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Interferometric approaches to atom-surface van der Waals interactions in atomic mirrors

Michel Gorlicki, Sylvain Feron, Vincent Lorent, and Martial Ducloy
Laboratoire de Physique des Lasers, UMR 7538 du CNRS, Institut Galile´e, Universite´ Paris Nord, Avenue J. B. Cle´ment,

F-93430 Villetaneuse, France
~Received 12 July 1999; published 9 December 1999!

We analyze the possibilities of approaching atom-surface interactions through their contribution to the
atomic matter de Broglie wave phase, in an interferometer based on an evanescent light atomic mirror. The
surface interactions produce an additional phase shift that is evaluated to a few timesp for a neon atom in a
metastable state. We propose and investigate an experimental procedure that uses the principles of polarization
~for instance, Stern-Gerlach! interferometers in order to monitor these long-range interactions~van der Waals,
Casimir-Polder, etc.! between a ground-state or metastable-state atom and either a metallic or a dielectric
surface. Our approach gives access to the differential phase shift between Zeeman sublevels, and should then
be sensitive to an eventual anisotropy of the atom-surface interaction.

PACS number~s!: 03.75.Be, 39.20.1q, 34.50.Dy
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I. INTRODUCTION

Atom-surface interactions have been given a great dea
attention for decades, and investigated in several fields
physics. First theoretical considerations may be fou
through different approaches, in the pioneering studies
Lennard-Jones@1#, Casimir and Polder@2#, and Lifschitz@3#.
It is now classical to represent the ‘‘long-range interactio
~i.e., distances larger than 1 nm! in terms of an interaction
between the atom considered as a fluctuating electrica
pole and its image within the material limited in space by
surface. In a pure electrostatic study, this description gi
rise to anattractive interaction whose amplitude variation
proportional toy23, wherey is the transverse distance fro
the atom to the surface@3#; atom-surface interactions exhib
iting this kind of behavior were referred to as van der Wa
forces. More accurate theories, taking into account the e
tromagnetic propagation, were carried out over the ye
resulting in more complex variation laws, including th
Casimir-Polder effect@2#, whose signature is ay24 variation
at large distances~>100 nm! ~for a review, see@4#!.

Considering the effect of the surface on internal proper
of atoms, early studies were performed by Drexhageet al.,
addressing the influence on the spontaneous-emission ra
a pure electromagnetic approach@5#. Using either classical o
quantum-mechanical analysis, various aspects of the mo
cations of theinner stateof an atom induced by the presen
of the surface were extensively studied@6,7# and are still
under consideration. Effects on the ground state as we
excited state were described, from which, in return, be
quantitative evaluations of the mechanical effect were giv
QED treatments were achieved for alkali-metal atoms, wh
gave back the previously obtained results as limiting ca
@7#. The amazing possibility of an overall repulsive intera
tion in specific conditions, initially mentioned in@8#, was
described in a full quantum-mechanical treatment of both
atom state and the resonance spectrum of the surface@9#, and
observed recently@10#.

Most early experimental studies of themechanicalinter-
action relied upon observations of the trajectory deflecti
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produced by these forces, using various experimental c
figurations @11–13#. More recently, the mechanical attra
tion, combined to a repulsive optical potential in an atom
mirror, was successfully monitored through the threshold
fect resulting from the two interactions competition@14#.
Since the van der Waals interaction produces a shift of
eigenvalues of the atom, various types ofspectroscopicstud-
ies were also developed. Selective reflection methods
access, through linear as well as nonlinear spectrosc
schemes, the specific response of atoms coming close
wall in a cell, and have been extensively used to monitor
shifts induced both in fundamental and excited lev
@15,16#. A beam of atoms flowing in the very middle of
planar microcavity, where the opposite mechanical van
Waals forces compensate, was successfully used to mea
by spectroscopic ways they23 dependence of the level shift
with alkali-metal atoms@17#.

The present paper presents a theoretical study of the p
effect of long-distance atom-surface interactions in an ato
interferometry scheme. As any interaction, van der Wa
forces produce an additional phase to the de Broglie w
associated to the overall motion of the atom@14,18#. Obtain-
ing a quantitative interferometric evaluation of the influen
of this phase is the purpose of this paper. The interferom
under study is an atomic mirror@19,20#, in which incoming
atoms are reflected by an evanescent wave supported b
studied surface. We consider atoms in the thermal veloci
range, with a grazing incidence~a few mrad!, as seen in Fig.
1. These atoms are prepared in a coherent superpositio
internal states, namely Zeeman substates, using method
polarization interferometry@21#. Since the optical potentials
experienced by atoms being in each Zeeman state are d
ent, they are, respectively, associated to different motion
the transverse direction~y!; recombination of the paths at th
output makes up an atomic interferometer. A first point
that the van der Waals phases are then different along
Zeeman paths, and the resulting interferometric state of
de Broglie wave at the output is sensitive to them. A seco
and major point lies in a remarkable feature of the evan
cent potential. As will be seen in Sec. II, the ratio betwe
©1999 The American Physical Society03-1
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the phases due to the atomic mirror itself~i.e., the interaction
with the evanescent wave! for two different paths is indepen
dent of the amplitude of the electric field. This provides
convenient phase reference for the study of van der W
contribution to the phases. A third point is concerned w
the magnetic field. The van der Waals phase along a Zee
substate path is dispersive, and velocity averaging in an
tual experiment could wash out the resulting fringes. W
thus consider an atomic mirror merged in an adjustable
mogeneous static magnetic field, which adds an additio
phase, whose dispersion law is different. This will be seen
providing a compensation to velocity dispersion, allowi
observation of fringes for relatively wide velocity distribu
tions.

In Sec. II, the framework of the study is presented and
assumptions of the model are stated. The various contr
tions to the de Broglie phase along the different paths in
interferometer are computed in Sec. III, and Sec. IV th
gives the signal expected in an actual interferometry exp
ment. A discussion of the theoretical predictions, as wel
the range of application of this work, is given in Sec. V.

II. ATOMIC MIRROR DESCRIPTION

The atomic mirror is produced by an evanescent wave~in
the oyW direction!, running along a direction parallel to th
surface of a dielectric plane. The frequency of the wavevL
is quasiresonant with a transitionug&↔ue& of the atom,
whereug& is a long life level~ground state or metastable!, and
ue& an exited level, with a lifetimege ; however, the~blue!
detuningDv5vL2veg will always be large enough (Dv
@ge) so thatge may be neglected. Levelug& ~ue&! is charac-
terized by a total angular momentumFg (Fe) and consists of

FIG. 1. Principle of the interferometer. At arrowA, atoms are
coming at a grazing incidence with respect to a plane surface,
are reflected by the atom mirror optical potential created by
evanescent wave supported by the surface, which may be prod
by a laser wave~L! in total internal reflection@14,20#. M1 is the first
separatrix, in which atoms are prepared in a specific linear com
nation of Zeeman substates, using schemes relying on op
pumping or Majorana mixing@21,26#. M2 stands for the outpu
separatrix, which merges the outgoing paths to produce inte
ences.
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a set of 2Fg11 (2Fe11) Zeeman substrates. The mirror
merged into a static magnetic fieldBW , whosedirection re-
mains homogeneousand will be taken as the quantificatio
axis ozW:BW 5B̄ozW.

Under assumptions that will be examined hereafter,
gether with the relevant definitions, the total evolution for
atom initially in the multiplicity $ug,m&% may be described
with the simplified Hamiltonian,

Heff5(
m

F Py
2

2Mat
1jm

2
\VR

2~Y!

4D
2

\Cg

Y3 G ^ ug,m&^g,mu

1FPx
21Pz

2

2Mat
2m\vB

g~X,Z!G ^ ug,m&^g,mu. ~2.1!

To reach Eq.~2.1!, we proceed in four stages.

A. Zeeman interaction

The linear Zeeman interaction with the magnetic fieldBW ,
when taking its constant direction along the quantificat
axis oz̄, is diagonal and given by

VB52\ (
m,m8

mvB
g~X,Z!ug,m&^g,mu

1m8vB
e~X,Z!ue,m8&^e,m8u, ~2.2!

wherevB
g5ggmBB̄/É is the Larmor frequency within leve

ug& ~vB
e for ue&!. As appears in Eq.~2.2!, we suppose thatB̄

does not vary along the transverse directionoyW .

B. Interaction with the evanescent light

We consider an electric dipole interactionVopt(RW )
52DW •EW (RW ), the electric field being given by

EW ~RW !5 1
2 ~EWe2koptYei ~kWopt•RW 2vLt !1c.c.!, ~2.3!

wherekWopt refers to a propagation parallel to the dielect
surface. In Eq.~2.3!, RW is anoperatordescribing the position
of the atom. However, for a coherent electromagnetic wa
it is usual to replace it by aclassical rW5vW t, wherevW corre-
sponds to an initial velocity of the atom~to be examined later
on!. One accounts this way for the first-order Doppler sh
DD5kWopt•vW .

We assume that thelaser polarizationEW is principal with
respect to the quantization direction. The simplest case
curs with a linear polarization andEWiBW , while some more
complex schemes may be found for specificF andF8 values
@30#. As a consequence of this assumption, a given s
ug,m& in the lower level is only coupled by the dipole inte
action toonestateue,m8& in the upper level~m8 depending
on the polarization!.

nd
n
ed

i-
al

r-
3-2



di

n

o

n

l

er
c
e
e
w
,

he
n

ha
tte
r-

ns

is
als
om
e.
han

p
f

ate,

on

e-
-
-

INTERFEROMETRIC APPROACHES TO ATOM-SURFACE . . . PHYSICAL REVIEW A 61 013603
Under the rotating-wave approximation~RWA!, the inter-
action may be written in the rotating frame:

Vopt~Y!52\(
m

jmVR~Y!

2
^ ug,m&^e,m8u1c.c.,

~2.4!

whereVR(Y)5\21^giDW ie&•EWe2koptY is the Rabi frequency
and jm is the relevant Clebsch-Gordan coefficient. In ad
tion, the internal part of the Hamiltonian simply becomes

H052\(
m8

Due,m8&^e,m8u, ~2.5!

whereD[Dv2DD .

C. Van der Waals interaction

The van der Waals interaction considered here is a lo
range surface interaction~typically y.1 nm!, which can be
described, for a perfect metallic surface, by a Hamiltonian
the form @4#

VVdW52
D̄21Dy

2

16Y3 , ~2.6!

whereY is the operator associated to the transverse dista
to the surface, andD̄ is the electric dipole; for a dielectric
surface, Eq.~2.6! must be reduced by a factor (e21)/(e
11) @3,6#, wheree is the electric permittivity. In the genera
case, evaluation of Eq.~2.6! involves many intermediate
states of the atom, and will induce coupling between diff
ent levels. This anisotropy may be responsible, for instan
for a decay of some metastable levels or transitions betw
selected states@22#; however, such effects need still to b
given experimental evidence. For the sake of simplicity,
consider at this stage ascalar van der Waals interaction
which results in a diagonal interaction term,

VVdW~Y!52\ (
m,m8

FCg

Y3 ^ ug,m&^g,mu

1
Ce

Y3 ^ ue,m8&^e,m8uG , ~2.7!

where\Cg accounts for the strength of the interaction for t
multiplicity ug& ~\Ce for ue&!. The case of more complex va
der Waals effects will be outlined later on.

D. Adiabatic following

Setting apart the dynamical terms, the Hamiltonian t
results from the preceding assumptions may now be wri
as the sum ofindependenttwo-state systems, each one co
responding to a single value ofm in level ug& ~or equivalently
a value ofm8 in ue&!,

V~RW !5(
m

Vm~X,Y,Z! ~2.8!
01360
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Vm~X,Y,Z!

\
52Due,m8&^e,m8u2

jmVR~Y!

2
^ ug,m&^e,m8u

1c.c.2 (
f m5gm,em8

H mvB
f ~X,Z!1

Cf

Y3J
^ u f ,m&^ f ,mu. ~2.9!

Projecting onto the basis$ug,m, r̄ &,ue,m8,rW&%, Eq. ~2.9! is
then easily diagonalized, giving straightforward expressio
for the eigenvaluesU6

m(rW) @18#. We assume that theatom
will undergo an adiabatic followingalong the adiabatic
channels. This model is classical for atomic mirrors, and
usually justified for large detunings. When van der Wa
interactions are taken into account, it implies that the at
will not explore a region which is too close to the surfac
Moreover, we suppose here that the detuning is larger t
any other term present in Eq.~2.9!:

VR~y!

D
!1, vB ,

Cg

y3 !D. ~2.10!

With conditions~2.10!, U6
m( r̄ ) may further be developed u

to first order. ForU1
m(rW), which connects to the energy o

ug,m,rW& in the asymptotic region (y→1`), one gets

U1
m~rW !5V1

m~y!2m\vB
g~x,z!, ~2.11a!

where

V1
m~y!5\

jm
2 VR

2~y!

4D
2\

Cg

y3 . ~2.11b!

The point is now reached where the evolution of each st
starting asymptotically in anyug,m& or ue,m8&, is decoupled.
It is then equivalent, for an atom entering the interacti
zone in an internal state belonging to$ug,m&% ~which is the
case of the experiments to be considered!, to describing the
total motion using the effective Hamiltonian~2.1! within this
multiplicity.

III. THE PHASES FOR A STATE z g, m‹

The stationary wave function of an input atom corr
sponding to atotal energy E is described by the time
independant Schro¨dinger equation. The form of the Hamil
tonian ~2.1! allows a separation between theoyW and the
parallel (oxW ,ozW) directions; if uC& is the total state of the
atom, we setE5Ei1Ey8 and

^g,m,rWuC&5xm~x,z!cm~y! ~3.1!

and the equations are

H d2

dy2 1Ky
2F12

V1
m~y!

Ey
G J cm~y!50, ~3.2a!
3-3
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H ]2

]x2 1
]2

]z2 1K i
2F11

m\vB
g~x,z!

Ei
G J xm~x,z!50,

~3.2b!

where we have definedKy,i
2 52Mat\

22Ey,i .

A. Phases induced alongoy¢

A major assumption of the present calculation is that
variations ofV1

m(y) are smooth enough to ensure the valid
of thesemiclassical JWKB approximation@23#. In Fig. 2, the
shapesV1

m(y) for differentm are given in the case of a neo
metastable atom, for which atom mirror experiments w
performed@20#. When the transverse energyEy,V1

m(y) for
y,yr

m , the solution of Eq.~3.2a! in the classically permitted
regionyr

m,y may then be written as

FIG. 2. Interaction potentials for an incoming neon atom in
metastable 1s5, J52 level. The evanescent wave is quasireson
with ~a! the J52↔J53 transition atlopt5640.2 nm; ~b! the J
52↔J52 transition atlopt5614.3 nm. The equivalent Rabi fre
quency (2p)21VR

2(0)/4D ~referring to a Clebsch-Gordon coeffi
cient equal to 1! is 2 GHz, the range of the evanescent wave
kopt5lopt/8 @see Eq.~2.3!#. In ~a!, the van der Waals strength i
(2p)21Cg52 kHzmm3. In ~b!, curvesa, b, and c correspond to
m51, and (2p)21Cg51,2,4 kHzmm3; curved is them52 poten-
tial, for the latest value. There is no potential form50. Dotted lines
represent the correspondingoptical potentialsalone.
01360
e

e

cm~y!5Am$exp@2 iwm~y!#2Rm exp@1 iwm~y!#%
~3.3!

with

wm~y!5KyE
yr

m

y S 12
V1

m~y8!

Ey
D 1/2

dy8, ~3.4!

where yr
m is the classical turning point defined byEy

5V1
m(yr

m). ForEy far enough below the maximum ofV1
m(y)

@24#, one getsRm5exp(ip/2); in the asymptotic regiony
→1`, V1

m(y)→0, Eq. ~3.3! then becomes

cm~y!5Ame2~ i /2!Fm
@e2 iK yy2exp~ iFm!e1 iK yy# ~3.5!

with

Fm5
p

2
12KyE

yr
m

1`F S 12
V1

m~y8!

Ey
D 1/2

21Gdy82Kyyr
m .

~3.6!

PhaseFm represents the asymptotic dephasing betw
an incoming and an outgoing plane wave, for a stateug,m&,
when the phase reference for the motion alongoyW is taken at
y50. It cannot be given an analytic expression withV1

m(y)
and must be computed numerically. However, integrat
can be carried out when considering only the optical pot
tial of the atomic mirror~no van der Waals interaction!. In-
troducing

Vopt
m ~y!5\

jm
2 VR

2~0!e22kopty

4D
~3.7!

in Eq. ~3.6!, we find

Fopt
m 5

p

2
22KyLopt

m , ~3.8a!

where we have defined

Lopt
m 5

1

kopt
H 11 1

2 lnFjm
2

\VR
eff

4 G J , ~3.8b!

in which

VR
eff5

VR
2~0!

4D
. ~3.8c!

Figure 3 exhibits the phasesFm and Fopt
m when increasing

the Rabi frequency.
A remarkable property results from Eq.~3.8! for the phase

difference between two substatesug,m& and ug,m8&:

DFopt
mm8[KyLopt

m,m852
Ky

kopt
lnF ujm8 u

ujmuG . ~3.9!

As seen in Eq.~3.9!, DFopt
mm8 does not depend on the streng

of the optical potential; this peculiarity is due to the decre

t

3-4
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ing exponential shape ofVopt
m (y). A variation ofDFmm8 ver-

susVR
eff can then only be produced by an additional inter

tion. We define here

DFm,m8[Fm2Fm85DFopt
mm81dwVdW

m 2dwVdW
m8

[DFopt
mm81dwVdW

mm8~VR
eff!, ~3.10!

where expressions ofdwVdW
m,m8 are easily derived from Eqs

~3.6! and~3.9!. Figure 4 shows this variation ofDFmm8, due
to the van der Waals interaction considered earlier.

B. Phase induced in the motion parallel to the surface

As the magnetic potential is very small when compared
the energyEi , the motion along the surface may be appro
mated by a classical path undergone at constant initial ve
ity M at

21 \K̄i . Defining the abscissa§ along this direction,
with respect to a reference point (x0 ,z0), Eq. ~3.2b! may be
rewritten as

H d2

d§2 1K i
2F11

m\ÃB~§!

Ei
G J xm~§!50 ~3.11!

with ÃB(§)[vB
g@cosu(§2§0)1x0,sinu(§2§0)1z0#, where

§05x0 cosu1z0 sinu, and cosu5KW i•oxW/uKW iu. We assume
\ÃB!Ei ; an approximate solution of Eq.~3.11! corre-
sponding to an initial state propagating in the direction ofKW i

is then

xm~§!5bm expF1 iK i E
§ in

§outS 11
m\ÃB~§8!

Ei
D 1/2

d§8G ,
~3.12!

which can be further developed as

FIG. 3. Variation of the total phase for different values of t
van der Waals constant, for neon atoms at 780 m/s, with an i
dence anglea in'2 mrad. The optical transition is theJ52↔J
52 line at lopt5614.3 nm. Evanescence range iskopt5lopt/8,
equivalent Rabi frequency (2p)21VR

2(0)/4D is 2 GHz. The phases
are shown for them51 Zeeman sublevel. Curvesa and b corre-
spond to (2p)21Cg52 and 4 kHzmm3. Vmin points out the mini-
mum values to get reflection.
01360
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xm~§!>bmeiK i~§out2§ in! exp~ imFB!, ~3.13a!

where, usingK i
252Mat\

22 Ei ,

FB5
Mat

\K i
E

§ in

§out
ÃB~§8!d§8. ~3.13b!

In the case of a homogeneous fieldB̄, Eq. ~3.13b! simply
becomes

FB5
Mat

\K i
ÃB~§out2§ in![

Mat

\K i
ÃBL, ~3.14!

whereL is the total distance covered by the atom along
surface.

IV. ATOM INTERFEROMETRY EXPERIMENTS

A. Principle of the experiments

The principle of atom interferometry experiments h
been described extensively@21#. Wave interferometry in-
volves at least~i! a separatrix which divides the input wav
into two or more coherent subwaves;~ii ! different paths

i-

FIG. 4. Examples of phase differences along two Zeeman s
strates paths, for~a! transitionJ52↔J53 at lopt5640.2 nm; and
~b! transitionJ52↔J52 atlopt5614.3 nm. Curvesa, b, c, andd,
respectively, correspond to (2p)21Cg50, 1, 2, and 4 kHzmm3.
Other parameters are as in Fig. 3.
3-5
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along which the subwaves are to experience different ph
stories; ~iii ! a mixing device, which actually is a secon
separatrix; and~iv! an analyzer that selects one of the outp
channels of this last separatrix. Interference patterns are
generated by varying, through an adjustable parameter
phase differences accumulated along the paths.

In the case of the de Broglie wave of an atom, an ad
tional feature is brought up by the internal structure, wh
provides supplementary degrees of freedom. For insta
the separatrices may then consist of mixing devices yield
linear combinations of internal states, while the further pa
are either spatially separated~as in Ramsey fringe configu
rations @25#! or not ~longitudinal Stern-Gerlach interferom
etry @26#!. Such a scheme can be represented by

uCfinal&5AM2S~out←in!M1@P#uC initial&, ~4.1!

where operatorsM1 andM2 , respectively, stand for the tw
separatrices,S is the evolution along the different paths, an
A is the analyzer. When the involved states are asymp
cally degenerated~such as Zeeman substates!, an additional
polarizerP is necessary, to make sure that the atom en
the interferometer in a defined state.

The experiment we study relies on the methods of po
ization Stern-Gerlach schemes. An atom in theug& level, with
initial velocity vW in5M at

21 \KW in, comes in at a grazing inci
dence characterized by the anglea in from the surface, such
as a in!1. The preparation step yields a linear combinat
of Zeeman statesug,m&, wherem refers to the direction of the
magnetic fieldBW :

M1@P#uC initial&[uC in&5(
m

cmug,m& ^ uKW in&. ~4.2!

The atomic mirror analyzed in Sec. III is the differenti
phasing zone;S~out←in! thus reads

S~out←in!5(
m8

ei ~Fm81m8FB!ug,m8&^g,m8u ~4.3!

and the signal observed at the output is proportional to

S5i^ r̄ uCfinal&i2

5 (
m,m8

cm8
* cm^g,m8uM2

†A†AM2ug,m&ei @DFmm81~m2m8!FB#.

~4.4!

Experimentally, input atoms are characterized by a velo
distribution, both in transverse and longitudinal directio
The transverse distribution depends highly on the experim
tal collimating conditions, and may be chosen to have
significant influence here~see@27#!. The longitudinal veloc-
ity distribution is r(v2 v̄), centered aroundv̄ ~up to v̄
'1 km/s for a thermal supersonic beam!, with a typical
width Dv. As a in!1, we can take it as a distribution o
parallel velocitiesv i5M at

21 \Ki . The averaged signal fi
nally measured is
01360
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I 5E dv ir~v i2 v̄ !S~v i!. ~4.5!

Fringes are then produced when scanning the magnetic-
amplitudeB̄. The form of operatorsM2 andA, as well as the
cm coefficients, depend on the specific polarizing and a
lyzing devices; examples are outlined further on.

B. The double role of the magnetic field

It follows right from Eq. ~4.4! that S contains a sum of
oscillating terms of the form

cos$hm1m21DFm1m21~m12m2!FB%[cosG~1,2!,
~4.6!

wherehm1m2 stands for a possible phase of the coefficients
Eq. ~4.4!. With Eqs.~3.9!, ~3.10!, and~3.14!, G~1, 2! reads

G~1,2!52KyDLopt
1,21dwVdW

m1m2~Ky ,VR
eff!

1
Mat

\K i
~m12m2!ÃBL1hm1m2

>v i

2a inMat

\
DLopt

1,21dwVdW
m1m2~v i ,VR

eff!

1
1

v i
~m12m2!ÃBL1hm1m2, ~4.7!

in which the variations withVR
eff result only from the van der

Waals interaction. A straightforward way to generate fring
would then consist in scanning the value ofVR

eff , in the ab-
sence of magnetic field (ÃB50). However, due to the ve
locity distribution, each oscillating term is shaped by an e
velope centered at the point of stationary phase versusv i .
WhenÃB50, this point corresponds toG~1,2!50 and cannot
be reached@whenVR

eff→`, G(1,2)→DFopt
m1m2'50p#; what-

ever the values ofVR
eff , and forDv/ v̄>1%, the fringes are

washed out. In contrast, whenÃBÞ0 one finds a stationary
phase for

~m12m2!
ÃBL

v̄
'DFopt

m1m2~ v̄ !1 v̄
]

]v
dwVdW

m1m2~ v̄,VR
eff!.

~4.8!

For each term, there is a specific value ofÃBL ~thus of B̄!
where the envelope has a maximum, and around wh
fringes may be observed, as shown hereafter~classically, a
number of fringes'2v̄/Dv, that is,'10 for a neon super-
sonic beam!. Using a magnetic field thus allows acompen-
sation of the intrinsic dispersivityof the atom mirror, as well
as it provides an easy tunable parameter for the fringes s
ning. Moreover, different positioning of the envelopes of t
patterns contained in the signal~4.5! may be taken advantag
of to isolate groups of specific fringes with a specific step
3-6
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C. Some examples of the sensitivity to van der Waals forces

It makes sense thatDFmm8 is more sensitive to van de
Waals forces as the distance between classical turning p

yr
m and yr

m8 is larger, that is, when the Clebsch-Gordon c
efficientsjm andjm8 differ more. Figure 4 shows this influ
ence for two transitions: uFg52,m&→uFe53,m& and uFg
52,m&→uFe52,m& ~polarizationp of the electric field!. In
the latter case, the ratio (jm52 /jm851)254, which is particu-
larly advantageous. The number of different patterns
pends of the coefficients in Eq.~4.4! standing for the prepar
ing and analyzing steps, while their shift withVR

eff is given

by dwVdW
mm8(VR

eff). We give an example of the expected sign
when using theFg52→Fe52 transition for the atom mir-
ror. With that transition, for whichjm5050, there is no op-
tical potential for atoms in theuFg52,m50& level, which are
not reflected; since the phasesFm depend only onumu, the
only phase difference to be considered is thenDF2,1. From
Eq. ~4.4! the signal may be written as a sum of six terms

S5A1 cos~2FB!1A2 cos~4FB!1A3 cos~DF2,11FB!

1A4 cos~DF2,12FB!1A5 cos~DF2,113FB!

1A6 cos~DF2,123FB!. ~4.9!

Let us focus on the last four terms, which carry informati
on the van der Waals interaction. Taking for simplicity
sake a Gaussian velocity distribution,

r~v i2 v̄ !}exp2Fv i2 v̄
Dv G2

, ~4.10!

it is easily shown that after integration overv i each term
yields a pattern whose form is given by

cos@6$1,3%FB~ v̄ !1DFopt
2,1~ v̄ !1dwVdW

2,1 ~ v̄,VR
eff!#

3exp2FDv2

4v̄2 S 6$1,3%FB~ v̄ !2DFopt
2,1~ v̄ !

2 v̄
]

]v
dwVdW

2,1 ~ v̄,VR
eff! D 2G . ~4.11!

When scanningVR
eff , van der Waals interaction thus induc

shifts both of the fringe patterns and of their respective
velopes, which are, respectively, governed
dwVdW

2,1 ( v̄,VR
eff) and v̄]dwVdW

2,1 ( v̄,VR
eff)/]v. Figure 5 exhibits

the variations of these quantities as functions ofVR
eff . Since

their signs are the same,1 a specific pattern and its envelop
are shifted in opposite directions versusFB . Figure 6 shows
that evolution for the term proportional to cos@2FB

1DFopt
2,1( v̄)1dwVdW

2,1 ( v̄,VR
eff)#. An example of the total signa

~4.9! is given in Fig. 7 for a specific experimental schem
~see caption!.

1This comes easily out of the variation of the integral~3.6! as a
function of the atom velocity~throughEy!.
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V. DISCUSSION AND FURTHER PROSPECTS

As seen in Fig. 4, the phases produced by the van
Waals forces are on the order of 2p, and are maximum, as
expected, when the atom comes closer to the surface, th
when the potential barrier height resulting from the comp
tition between the van der Waals interaction and the opt
potential equals the value of the total energy of the incom
atom. These phases produce sizable shifts of the fringe
tern, which are functions of the Rabi frequency, and may
fairly monitored in an experiment. The values of the van d
Waals strength constant\Cg taken to carry out the compu
tations shown in Fig. 4 were chosen over a range of 1
kHzmm3, surrounding values obtained in studies of surfa
alkali-metal systems@14#. A calculation for neon@28#, taking
into account the levels of the first resonant configurat
(2pn) above the metastable levels, yields for level 1s5(J
52) a value of (2p)21Cg>1.7 kHzmm3 for a metallic sur-
face, which gives (2p)21Cg>1.1 kHzmm3 in the case of a
dielectric material with indexn52.2, as often used in atom
mirrors @14,18#. Comparison of our predictions to observe
phases should give accurate access to experimental valu
these van der Waals constants.

The present model relies on the assumption of ascalar
van der Waals interaction. Mentioned calculations for t
metastable level 1s5 in neon @28# exhibit a relative anisot-
ropy of van der Waals strengths betweenug,my52& and
ug,my850& substates~evaluated with the quantum axis alon
the transverseoyW direction, which is the symmetry axis o
the interaction! lower than 1%. In such a case, the sca
assumption, which allows for neglecting the van der Wa
coupling between the paths of the interferometer in the c
sen configuration, is fairly reasonable@29#. For a nonzero
anisotropy, the phases accumulated in the interferom
should depend on the considered Zeeman substates, pro
ing an additional shift of the interferometric fringes. Th
coupling induced between different Zeeman substates by
off-diagonalpart of the van der Waals interaction must b
come effective in the case of larger anisotropies, and wo
result in more complex effects than phase accumula

FIG. 5. van der Waals phase and shift of the fringe pattern,
of the envelope center, when scanning the Rabi frequency~see
text!. (2p)21Cg52 kHzmm3; other parameters as in Fig. 4~a!. Ve-
locity distributionDv/ v̄'10%.
3-7
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FIG. 6. Shift of the fringe patterns due to the van der Waals phase, for the transitionJ52↔J52 at lopt5614.3 nm, when scanning
down the Rabi frequency.~a! (2p)21VR

2(0)/4D52.4 GHz; ~b! (2p)21VR
2(0)/4D51.6 GHz. van der Waals strength (2p)21Cg

52 kHzmm3, other parameters as in Fig. 3. Arrows show the corresponding fringes. Velocity distributionDv/ v̄mean'8%. In ~b!, where the
mean incoming energy reaches approximately the potential barrier height, part of the atoms are not reflected, which is equiva
narrowing of the velocity distribution, and more fringes are visible.~c! Enlargement of part of the fringe patterns.
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along independent paths. For instance, a transfer betwee
incoming selected stateug,m& and a different outgoingug,m8&
state ~with respect to ouroz̄ direction! is then possible,
whose observation may be thought of in devoted exp
ments. The possibility of such transfers due to a van
Waals coupling between Zeeman substates belonging to
different metastable levelshas been studied in the case
rare gases@22#.

Our calculations take into account the van der Waals p
of the atom-surface forces, whose variation with the tra
verse distance is given byVVdW52\Cgy23. Full quantum
treatments of the interaction show a discrepancy from
law at relatively large distances~>100 nm!, referred to as
the Casimir-Polder effect, which may be describedin this
rangeby a single potentialVCP52\Cg

CPy24. We have per-
formed computations with a more general law exhibiting
ther van der Waals or Casimir-Polder behaviors in the app
priate limiting cases, and found no significant differenc
~within 3%! with respect to the sole van der Waals potent
for atom mirrors in the thermal velocity range. Departu
from the van der Waals results arises, however, when c
sidering incoming atoms with much lower energies~veloci-
ties!, e.g., for a beam of laser-decelerated atoms. Opt
potentials necessary to get reflection are then much low
and the classical turning points scan larger distances from
surface, which yields an overall better sensitivity to the lon
distance contribution. Sensitivity of an atom mirror thresho
to the Casimir-Polder long-range contribution was discus
in studies on alkali-metal-surface systems@14#, where cold
atoms released from a MOT trap were considered.

In conclusion, we have given a quantitative evaluation
the phasesbrought up by van der Waals atom-surface int
actions to the de Broglie wave associated to the center
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mass motion of an atom in an atomic mirror, and propos
an atom interferometer based on polarization interferome
as a convenient scheme to measure them. It has been s
that the property of insensitivity to the evanescent wave a
plitude of the phase differences due to the sole atomic mi
along the interferometer paths provides direct access to t
van der Waals contributions. We have proposed merging
interferometer into a static magnetic field and analyzed
double purpose, providing a convenient scanning param
and allowing fringe pattern observations for atoms with
longitudinal velocity distribution thanks to dispersivity com

FIG. 7. An example of the expected total fringe signal@Eq.
~4.9!#. Coefficients have been taken such that the mixing and a
lyzing zones are equivalent to a sudden rotation by 60° of the qu
tization axis@18,26#. Velocity distributionDv/ v̄mean'12%, other
parameters as in Fig. 6. The main contribution comes from the t
exhibited in Fig. 6.
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pensation. We have predicted that the sensitivity of this t
of interferometer to van der Waals interactions must be q
high, and should yield a promising alternative to the m
surement of atom-surface interactions in a ground~or meta-
stable! state by mechanical approaches.
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