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Theory of evanescent mode atomic mirrors with a metallic layer
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Dielectric atomic mirrors are considered in which the repulsive force field owes its existence to an evanes-
cent mode in the presence of a metallic capping layer. The theory of such an atomic mirror is constructed,
assuming a finite thickness of the metallic layer with a finite plasma frequency and adopting the field-dipole
orientation picture. The Rabi frequency together with the reflectivity for the light incident from within the
substrate are evaluated, and their variations with the type of metal and layer thickness analyzed as useful
indicators of the effectiveness of the system as an atomic mirror. A number of interesting features are pointed
out, including a desirable enhancement. Solutions of the equation of motion for a given atom, subject to given
initial conditions, lead to trajectories exhibiting reflection. The leading force fields controlling the dynamics
include the average dipole image force plus the average light-induced forces due to the evanescent field. The
parameters used to compute the trajectories are similar to those in recent experiments in which Rb atoms
incident on a silver film deposited on a glass substrate have been shown to experience enhanced mirror action.
The factors controlling the enhancement in general are pointed out and discussed.

DOI: 10.1103/PhysRevA.63.033405 PACS nuntber42.50.Vk, 03.75.Be, 42.87.Bg

[. INTRODUCTION hanced mirror action can only be done by controlling the
properties of the evanescent field. A particular method for
It was Cooke and Hil[1] who first put forward the sug- achieving enhancement is by the addition of a metallic cap-
gestion that light-induced forces in the vicinity of a planar ping layer.
surface can be used to reflect neutral atoms. Their suggestion That enhancement can indeed be achieved has been dem-
paved the way towards the realization of an atomic mirroronstrated experimentally by Ferat al. [18] and Esslinger
although, to date, the standardization of the atomic mirror ast al.[19] using a metallic film deposited on the surface of a
a routine tool is yet to be achieved. Currently the study ofplanar dielectric. However, as far as we know, no primarily
atomic mirrors forms an important branch of the main streanmanalytical theory has been constructed which describes the
of atom optics[2,3], with atomic mirrors continuing to re- mirror action and the nature of the enhancement as a direct
ceive attention by both theory and experiment dealing withconsequence of the metallic layer and which also facilitates
various mechanisms for mirror acti¢pa—19. the derivation of atomic trajectories. The purpose of this pa-
Particular kinds of atomic mirrors which continue to re- per is to construct such a theory. In order to perform a quan-
ceive much attention are variants of the evanescent mod#ative analysis of such an atomic mirror, we need to incor-
atomic mirror[1-3,15,18,19 The basic principle still ap- porate a number of ingredients. First, full account should be
plies, namely that the average repulsive force field respontaken of the finite thickness and finite electron density of the
sible for the reflection process is set up by an evanescembetallic layer together with the metallic conductivity loss, as
light field which occurs when light incident from within a contained in the imaginary part of the dielectric function.
dielectric substrate is internally reflected at the surface. Th&econd, in order to account for the dependence on the inci-
factors which limit the performance of such mirrors stemdent light intensity, a proper mode normalization in terms of
mainly from heating effects and also from fluctuations whichthis intensity is needed for the light mode generating the
become less severe at low intensities. Provided that the ligrgvanscent component. Third, the average attractive potential
intensity is not too low and its frequency is suitably blue-due to the interaction between the dipole and its image in the
detuned from the atomic resonance frequency, the averageesence of the metallic layer should be included in the dy-
dipole force field set up by this evanescent component magpamics. We show here that a theoretical framework incorpo-
overcome the attractive van der Waals force between theating these ingredients leads to the average atomic trajecto-
atom and the mirror surface creating an overall repulsiveies, predicting either a reflection of the atom off the surface
barrier for the approaching atom. The higher the barrier, ther a collision with it, in a manner dependent on the chosen
more effective the system is as an atomic mirror. A reductiorset of parameters.
of fluctuation effects at low intensities was the main reason The outline of this paper is as follows. In Sec. Il we
for investigations to construct an atomic mirror operating atdescribe the basic elements comprising the atomic mirror,
low intensities. This requires the modification of the mainincluding a metallic film of a finite thickness. The procedure
mirror ingredients to achieve an enhancement at low intenneeded for the specification of the light mode bearing the
sities. Since the van der Waals force is not amenable tevanescent component is then described, leading to appropri-
modification in the basic kind of evanescent mode atomiate field distributions in the three regions of the structure. In
mirror, control of the effective barrier to achieve an en-Sec. Ill we derive an expression for the reflectivity of the
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to an average dipole image force. It is the combined influ-
ence of these average forces that is responsible for the mirror
action.

In order to determine the average force fields due to the
light we must evaluate the amplitude of the evanescent elec-
tric field. This is done by applying the standard electromag-
netic boundary conditions at the interfaces and by normaliz-
ing the incident field. The electric field vector in the mirror
structure can be written in quantized form as follows:

E(k“ )= 8(kH ,Z)ei(kH'er“’t)a-i- H.c., D

wherea is a mode annihilation operator, H.c. stands for the
Hermitian conjugate, ané(k,z) is the electric field distri-
bution within the three regions of the layer system which can
be written in the following general form involving field am-
plitudesA, B, C, D, andG,

RI
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FIG. 1. Schematic arrangement of the elements comprising an (2
evanescent mode atomic mirror with a metallic layer of thickmess
The plane of incidence contains the internally reflected light beam k”
as well as a typical atomic trajectoryis the intensity of the light at E(k|,—d<z<0)=C| 1,0,—i P
an angle of incidence; R is the reflectivity of the inner substrate zs
surface;u is the electric dipole moment vector, aag, €5, ande,
are the dielectric functions of the different regions. Here both the +D
atom and the light are asumed to be initially propagating on the
same side of the vertical.
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inner substrate surface. We also define the Rabi frequency
associated with the evanescent light at the outer film surfacE|
using the field-dipole orientation picture. We explain how Z K is ai bve2kZ— weasirPd wh is th le of
the variations of these properties with the angle of inCidenCérl:ci?jeLfegl'\ll'iz tr):rcee [ L;Ungﬁzls t?e\;\vmferﬁ‘fh'; br::kne%seir? each
and layer thickness help to provide insight into the nature of : 4
) ) : of Egs. (2)—(4) stand for the vector components parallel to

the enhancement. Section IV deals with the dynamics of R . .

: . . : . |» perpendicular to it on the surface plane and alongzthe
atoms and derives trajectories demonstrating the mirror acy'

i . wpical mi tuD. Section V tains th irection, respectively. The notation is such that parameters
lon, assuming a typical mirror Setup. section v contains the, g qciated with the substrate are labeled by subscript 2, those
main conclusions and provides further comments, mcludmgi

S g AR, ssociated with the metallic layer are labeled by subssyipt
a brief discussion of the thin film limit of our theory. while for the outer regiorfvacuun the label is 1. The di-

electric functionse, andeg are, in general, frequency depen-
dent, while we assume that;=1, as appropriate for
Il. EVANESCENT FIELD vacuum. The real wave vectoks; andk,, are associated

The basic components of the atomic mirror are shown ipvith field v_ariations normal tp the interfaces in regions 1 and
Fig. 1. Here a metallic layer of thicknessis deposited on 2 réspectively, and are defined by
the planar surface of a glass pridfiorming the dielectric
substratg Light of frequencyw is incident at an angleb and
is propagating on the left-hand side of the vertical axis
within the glass prism. This light is internally reflected at the

inner interface between the prism and the metallic layer, ang ;e k,<, which is in general complex, is associated with

partially leaks into the metallic layer. The light within the fie|q variations normal to the interface in the metallic layer
metallic layer subsequently generates evanescent light in theg, 4 is defined by

vacuum region of the layer system. A neutral atom possess-

rek| is the wave vector parallel to the surface. Its magni-

2 2

€1 Erw
™ >0, kgzzi—z—kﬁ>o, (5)

k2, =kf—
a-0 2

ing a transition frequencyy<w moving in the plane of .02
incidence towards the outer surface of the structure would be k2= kf— s (6)
subject to an average repulsive dipole force plus an average c?

light pressure force, both owing their existence to the pres-
ence of the evanescent field. The atom would also be subjed@he dielectric functiores of the metallic layer is given by
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2 2 2
1) fks,c
e=1—-—2PF (7) A2= 2 , (15)
w(w+iy) de,
Vege, w%+262 1)

wherew, is the plasma frequency of the metal and is defined
as w,23= noe?/m* €;, with m* ande the electronic effective whereV is a large volume of material 2.
mass and charge, respectively, ands the volume electron

density of the metal. In Eq.7) we have included an imagi- Ill. REFLECTIVITY AND RABI FREQUENCY
nary part of the dielectric function in order to account for the o ) o
metallic plasma loss effects. The reflectivity of the internal surface at=—d within

Next we apply the standard electromagnetic boundaryn€ substrate is an important property of the atomic mirror

conditions, namely the continuity of the tangential compo-that we shall discuss in some detail. This is defined by the
nent of the electric field vector and the continuity of the Modulus square of the ratio between the reflected and inci-

normal component of the displacement field vector at botrflent amplitudes in Ec(2)
interfacesz=0 and z=—d. Continuity conditions for the

2
tangential electric field vector a=0 andz=—d yield, re- R= B (16)
spectively, A
C+D=G, (8)  The ratioB/A can be evaluated in an analogous manner to
that leading to Eq(12). We find
Ae k2l Beknd=Ce k4 Dekesd, 9) B e 2ikxd K.
zs€1 .
N 2<Cosf(kzsd)+ K Slnf(kzsd))—4,
From the continuity ofe£, at z=0 andz=—d we have, ¢ 21€s 17)
respectively,
where¢ is given by Eq.(13). We should note that the ratio
E(D—C)z EG (10) B/A is, in general, complex, not just because of the exponen-
Kzs kK, ' tial factor in Eq.(17) but also by virtue of the finiteness of
the imaginary parfproportional toy) of the dielectric func-
€& A € tion €5, as defined in Eq(7). Also note that in the limity
k—(Be"‘zzd—Ae"kZZd)=i k—(Dekzs"—Ce‘ k) (11) =0 the reflectivity becomes identically equal to unity, as can
22 zs be easily verified from Eq(17)).

The second important property of the atomic mirror is the
Rabi frequency()g. This characterizes the interaction of a
neutral atom of electric dipole momept approaching the
mirror from the vacuum regionz¢&0) and, so, interacting
with the evanescent light. The Rabi frequency is defined as

Equations(8)—(11) allow a direct, albeit somewhat labori-
ous, evaluation of the evanescent field amplit@m terms
of the incident field amplitudé. We find

2Ae_ik22d
- & , (12 ap- E( k” ,2>0)
Re|—— (18
where¢ is given by
wherea is a complex amplitude factor such that in the clas-
ke K,€1 . Kpes) . sical electromagnetic field limit we haee— « . In fact|«| is
g=|1-1 K€, costik, ) + Kie. | Kyees sinh(kzd). related to the field intensity by the well-known relatig20]
13
v
. o L . . la|?=—. (19
The amplitudeA of the incident field is conveniently fixed by hwe
canonical methods, treating the incident field as though it is _
in an infinite bulk. The field Hamiltonian is such that It can be seen from Ed4) that the evanescent field pos-
sesses two vector components within the plane of incidence.
In general, the electric dipole could have an arbitrary orien-
€0 &(62(1)) 2 2 h . . .
Hi=— | dri———Ef+——H] tation relative to the electric field vector. However, once the
2 dw €oC evanescent field has been set up, the atomic dipole moment

. ot aligns itself parallel to and follows the oscillation of the local

= j;hw(aa'+a'a), (14 electric field vector. This field-dipole orientation picture was
also implemented to evaluate trajectories in the context of

where the label emphasizes the incident part of the electricatom guides[21]. The appropriate Rabi frequency in this

field in the substratgproportional toA in Eq. (2)] with H;  field-dipole orientation picture is thus given by

the corresponding magnetic field. The canonical condition

Eq. (14) gives straightforwardly hQr(z>0)=|a|pnE(z>0), (20
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1.00 | / \ 4 _FIG. 3. Variation onZR with electron densityn, (in units of
: \ nSve'=5 57x 107 m~3). Here we have sey=0 and the curves
_fg correspond top=41.80° (full curve); ¢=42.20° (long dashes
N 2 \ ¢=43.00° (short dashes ¢=47.00° (dash-dots and ¢=52.00°
o § 0.10 | | (dash-double dojsThe parameters are such that=2.298, corre-
g E X sponding to an angle of total internal reflectigg=41.27°.
those of the maxima of)2 in Fig. 2b). Values of Q2 at
d=0 in Fig. 2b) are appropriate for the case with no metal-

0.01

1'600 lic layer. Asd increases, for a givewp, the squared Rabi
a(A) frequencyﬂé shows a gradual increase up to a point where
it subsequently exhibits an enhancement. It is easy to check
FIG. 2. Variation with the silver layer thicknessof (a) the  that the reflectivity minima and the maxima@Q# satisfy the
reflectivity R of the inner surface within the substrate &g QZR, condition Wherd §|2 is a minimum. The maximum |m§ is
the squared evanescent mode Rabi frequeircyarbitrary unit,  followed by a decrease to diminished values at large layer
evaluated ar=0. The frequency of the light corresponds to the Rb yidths. The latter feature is indicative of screening effects
transition wavelength, =780 nm and the plasma loss parameter \yhen the metallic layer becomes too thick to permit an eva-
is taken to bey=8.0x10"w;"*". In both figures the different nescent field outside. Note the presence of the second term
curves correspon:i to different angles of inciidermef.41.80° (full which is proportional td(ﬁ/kil in the numerator of Eq21).
(iu;\;eo;of 34252(? (Ion% disshze)r(sm?zﬁhog (ts)lho;t dashes ¢ This is the contribution from the component of the evanes-
=47.00° (dash-dots and ¢=52.00° (dash-double dols cent electric field and sinde,; can be very smaliwhen the
angle of incidence is close to the total internal reflection
angle ¢,), this further contributes to the enhancement.
Figure 3 displays curves fdﬂ,% againstng, the metallic
electron density, for a fixed layer thickneds-59 nm and
2 2,2 2 2112 \ o 2Ky 2 where we sety=0. Asn, increases at a fixe@ the squared
Alal"p e (1t ke T (21)  Rabi frequencyQ3 exhibits an initial dip at a value afi,
| &2 corresponding to the plasma resonancewgtw. This is
followed by a resonance at a characteristic densigy:ng
and it is seen that the resonance grows as the apglets
Figure Za) displays the variation of the rgflecti\(ity, gi\_/en closer t0¢y=41.27°. At ¢, the Rabi frequency becomes
by Egs.(16) and (17), in the case of a silver film, with yery |arge, with a variation in the form of a delta distribution.
varying thicknessl. The parametey entering the imaginary |n principle, then pronounced repulsion effects would be ex-
part of e is taken asy==8.0x 10 3w "*'[18]. We have also pected in conditions corresponding to the peak of the Rabi
assumed that, does not depend on the frequency and so wérequency, or the minimum of the reflectivity.
set de,/dw=0. The different curves in this figure corre-
spond to different values of angle of incidengeas detailed IV. TRAJECTORIES AND MIRROR ACTION
in the caption to Fig. 2. Figure(B) shows the corresponding
variation onzR [given by Eq.(21), evaluated az= 0] with
metallic layer thickness for the same valuesgofind using
the same parameters.
There are a number of features in Fig. 2 which are worth
of note. For a giveng the variation of the reflectivityR

where u and £(z>0) are the magnitudes of these vectors.
Using Egs.(4), (12), and(15), we have for the square of the
Rabi frequency

03(z>0)=

v ocs 2
—+
€Ep€r| W Jo €)

The total average radiation force acting on an atom of
transition frequencys, moving in the vacuum region of the
layer structure shown in Fig. 1 at velocity is given by
>L21,22]

shown in Fig. 2a) is initially close to unity, but subsequently T OZk — §AVQ§
exhibits a marked minimum at a well-defined layer width. In F(r,v)=2% > 2 =Fs+Fy, (22
fact the positions of these minima correspond closely to A*+20p+T
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where F¢ corresponds to the first term within the brackets, 3 - ' . .
identified as the average spontaneous force along the wave | [\

propagation directiork; and Fy corresponds to the second
term, identified as the average dipole foraeis the dynamic
detuning given by

A(V)ZAO—kH~V, (23)

whereA = w— wq is the static detuning of the light from the
atomic resonance. It is easy to see thghacts as a repulsive
force provided that the detuning is positive (blue detun- 0 5 10 z 15 20 25
ing). Note also that/, the atomic velocity vector, is in the d
plane of incidence, as in Fig. 1, i.e., it has two components, FIG. 4. Variation withz (in units ofd=59 nn) of the combined
az component and' a'component'parallekgo static dipole potential) =U 4+ U;nqgeacting on a Rb atortin units
Be_SIdes the radlatlop forces given by Eg2), the_ atom AT/2, with T,=6.128<10° s7!). The static detuning is
experiences an attractive force due to the coupling of the —s5 ox 107 T, and the arrangement is for an atomic mirror with
dipole to the vacuum fields which are modifiG@élative to 5 silver film of thicknesi=59 nm but different values of angle
free spacpby the layered structure comprising the atomicof incidence. They are as followsip=42.10° (full curve); ¢
mirror. For atoms located at distances from the mirror sur—=42.20° (long dashes ¢=42.30° (short dashes and ¢=42.40°
face smaller than a reduced transition wavelengff2w the  ( dash-dots The dash-double dotted curve shows the variation
average force between the dipole and the layer structuref the van der Waals potential. In the evaluation of the
takes the form of an image ford&,.qe given by potentials, the direction of the dipole moment vector conforms with
the field-dipole orientation picture. The intensity of the incident
light is taken ad =4x 10> Wm~2 for Rb at transition wavelength
No=780 nm.

-3 L L L L

u image

J
Fimage(z) == 9z (24)

WhereU mageis the image potential. Itis well-known that this acts to repel the atom from the surface at a well-defined

potential arises as the change in the self-energy due to tr1ernin oint in the trajectory. The average dipole potential
presence of the layer structure, but it is also dependent on t ng p J y- I ge dipole p
4 IS such thatFy=—0dUy/dz with Uy having the well

average orientation of the electric dipole. It should be born
in mind that the evanscent field has no role to play in th nown form
determination of this potential, except that it is responsible
for dipole orientation. The average dipole aligns itself paral-
lel to e, a unit vector in the direction of the local evanescent Uy(z,v)= hA(V)
electric field vector. This applies at every point along the e 2
trajectory.

The leading contribution to the image potentig},,qc is
the instantaneous Coulomb interaction between the dipol¢he conventional derivation of average dipole force corre-
and its image. We write sponding to Eq(26) makes use of density matrix methods

203(2)
A%(v)+T?

. (26)

2 leading to the average forces given by E2R) emerging in
" enern-as the steady state. However, these forces can also be derived
Uimage(z)__ 3{3(6' Z)(e‘ Z)_e' e}, (25) K y ' . ! X
32meqz using entirely classical arguments on the basis of a bound

. oscillator in external field§23]. The same expressions were
wheree is in the direction of the dipole image vector. In this used in Refs[18] and[19] in connection with the experi-
image potential the addition of the metallic film has com-mental results. We therefore adopt this form of the average
pletely screened the effects of the dielectric substrate. Therdipole potential in our description of the operation of the
are clearly a number of approximations in adopting this po-atomic mirror with a metallic layer. A fuller description
tential. First the dipole motion would introduce velocity- which allows a wide range of parameters such as detuning
dependent effects, but these are assumed to be small relatiged field intensity and which incorporates fluctuations and
to the leading Coulomb potential given by E&5). Second spontaneous emission effects can be attained within the
the image potential does not discriminate between the exMonte Carlo approach, as discussed by Sededl. [24].
cited state and the ground state, while, in principle, the atom The total repulsive potential U(z,V)=Ujnaqd 2)
experiences different potentials in the two states. Third, thet U4(z,v) is shown in Fig. 4 for a typical set of parameters
form of potential does not take into account fluctuation ef-[18,19. It should be noted that the field-dipole orientation
fects. picture influences the variations of bothin,ge and Uy.

In terms of the average forces the reflection process iSince the potential profile depends on the angle of incidence
controlled by two separate mechanisms. First the spontaneb, Fig. 4 displays potential profiles for a selection of angle
ous forceF acts to accelerat@r deceleratethe atom in the  of incidence and it is seen that for silver a resonance occurs
direction ofk; and, second, the combined forBg+Finage  around¢=42.20°.
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50 . T 7 ' 7 are incident on the same sideft side of the z axis, accel-
1 /A / erates thg atom to thg right along the surface. In p_r|nC|pIe, an
4r \ ! / / \ / iy optimization of the mirror parameters can be carried out for
\\ // \ / ] specific purposes to achieve predetermined trajectories and
% sor \ \ / / \ / | in such a manner as to avoid surface collisions.
20 f \ X // \4// 1
" \ / \\// 1 V. COMMENTS AND CONCLUSIONS
v Our main aim here was the construction of a theory of
T . s 4 s s 3 evanescent mode atomic mirrors with a metallic layer. We
% have shown that this theory has the advantage of being ca-

pable of providing information about the range of layer
FIG. 5. Atomic trajectories of a Rb atom in the atomic mirror Widths, metallic electron densities, and the angle of inci-
arrangement shown in Fig. 1 with a silver layer of width 59 nm. ~ dence at which the Rabi frequency and, hence, the repulsive
The x-z plane is assumed to be the plane of incidence, with thePotential, exhibits pronounced enhancement effects. Our re-
angle of incidence of light fixed a#h=42.20°. In all cases the Sults clearly indicate that enhancement is indeed possible and
initial position of the atom is at the poink&0, z=100ad). The  we have also quantified the operation of the mirror, deriving
different trajectories correspond to the same initial condition for thethe trajectories for typical situations and thus demonstrated
horizontal component of the velocity(0)=0.054 ms *, but differ  the mirror action.
in their initial z component of velocity ,(0). They are as follows: An interesting limit of the theory is obtainable when the
v,(0)=0.2 ms* (dash-dots v,(0)=0.5 ms* (short dashes thickness of the metallic film becomes so small that it can be
v,(0)=0.8 ms* (long dashes andv,(0)=1.1 ms * (full curve).  regarded as forming a metallic sheet. This metallic sheet

The parameters are the same as those in Figs. 2 and 4. limit is characterized by a finite areal electron density
_ . ~ defined by
The trajectory of the atom of mad4 approaching a mir-

ror i'n a given set up is obtainable by solving the equation of ne=lim nyd. (28)

motion d—0
d*r ; Application of the limitd—0 (at fixed he funciti

Mo —F.t FatFor — M 2 pplication of the limitd— (at fixedng) to the functioné,

diz s ¢ Timage 9z @7 as defined in Eq(13), gives

sul_:Jject to gi_ven initial condit!on_s. Figure 5 displays typical Kyoeq [ A%KpqLg

trajectories in the plane of incidence. The parameters are E—1+i . — 1), (29

such that the spontaneous rétés taken to be the free space z1%2 w

valueI'y. This is in fact a very good approximation in the . .

trajectory region which is far from the metallic layer. The where we have sef=0; A is a scaling frequency

static detuning is taken to b&,=5x10? I';. Finally the

intensity of the light is assumed to the=4.0x 10> Wm™ 2. nee?

The low intensity regime is an appropriate regime in the A2=*— (30

context of the atomic mirrors considered here. The saturation m* €g€slo

parameter in this case &=202%/(A%+1?) evaluated at the

film surface. It is easy to check using the parameter valuewith Ly a scaling length. Note that this limit is not the same

adopted here that the saturation param&és such thatS  asd—0 in Fig. 3. Corresponding to the limit ¢fare reflec-

<1, indicating that there is no need to adopt the dressetivity and Rabi frequency expressions, as defined in E(f.

atom approach25] appropriate for the high intensity regime and (21), respectively. It can be checked that enhancement

S>1. occurs when the Rabi frequency is a maximum, which
It can be seen in Fig. 5 that the structure operates as a@mounts to a minimum ofé|? in the denominator of Eq.

atomic mirror in three of the cases displayed, while for the(21), with ¢ given by Eq.(29). In fact maximum enhance-

fourth case the trajectory of the atom terminates with a colment occurs whehé|?=1 such that

lision at the surface. An approximate guide to the condition

leading to a collision with the surface is to compare the n.e?
maximum heighU ., of the potential in Fig. 4 to the initial wzz( *S )kzl. (31
kinetic energyMv2(0)/2. Foruv,(0)>2U.,/M a colli- m* €p€;

sion occurs. This interpretation indeed conforms with the

results of the type shown in Fig. 5. Note that the reflectedThe wave vector dependence makes this similamtd the
atom trajectories are, in general, asymmetric with respect tsame asthe dispersion relation of surface modes supported
the turning point. This is a consequence of the actioffof by a metallic sheef26—28. For a finite film thickness a
which in the present example where the light and the atonmough estimate of the metallic dens'mﬂ’ is
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Com* €ge; ment occurs, provided that the metallic film thickness is not

né= 32)  too large.
O 2d[ e,sirPp— €112 32
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