a summation over all excited sta
it is convenient to relate it to the radiative linewidthG
and wave vectork  2pyl of the dominant transition
[3] ( G  2p 3 5.9 MHz and l  780 nm for the D2

line of Rubidium used to reflect the atoms). For o
prism of indexn1  1.869 at 780 nm, the dimensionles
constantA in Eq. (2) is equal to 0.11 for rubidium in it
ground state [13]. The solid line of Fig. 1 shows the to
potentialV  Udip 1 UydW as a function of the distanc
z to the interface, in units ofk21, for a value of the light
shift at the interfaceL  16.8G. This corresponds to
barrier heightVmax equal to the average kinetic ener
of our falling atomss5.3h̄Gd. We see in Fig. 1 that in
our situation the van der Waals term reduces the ba
height by a factor of 3, compared to the maximum va
Udipsz  0d of the dipole potential alone.

If the intensity of the evanescent wave were unifo
parallel to the interface, we would expect the number
reflected atoms to abruptly vanish whenL goes below a
.
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threshold valueLT for which the barrier height is equa
to the incident kinetic energyEin. In our experiment, the
incident laser beam has a Gaussian profile, so that
surface where the reflecting potential is larger thanEin
has an area

S  p
wxwy

2
ln

µ
L0

LT

∂
, (3)

whereL0 is the light shift at the center of the elliptica
laser beam profile (wx and wy are the radii ate22 of
the intensity profile). If the cloud of incident atom
is uniform over the atomic mirror, the numberNr of
reflected atoms is proportional to the areaS. We then
expect a logarithmic variation ofNr as a function ofL0,
with a thresholdLT .

We use 85Rb atoms, accumulated and cooled in
magneto-optical trap (MOT), as our source of cold ato
(see Ref. [15]). We trap approximately 108 atoms in a
volume of about 0.5 mm3, with a rms velocity of 5 to 7
times the recoil velocitysyrecoil  6 mmysd. We release
the atoms onto the atomic mirror situated 15 mm bel
(Fig. 2). During the release we leave a repumping la
on to ensure that all atoms fall in theF  3 ground
state. The rms size of the atomic cloud is 5 mm when
reaches the mirror. The reflected atoms are detected
horizontal retroreflected probe laser situated 10 mm ab
the prism, which is switched on 60 ms after the release
the atoms, i.e., after the bounce. The probe beam
a height 1 mm, a width 10 mm, and a power5.5 mW .
The probe is frequency modulated by an acousto-op
modulator such that the detuning is modulated betwe
5 and 9 MHz at 100 kHz. A lock-in amplifier detects th
modulation, and the signal (see Fig. 2) is averaged ab
30 times. The absorption peak at 81 ms after release,
s,

l

r

fFIG. 2. Schematic of the experiment. The plot shows
absorption detected by the photodiode.
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to the reflected atoms, appears on top of a reproduc
slowly decaying background, which is present even w
the atomic mirror is not switched on. We subtract t
background and use the height of the resulting peak
relative measure of the numberNr of reflected atoms (th
width of the peak is observed to be constant).

The atomic mirror is an evanescent wave result
from total internal reflection of a laser beam in a pri
of index of refraction n1  1.869 (at 780 nm) at an
incidence angleu1  52±. The corresponding deca
constant of the evanescent wave is thenk  vLyc 3p

n2
1

sin2 u1 2 1  1.08vLyc. The value of the elec
tric field at the interface is deduced, using the Fres
formulas [16], from the measured value of the power
the incident laser beam (varied between 1 and 4.4
and from its profile, determined with a charge coup
device cameraswx  0.84 mm, wy  0.90 mmd. The
laser detuning from resonance (varied between 0.5
6 GHz) is determined with a 50 MHz uncertainty usi
a rubidium reference line and a confocal Fabry-Pe
interferometer. In the case of TE polarization, t
polarization in the evanescent wave is linear, so fo
detuning large compared to the hyperfine structure of
6P3y2 state, the light shifts of all the Zeeman sublevels
theF  3 ground state are equal. They assume the v
corresponding to aJ  1y2 $ J  3y2 transition with a
linear polarizationsClebsch-Gordan coefficient

p
2y3 d.

We show in Fig. 3(a) the result of a series of m
surements with TE polarization. The number of reflec
atoms is plotted as a function of the logarithm of t
light shift at the center of the Gaussian profileL0. For
values ofL0 less than50G, the points fall on a single
line as expected. We attribute the deviations beyond50G

to clipping of the Gaussian wings of the laser profi
and to spontaneous emission. The linear fit to the
for L0 less than50G yields a measured threshold val
LT  14.9G with a 10% uncertainty, in marginal agre
ment with the value16.8G predicted with the electrostat
model of the van der Waals potential of Eq. (2). The
certainty in LT is mostly due to the uncertainty in th
value of the electric field at the interface, resulting fro
5% in the laser beam power, 3% in the beam waist s
and 4% for the Fresnel coefficient (resulting from the±

uncertainty in the angle of incidence).
A similar experiment was done with TM polarizatio

as shown in Fig. 3(b). The main difference is th
the polarization in the evanescent wave is elliptical,
that, even in the large detuning limit, the seven Zeem
sublevels of theF  3 level are subject to differen
light shifts, and therefore, have different thresholds
reflection. Our fit assuming equal populations for
seven Zeeman sublevels is shown in Fig. 3(b), and g
LT  12.6G. This value ofLT is less reliable becaus
of our assumption of equal populations of the Zeem
sublevels, and we consider this result consistent with
TE value to within the uncertainty.
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FIG. 3. Number of reflected atoms as a function ofL0,
for various laser powers and detunings. (a) TE polari
tion; (b) TM polarization. The arrows show the predicte
thresholds: ignoring the van der Waals interactionsLdip

T d,
using the electrostatic modelsLLJ

T d, and using the QED
modelsLQED

T d.

As shown in Fig. 1, the position where our metho
probes the total reflecting potential corresponds,
our experimental parameters, to an atom-wall d
tance zm  0.38k21  47 nm. At this distance, QED
(Casimir-Polder) corrections to the electrostatic Lenna
Jones potential may play a role. We have, therefo
numerically evaluated this correction for our situatio
in the range between 0 and2k21, using an expression
derived in Ref. [4]. The ratio of the QED potentia
to the electrostatic potential varies between 1 and
in this range, and takes the value 0.70 atz  47 nm.
Its effect on the total potential is shown in Fig. 1, fo
L  16.8G. We see that the predicted barrier heig
is increased by 10%. Accordingly, the threshold val
predicted for Ein  5.3h̄G is decreased by 10%, i.e
L

QED
T  15.3G. The QED prediction for the threshold

therefore, appears to agree better with our data, altho
our 10% uncertainty does not fully discriminate betwe
the electrostatic and the QED expressions.

An important consequence of this work is that th
van der Waals interaction may have a big effect
atomic mirrors, and it should be taken into accou
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in the applications of evanescent wave atomic mirr
[17–19], or in other types of atomic mirrors, such
magnetic devices [20]. Note also that an atom with
given kinetic energy cannot reflect closer than a minim
distance (47 nm in our case).

Our experiment is a quantitative test of the van
Waals attraction of a ground state atom by a dielec
wall, at a well-defined distance. The uncertainty
the measurement of the van der Waals potentia
approximately 30%. This is because our determina
of LT amounts to a 10% measurement ofUdip 1 UydW

at a point whereUydW > Udipy3. An increase in the
accuracy should allow for a clear discrimination betwe
the electrostatic and the QED models. The key poin
an improved measurement of the incident laser inten
to better determine the dipole potential. One could a
directly measure the light shift in the evanescent wave
spectroscopic methods, taking advantage that the diffe
Zeeman sublevels of the5S1y2 ground have the same va
der Waals shift but different light shifts. An interestin
extension of this experiment is to repeat it at vario
incident atomic kinetic energies, allowing us to explo
the van der Waals potential at various distances, in o
to check the transition from the electrostatic to the Q
regime. One can also test the van der Waals potenti
the case of walls with several dielectric layers [21] t
may exhibit resonances at atomic frequencies.
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