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Interferometric approaches to atom-surface van der Waals interactions in atomic mirrors
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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 fewstiimea neon atom in a
metastable state. We propose and investigate an experimental procedure that uses the principles of polarization
(for instance, Stern-Gerlaginterferometers in order to monitor these long-range interactieens der Waals,
Casimir-Polder, etg.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 numbegps): 03.75.Be, 39.20:q, 34.50.Dy

[. INTRODUCTION produced by these forces, using various experimental con-
figurations[11-13. More recently, the mechanical attrac-
Atom-surface interactions have been given a great deal dfon, combined to a repulsive optical potential in an atomic

attention for decades, and investigated in several fields ahirror, was successfully monitored through the threshold ef-
physics. First theoretical considerations may be foundfect resulting from the two interactions competitiph4].
through different approaches, in the pioneering studies oSince the van der Waals interaction produces a shift of the
Lennard-JoneEl], Casimir and Polddi2], and Lifschitz[3]. eigenvalues of the atom, various typesspectroscopistud-
It is now classical to represent the “long-range interaction” ies were also developed. Selective reflection methods can
(i.e., distances larger than 1 nrim terms of an interaction access, through linear as well as nonlinear spectroscopy
between the atom considered as a fluctuating electrical dschemes, the specific response of atoms coming close to a
pole and its image within the material limited in space by thewall in a cell, and have been extensively used to monitor the
surface. In a pure electrostatic study, this description giveshifts induced both in fundamental and excited levels
rise to anattractiveinteraction whose amplitude variation is [15,16. A beam of atoms flowing in the very middle of a
proportional toy ~ 3, wherey is the transverse distance from planar microcavity, where the opposite mechanical van der
the atom to the surfadé]; atom-surface interactions exhib- Waals forces compensate, was successfully used to measure
iting this kind of behavior were referred to as van der Waalsby spectroscopic ways the 2 dependence of the level shifts
forces. More accurate theories, taking into account the eleawith alkali-metal atomg$17].
tromagnetic propagation, were carried out over the years, The present paper presents a theoretical study of the phase
resulting in more complex variation laws, including the effect of long-distance atom-surface interactions in an atomic
Casimir-Polder effedi2], whose signature isy * variation  interferometry scheme. As any interaction, van der Waals

at large distance&=100 nm) (for a review, seg4]). forces produce an additional phase to the de Broglie wave
Considering the effect of the surface on internal propertiegssociated to the overall motion of the atfid,18. Obtain-
of atoms, early studies were performed by Drexhagal, ing a quantitative interferometric evaluation of the influence

addressing the influence on the spontaneous-emission rate afi this phase is the purpose of this paper. The interferometer
a pure electromagnetic approd&. Using either classical or under study is an atomic mirr¢a9,20], in which incoming
guantum-mechanical analysis, various aspects of the modifatoms are reflected by an evanescent wave supported by the
cations of thanner stateof an atom induced by the presence studied surface. We consider atoms in the thermal velocities
of the surface were extensively studig@l7] and are still range, with a grazing incidenda few mrad, as seen in Fig.
under consideration. Effects on the ground state as well ak. These atoms are prepared in a coherent superposition of
excited state were described, from which, in return, bettemternal states, namely Zeeman substates, using methods of
guantitative evaluations of the mechanical effect were givenpolarization interferometry21]. Since the optical potentials
QED treatments were achieved for alkali-metal atoms, whictexperienced by atoms being in each Zeeman state are differ-
gave back the previously obtained results as limiting caseent, they are, respectively, associated to different motions in
[7]. The amazing possibility of an overall repulsive interac-the transverse directidy); recombination of the paths at the
tion in specific conditions, initially mentioned if8], was  output makes up an atomic interferometer. A first point is
described in a full quantum-mechanical treatment of both th¢hat the van der Waals phases are then different along the
atom state and the resonance spectrum of the sudcend Zeeman paths, and the resulting interferometric state of the
observed recentlj10]. de Broglie wave at the output is sensitive to them. A second
Most early experimental studies of tineechanicalinter-  and major point lies in a remarkable feature of the evanes-
action relied upon observations of the trajectory deflectiongent potential. As will be seen in Sec. Il, the ratio between
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Y a set of Fy+1 (2F.+1) Zeeman substrates. The mirror is

I merged into a static magnetic fieRl, whosedirection re-
M mains homogeneou;md will be taken as the quantification
2

axisoZB=Boz.

Under assumptions that will be examined hereafter, to-
gether with the relevant definitions, the total evolution for an
atom initially in the multiplicity {|g,nm} may be described
with the simplified Hamiltonian,

PJ ROR(Y) G,
~ Herr= E[ZM +e 3 | @lg.m){g.m|
FIG. 1. Principle of the interferometer. At arroy atoms are >2<+ Pg g
comind ata grazri)ng incidence with respe.ct to a plane surface, and +[ 2M 4 —mhwi(X,Z)|®|g,mYg.m. (2.1

are reflected by the atom mirror optical potential created by an
evanescent wave supported by the surface, which may be produc
by a laser wavél) in total internal reflectiofil4,20. M, is the first
separatrix, in which atoms are prepared in a specific linear combi- ) )
nation of Zeeman substates, using schemes relying on optical A. Zeeman interaction
pumping or Majorana mixind21,26. M, stands for the output
separatrix, which merges the outgoing paths to produce interfer-
ences.

9% reach Eq(2.1), we proceed in four stages.

The linear Zeeman interaction with the magnetic fiBld
when takmg its constant direction along the quantification
axis 0z, is diagonal and given by

the phases due to the atomic mirror itsgk., the interaction
with the evanescent wayéor two different paths is indepen-
dent of the amplitude of the electric field. This provides a
convenient phase reference for the study of van der Waals +m’' wg(X,Z)|e,;m’)(e,m'[, (2.2
contribution to the phases. A third point is concerned with
the magnetic field. The van der Waals phase along a Zeema nh B — _
substate path is dispersive, and velocity averaging in an al¥nere ®a=0gugB/h is the Larmor frequency within level
tual experiment could wash out the resulting fringes. Welg) (o for [€)). As appears in Eq2.2), we suppose tha
thus consider an atomic mirror merged in an adjustable hodoes not vary along the transverse directign
mogeneous static magnetic field, which adds an additional
phase, whose dispersion law is different. This will be seen as B. Interaction with the evanescent light
providing a compensation to velocity dispersion, allowing .
observation of fringes for relatively wide velocity distribu- ~ We consider an electric dipole interactioo(R)
tions. =—-D-E(R), the electric field being given by

In Sec. I, the framework of the study is presented and the
assumptions of the model are stated. The various contribu-
tions to the de Broglie phase along the different paths in the
interferometer are computed in Sec. Ill, and Sec. IV then
gives the signal expected in an actual interferometry experignere Kopt refers to a propagation parallel to the dielectric
ment. A discussion of the theoretical predictions, as well as Surface. In Eq(2.3), R is anoperatordescribing the position

the range of application of this work, is given in Sec. V. of the atom. However, for a coherent electromagnetic wave,
it is usual to replace it by alassical T=Vvt, wherev corre-
sponds to an initial velocity of the ato(to be examined later
Il. ATOMIC MIRROR DESCRIPTION on). One accounts this way for the first-order Doppler shift

AD: kopt'v.

Vg=—h > mwg(X,2)|g,my(g,m|
m,m’

E(R)=1(fe ron¥eikopr R-0L0 4 ¢ c), 2.3

The atomic mirror is produced by an evanescent wave R
the oy direction, running along a direction parallel to the ~ We assume that thieser polarization¢ is principal with
surface of a dielectric p|ane_ The frequency of the waye respect to the quantization directi9n. The simplest case ocC-
is quasiresonant with a transitiojg)«|e) of the atom, curs with a linear polarization andllB, while some more
where|g) is a long life level(ground state or metastablend  complex schemes may be found for spedfiandF’ values
le) an exited level, with a lifetimey,; however, the(blue) [30]. As a consequence of this assumption, a given state
detuningA o= w| — weq Will always be large enoughAw |g,m in the lower level is only coupled by the dipole inter-
> v.) So thaty, may be neglected. Levéd) (|e)) is charac- action toonestate|e,m’) in the upper levelm’ depending
terized by a total angular momenturg (F¢) and consists of on the polarization
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Under the rotating-wave approximatiGRWA), the inter-  with
action may be written in the rotating frame:

Vin(X,Y,2) Alem’)(en| meR(Y)®| Vem'|
Qgr(Y ————=—Ale,m’')(e,m’| - ————®|g,m)(e,m
VoY) == %Twéblg.m)(e,m’lﬂ-cu " ’
m C
(2.9 +cec— D {,uwa(X,Z) + Y_é
fu=gmem’

whereQg(Y)=%"%glDle)- e~ *r" is the Rabi frequency
and &, is the relevant Clebsch-Gordan coefficient. In addi- o[f, w)(f,ul. (2.9

tion, the internal part of the Hamiltonian simply becomes o , . )
Projecting onto the basi§g,m,r),|e,m’,F)}, Eq. (2.9 is

then easily diagonalized, giving straightforward expressions
Ho= —ﬁz Ale,m’)(e,m’|, (2.5 for the eigenvalue&JT(F) [18]. We assume that thatom
m will undergo an adiabatic followingalong the adiabatic

channels. This model is classical for atomic mirrors, and is
usually justified for large detunings. When van der Waals
interactions are taken into account, it implies that the atom
will not explore a region which is too close to the surface.

The van der Waals interaction considered here is a longMoreover, we suppose here that the detuning is larger than
range surface interactioftypically y>1 nm), which can be any other term present in E.9):
described, for a perfect metallic surface, by a Hamiltonian of
the form[4] QR(y) -

whereA=Aw—Ap.

C. Van der Waals interaction

Cq
1, wB,W<A. (21@
v D?+D; .
vaw™ T 1ey3 2.8 With conditions(2.10, U™ (r) may further be developed up
) _ _ to first order. ForU7(F), which connects to the energy of
whereY is the operator associated to the transverse d|stanq%’m'r»> in the asymptotic regiony(— + ), one gets
to the surface, an® is the electric dipole; for a dielectric
surface, Eq.(2.6) must be reduced by a factoe£1)/(e UT(r)=V7(y)—mhwd(x,2), (2.11a9
+1) [3,6], wheree is the electric permittivity. In the general
case, evaluation of Eq2.6) involves many intermediate where
states of the atom, and will induce coupling between differ-
ent levels. This anisotropy may be responsible, for instance, gfngg(y) C
. m _ 9
for a decay of some metastable levels or transitions between Vi(y)=h T—ﬁ 3 (2.11b
. ; y
selected statef22]; however, such effects need still to be

given experimental evidence. For the sake of simplicity, Werpe hoint js now reached where the evolution of each state
COUSider at th_is stage scalgr van Qer Waals interaction, starting asymptotically in anjg,m or |e,m’), is decoupled. ,
which results in a diagonal interaction term, It is then equivalent, for an atom entering the interaction
C zone in an internal state belonging {ig,m} (which is the

<2 ®lg,m)(g,m| case of the experiments to be considgréd describing the

Y total motion using the effective Hamiltonid®.1) within this
multiplicity.

Vyaw(Y)=—% >,
m,m’

Ce
+73®|e,m’><e,m’|

: (2.7

lll. THE PHASES FOR A STATE |[g, m)

Whereﬁcl:g accounts for the Strength of the interaction for the The Stationary wave function of an input atom corre-
multiplicity |g) (7 Ce for |e)). The case of more complex van sponding to atotal energy Eis described by the time-

der Waals effects will be outlined later on. independant Schdinger equation. The form of the Hamil-
tonian (2.1) allows a separation between thg/ and the
D. Adiabatic following parallel (0%X,02) directions; if |¥) is the total state of the

Setting apart the dynamical terms, the Hamiltonian thaf"tom’ we sek=E,+E, and

results from the preceding assumptions may now be written
as the sum ofndependentwo-state systems, each one cor-
responding to a single value ofin level |g) (or equivalently

a value ofm’ in |e)),

<9am,r|‘1’>:Xm(X'Z)'r/fm(Y) (3.1

and the equations are

VI(y)

1—
EY

d2
V(R)=2, V(X,Y,Z) (2.9 {—+K§ ]dfm(y)=0, (3.2a

dy?
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" 8 YY) = Antexd =i ™(y) ]~ R exd +ie™(y) T}
i (3.3
10+
with
B 87
. v VIO
~ m — _ !
2 e"(y) KWLP g W (34
>
“ where y;" is the classical turning point defined by,
. =VT(y"). ForE, far enough below the maximum ®f}(y)
[24], one getsR,,=exp(n/2); in the asymptotic regioly
0 —+00, V(y)—0, Eq.(3.3 then becomes
0.0
(@) Um(Y)=Ane” PP e Ky —expioMe K] (3.5
8 with
7o [l VR0
N (I)m:§+2Kyfym (1— E, —1|dy’ =Ky
(3.6
m%
™ 44 Phase®™ represents the asymptotic dephasing between
f an incoming and an outgoing plane wave, for a staten),
when the phase reference for the motion aloggs taken at
29 y=0. It cannot be given an analytic expression with(y)
and must be computed numerically. However, integration
can be carried out when considering only the optical poten-
o _ ! tial of the atomic mirror(no van der Waals interactignin-
o) Y/, troducing
202 —2x
FIG. 2. Interaction potentials for an incoming neon atom in the th(y):h Em(2R(0)e ™ “ront (3.7
metastable §°, J=2 level. The evanescent wave is guasiresonant op 4A ’
with (@) the J=2+J=3 transition at\,,=640.2nm; (b) the J
=2<J=2 transition at\ ,,=614.3nm. The equivalent Rabi fre- in Eq. (3.6), we find
quency (h)’lﬂﬁ(O)/% (referring to a Clebsch-Gordon coeffi-
cient equal to 1is 2 GHz, the range of the evanescent wave is oM —Z—ZK om 38
Kopt=Nopd8 [S€€ EQ.(2.3)]. In (&), the van der Waals strength is opt™ o y*~opt’ (3.89

(2m) " 'Cy=2kHzum? In (b), curvesa, b, andc correspond to
m=1, and (2r) "'C4=1,2,4 kHzum®; curved is them=2 poten-  where we have defined
tial, for the latest value. There is no potential for= 0. Dotted lines

represent the correspondiogtical potentialsalone. 1 ﬁQeRﬁ
Lo=—11+3In &, : (3.8b
Kopt 4

P2 & 5 m#A w3(X,z)

ettt Xm(X,2)=0, in which
3.2b
320 ger_ 2RO 3.80

RO 4A '

where we have defineld; =2My % 2E, .

Figure 3 exhibits the phaseB™ and <1>2’pt when increasing
the Rabi frequency.

A major assumption of the present calculation is that the A remarkable property results from E@.8) for the phase
variations ofV'T(y) are smooth enough to ensure the validity difference between two substatesm) and|g,m’):
of the semiclassical JWKB approximati¢83]. In Fig. 2, the ,
shapes/T(y) for differentm are given in the case of a neon AP =K 1 @}
metastable atom, for which atom mirror experiments were opt Tty |éml ]
performed[20]. When the transverse energy<V"(y) for
y<y;", the solution of Eq(3.2a in the classically permitted As seen in Eq(3.9), A@[)“pT/ does not depend on the strength
regiony"<y may then be written as of the optical potential; this peculiarity is due to the decreas-

A. Phases induced alon@y

mxm'zzﬁ

opt In

(3.9

Kopt
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hQ, /27E
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FIG. 3. Variation of the total phase for different values of the

van der Waals constant, for neon atoms at 780 m/s, with an inci-

dence anglex;,~2 mrad. The optical transition is thé=2<J
=2 line at Aon=614.3nm. Evanescence range agy=\qp/8,
equivalent Rabi frequency ¢2 ~ 1QR(O)/4A is 2 GHz. The phases
are shown for then=1 Zeeman sublevel. Curvesandb corre-
spond to (2r) "*Cy=2 and 4 kHzum®. Q;, points out the mini-
mum values to get reflection.

ing exponential shape afg,(y). A variation of A®™™ ver-

susQEff can then only be produced by an additional interac-

tion. We define here

AD™M =M — M = Aq)gqprp+5¢\n/1dw_5¢\%w
=AY + 5T (QEM, (3.10

. ! . .
where expressions ofe\yy, are easily derived from Egs.

(3.6) and(3.9). Figure 4 shows this variation ADP™™ | due
to the van der Waals interaction considered earlier.

B. Phase induced in the motion parallel to the surface

PHYSICAL REVIEW A 61 013603
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24 fa)
by 2 6)
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% 28 |-

(d)
=30
1 1 Il Il
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hQ, /2nE
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56
55 (6)
sa |
(a)

A® (m=2, m=1)
f

52

P B R U R
100 150 2

hQ, /27K,

=3

0

(b)

FIG. 4. Examples of phase differences along two Zeeman sub-
strates paths, fof) transitionJ=2—J=3 at\,,=640.2 nm; and
(b) transitiond=2—J=2 at\,,~=614.3 nm. Curves, b, ¢ andd,
respectively, correspond to 9~ 1C =0, 1, 2, and 4 kHzm®,
Other parameters are as in Fig. 3.

2 -2
As the magnetic potential is very small when compared tgVhere, usingKi=2Mg i~ “E,

the energyE,; , the motion along the surface may be approxi-
mated by a classical path undergone at constant initial veloc-

ity M_ét ﬁﬁ. Defining the abscissa along this direction,
with respect to a reference pointy,z,), Eq. (3.2b may be
rewritten as

d2
[EEE+K21+
with  wg(s)= wd[ cost(s—sg)+Xo,SiNAs—sp)+25], wWhere
S0=XoCOS+Zysinh, and co¥=K,-o%X/|K|. We assume
fimg<<E;; an approximate solution of Eq3.11) corre-
sponding to an initial state propagating in the directioerf

is then
Sout 1/2
J 1+ ds’|,
Sin

(3.12
which can be further developed as

MAwg(s)
Ey

]Xm(€)=0 (3.11

Miwg(s')

Xm(f;)=bmex;{+iK| E,

Xm(s)=b,eKitousin) exp(imdp), (3.133
Mat Sout , ,
b= ﬁKf mB(s )ds’. (3.13h

In the case of a homogeneous fidd Eq. (3.13b simply
becomes

t t
@B:h_}sumB(gout_gin)Eh_}sumBL (3.14

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

IV. ATOM INTERFEROMETRY EXPERIMENTS
A. Principle of the experiments

The principle of atom interferometry experiments has
been described extensive[21l]. Wave interferometry in-
volves at leasti) a separatrix which divides the input wave
into two or more coherent subwave&i) different paths
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along which the subwaves are to experience different phase
stories; (iii) a mixing device, which actually is a second |=J dvyp(v;=V)S(v)). (4.5
separatrix; andiv) an analyzer that selects one of the output
channels of this last separatrix. Interference patterns are then ) o
generated by varying, through an adjustable parameter, tHe!n9es are then produced when scanning the magnetic-field
phase differences accumulated along the paths. amplitudeB. The form of operator, andA, as well as the

In the case of the de Broglie wave of an atom, an addiCn coefficients, depend on the specific polarizing and ana-
tional feature is brought up by the internal structure, whichlyzing devices; examples are outlined further on.
provides supplementary degrees of freedom. For instance,
the separatrices may then consist of mixing devices yielding
linear combinations of internal states, while the further paths
are either spatially separatéds in Ramsey fringe configu- It follows right from Eq. (4.4) that S contains a sum of
rations[25]) or not (longitudinal Stern-Gerlach interferom- O0scillating terms of the form

etry [26]). Such a scheme can be represented by Cos ™™ 4 AD™M2 1 (m, — m,) b} =cosT'(1,2),
| Winah = AM,S(out—in)M,[ P][ Wty - (4.1) (4.6

B. The double role of the magnetic field

where operator#1; andM,, respectively, stand for the two where»™™2 stands for a possible phase of the coefficients in
separatricesS is the evolution along the different paths, and Eq. (4.4). With Eqgs.(3.9), (3.10, and(3.14), I'(1, 2) reads
A is the analyzer. When the involved states are asymptoti-
cally degenerate¢such as Zeeman substatesn additional
polarizerP is necessary, to make sure that the atom enters
the interferometer in a defined state.

The experiment we study relies on the methods of polar-
ization Stern-Gerlach schemes. An atom in[tdevel, with

I'(1,2)=2K AL+ SpUin?(Ky Q")

t
—= (M —my)wgl + MM

initial velocity vi"=M ~%, K", comes in at a grazing inci- 2a;,M 4
! ~ 1,2 mim ff
dence characterized by the anglg from the surface, such Vi3 ALt Seyaw (Vi QR
as ajy<<1. The preparation step yields a linear combination
of Zeeman statelg,m), wherem refers to the direction of the 1
e = +—(m;—m L+ ™M, 4.
magnetic fieldB: V“( 1mMy)wel+ 7 “.0

M, [P]|w Mty =|gim =" ¢ g mi@|KM. (4.2 inwhichthe variations witf) & result only from the van der
m Waals interaction. A straightforward way to generate fringes
o ) . ) ~would then consist in scanning the value®§", in the ab-
The atomic mirror analyzed in Sec. Il is the differential gepnce of magnetic fieldefz=0). However, due to the ve-
phasing zoneS(out—in) thus reads locity distribution, each oscillating term is shaped by an en-
velope centered at the point of stationary phase vevgus
SN (@™ +m’ / ' Whenwz=0, this point corresponds 14(1,2)=0 and cannot
S(out—in)= >, e®" M ®e)g m'\(gm’| (4.3 B
m | A | be reachedwhen Q& F(l,Z)HA(I)gg'thQSO’IT]; what-
ever the values of)&", and forAv/v=1%, the fringes are

and the signal observed at the output is proportional 10 \yashed out. In contrast, whang0 one finds a stationary

S= ||<7T‘I’ﬁnal>||2 phase for
, B mm’ o ’G)'BL _(9 o
:n%, Cr Cr( 9, M’ [MZATAM| g, m)elta¢ ™ - (m=m) sl (Mg —my) ——~ADI(V) +V—— 3pUi (V. OR).

. 4.8

Experimentally, input atoms are characterized by a velocityror each term, there is a specific valuew§L (thus of B)
distribution, both in transverse and longitudinal directions.where the envelope has a maximum, and around which
The transverse distribution depends highly on the experimerfringes may be observed, as shown hereaitéassically, a

tal collimating conditions, and may be chosen to have nmumber of fringes~2v/Av, that is,~10 for a neon super-
significant influence herésee[27]). The longitudinal veloc-  sonic beam Using a magnetic field thus allowscmpen-

ity distribution is p(v—Vv), centered around/ (up to v sation of the intrinsic dispersivitgf the atom mirror, as well
~1km/s for a thermal supersonic beanwith a typical as it provides an easy tunable parameter for the fringes scan-
width Av. As «a;,<1, we can take it as a distribution of ning. Moreover, different positioning of the envelopes of the
parallel velocitiesv,=M %, #K,. The averaged signal fi- patterns contained in the sigr@.5 may be taken advantage
nally measured is of to isolate groups of specific fringes with a specific step.
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C. Some examples of the sensitivity to van der Waals forces
' . 100 |
It makes sense that®™™ is more sensitive to van der

Waals forces as the distance between classical turning points

y;" and y{“’ is larger, that is, when the Clebsch-Gordon co- I
efficients&,,, and &, differ more. Figure 4 shows this influ- sl
ence for two transitions: |[F4=2m)—|F,=3m) and |F,
=2,m)—|Fe=2,m) (polarizations of the electric fielg. In

the latter case, the ratid_, /&y —1)%>=4, which is particu-
larly advantageous. The number of different patterns de-
pends of the coefficients in E¢4.4) standing for the prepar-
ing and analyzing steps, while their shift Wifheﬁ is given

90 |-

70

60

50 ! L ! !

by 5<deW &M, We give an example of the expected signal % %0 % 4 4 80

when using theF;=2—F,=2 transition for the atom mir- hQ / 2nE,

ror. With that transition, for whicl,,-=0, there is no op- . )

tical potential for atoms in thiFg=2,m=0> level, which are FIG. 5. van der Waals phase and shift of the fringe pattern, and

of the envelope center, when scanning the Rabi frequdéeeg
text). (2m) ~1Cy=2 kHz um®; other parameters as in Figa}. Ve-
locity distributionAv/v~10%.

not reflected; since the phas®s$” depend only onm|, the
only phase difference to be considered is theh?’. From
Eq. (4.4) the signal may be written as a sum of six terms:

S=A,cog2Dg)+ A, COS4Dg) + Ag COS{Ad)z'l-i—(I)B) V. DISCUSSION AND FURTHER PROSPECTS
As seen in Fig. 4, the phases produced by the van der

+A4COYAD 1= Dg) + Ag COYAD 1+ 30g) Waals forces are on the order ofr2and are maximum, as
+AgCOSAD?1I-3Dp). (4.9  expected, when the atom comes closer to the surface, that is,
when the potential barrier height resulting from the compe-
Let us focus on the last four terms, which carry informationtition between the van der Waals interaction and the optical
on the van der Waals interaction. Taking for simplicity’s Potential equals the value of the total energy of the incoming

sake a Gaussian velocity distribution, atom. These phases produce sizable shifts of the fringe pat-
tern, which are functions of the Rabi frequency, and may be
v,—V]? fairly monitored in an experiment. The values of the van der
p(V)—V)xexp— T , (410  waals strength constaitC, taken to carry out the compu-

tations shown in Fig. 4 were chosen over a range of 1-4

kHz um?®, surrounding values obtained in studies of surface-

alkali-metal systemEgl4]. A calculation for neof28], taking

into account the levels of the first resonant confggtsuration

eff (2p,) above the metastable levels, yields for leveP(D

cog +{1,3Pg(V) + ADZUV) + Sefaw(V.QF)] =2) avalue of (2r) 1Cy=1.7 kHzum? for a metallic sur-

Av? - face, which gives (zr)~ lC =1.1kHzum?® in the case of a

ﬁ( {13 Pg(v) —ADGH(V) dielectric material with index= 2.2, as often used in atom
mirrors [14,18. Comparison of our predictions to observed
phases should give accurate access to experimental values of

(41D these van der Waals constants.

The present model relies on the assumption aicalar
van der Waals interaction. Mentioned calculations for the

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

X exp—

(7 2
- 2,1 ff

When scanninglfo van der Waals interaction thus induces

shifts both of the fringe patterns and of their respective enmetastable level & in neon[28] exhibit a relative anisot-
velopes which are, respectively, governed byropy of van der Waals strengths betwegnm,=2) and

de(v Qeﬁ) and Vf75<Pvdw(V Qeﬁ)/&v Figure 5 exhibits lg, m =0) substategevaluated with the quantum axis along

the variations of these quantities as function€)§f' . Since the transverse)y direction, which is the symmetry axis of

. . 0
their signs are the sante specific pattern and its envelope the mtergctiom Ipwer than 1%. In suph a case, the scalar

. : > . . . assumption, which allows for neglecting the van der Waals
are shifted in opposite directions vershg . Figure 6 shows

that evolution for the term proportional to ¢esbg coupling between the paths of the interferometer in the cho-

21 sen configuration, is fairly reasonahl29]. For a nonzero
+ADZIV) + e (V. Q)] An example of the total signal anisotropy, the phases accumulated in the interferometer
(4.9 is given in Fig. 7 for a specific experimental scheme

: €should depend on the considered Zeeman substates, produc-
(see caption ing an additional shift of the interferometric fringes. The
coupling induced between different Zeeman substates by the
off-diagonalpart of the van der Waals interaction must be-
1This comes easily out of the variation of the integ{@le) as a  come effective in the case of larger anisotropies, and would
function of the atom velocitythroughE,). result in more complex effects than phase accumulation
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FIG. 6. Shift of the fringe patterns due to the van der Waals phase, for the trank#iaa>J=2 at\,,=614.3 nm, when scanning
down the Rabi frequency(a) (27) *Q3(0)/4A=2.4GHz; (b) (27) *Q4(0)/4A=1.6GHz. van der Waals strength 42 'C,
=2 kHzum®, other parameters as in Fig. 3. Arrows show the corresponding fringes. Velocity distridution,¢,~8%. In (b), where the
mean incoming energy reaches approximately the potential barrier height, part of the atoms are not reflected, which is equivalent to a
narrowing of the velocity distribution, and more fringes are visild¢.Enlargement of part of the fringe patterns.

along independent paths. For instance, a transfer between amss motion of an atom in an atomic mirror, and proposed
incoming selected statg,m and a different outgoingy,m’) an atom interferometer based on polarization interferometry
state (with respect to ouroz direction is then possible, as a convenient scheme to measure them. It has been shown
whose observation may be thought of in devoted experithat the property of insensitivity to the evanescent wave am-
ments. The possibility of such transfers due to a van deplitude of the phase differences due to the sole atomic mirror
Waals coupling between Zeeman substates belonging to twalong the interferometer paths provides direct access to these
different metastable levelsas been studied in the case of van der Waals contributions. We have proposed merging the
rare gase§22]. interferometer into a static magnetic field and analyzed its
Our calculations take into account the van der Waals partlouble purpose, providing a convenient scanning parameter
of the atom-surface forces, whose variation with the transand allowing fringe pattern observations for atoms with a
verse distance is given by qw= —thy*3. Full quantum longitudinal velocity distribution thanks to dispersivity com-
treatments of the interaction show a discrepancy from this
law at relatively large distancgs=100 nnj, referred to as
the Casimir-Polder effect, which may be describadhis
rangeby a single potentiaV/cp= —#C5"y~*. We have per-
formed computations with a more general law exhibiting ei-
ther van der Waals or Casimir-Polder behaviors in the appro-
priate limiting cases, and found no significant differences
(within 3%) with respect to the sole van der Waals potential,
for atom mirrors in the thermal velocity range. Departure
from the van der Waals results arises, however, when con-
sidering incoming atoms with much lower energigsloci-
ties), e.g., for a beam of laser-decelerated atoms. Optical
potentials necessary to get reflection are then much lower,
and the classical turning points scan larger distances fromthe 02, 50 o = o
surface, which yields an overall better sensitivity to the long- o L/v
distance contribution. Sensitivity of an atom mirror threshold i
to the Casimir-Polder long-range contribution was discussed FiG. 7. An example of the expected total fringe sigfih.
in studies on alkali-metal-surface systefid], where cold (4.9)]. Coefficients have been taken such that the mixing and ana-
atoms released from a MOT trap were considered. lyzing zones are equivalent to a sudden rotation by 60° of the quan-
In conclusion, we have given a quantitative evaluation oftization axis[18,26). Velocity distribution Av/Veae~12%, other
the phasesbrought up by van der Waals atom-surface inter-parameters as in Fig. 6. The main contribution comes from the term
actions to the de Broglie wave associated to the center-okxhibited in Fig. 6.
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mean
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pensation. We have predicted that the sensitivity of this type
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