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Long-range atom-surface bound states
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Laboratório de Fı́sica Atômica e Lasers, Departamento de Fı´sica, Universidade Federal da Paraı´ba, João Pessoa, PB 58051-970, Braz
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We study the photoassociative process betweencold atoms and a surface. A mechanism to confine free cold
atoms in a planar waveguide, characterized by the long-range atom-surface van der Waals potential and based
on radiative transitions, is presented. We propose that the vibrational states of this potential can be probed by
reflection spectroscopy, giving information about theC3 van der Waals coefficients.

PACS number~s!: 42.50.Vk, 03.75.Be, 39.10.1j
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The successful use of laser light to control the exter
degrees of freedom of neutral atoms@1#, slowing them down
to the recoil limit, permits one to obtain atoms with de Br
glie wavelength comparable to the optical wavelength. T
opens the way to new experiments in fields such as nonlin
optics, atomic collisions, and metrology, as well as to n
domains such as Bose-Einstein condensation in vapors@2#
and atom optics@3#. In atom optics, laser light has been use
or proposed to be used, to reflect or diffract matter wave
even to confine atoms in two-dimensional~2D! waveguides,
as for example in the recent articles on planar@4#, cylindrical
@5#, and spherical@6# waveguides using evanescent wav
Lately a planar waveguide has been proposed utilizin
static magnetic field@7#, which unlike the previous ones
does not induce heating of the atomic sample by spontan
emission. For processes that take place close to the surfa
distances shorter than the optical wavelength, it is very
portant to consider the atom-surface van der Waals inte
tion. For instance, atom mirrors based on the dipolar force
an evanescent wave present a difference of more than 60
their barrier height which is attributed to the van der Wa
interaction@8#. Despite its importance, only a few measur
ments have been performed to obtain theC3 van der Waals
coefficient in the2C3 /z3 surface potential for thelowest
resonantlevels @9,10#, which may be a consequence of th
experimental difficulties to control atom-surface distan
@11,12#. In measurements with atoms in the ground state
mechanical effects are ‘‘contaminated’’ by the unavoida
z24 dependence of the Casimir term@13#. For Rydberg states
~‘‘large’’ atoms! precise measurements of the van der Wa
surface interaction has been made by the Yale group@14#.

Currently, atoms at temperatures below 1 mK are ea
obtained with present cooling techniques, which allows o
to consider new dynamic regimes for interatomic collisio
@15#, already observed in cold atoms photoassociation@16#
and in the formation of long-range cold molecules@17#. In
this paper we study the interaction between atoms wit
large de Broglie wavelength and a dielectric surface via
van der Waals potential. The transfer induced by Ram
transition of free cold atoms to the bound states of the s
face well is considered. We calculate the efficiency of
loading mechanism and discuss a possible optical techn
to probe the energy of these vibrational states.

*Electronic address: oria@otica.ufpb.br
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The atom-surface potential is considered to be the sum
the long-range van der Waals attraction and a short-ra
exponential repulsionV(z)5Ae2az2C3 /z3, wherez is the
coordinate normal to the surface, whileA anda are constants
of the short-range potential@18#. The van der Waals attrac
tion is the predominant interaction for distances smaller th
l/2p from the surface@19#, as considered in this work. In
Fig. 1 we show the short-range repulsive, van der Waals
the resultantV(z) potential forms. In order to determine th
atomic center-of-mass wave functions and their energies
numerically solve the one-dimensional~1D! Schrödinger
equation:

2
\2

2m

d2C~z!

dz2
1V~z!C~z!5EC~z! ~1!

for cesium atom parameters. We use 2 kHz (mm)3 and 4
kHz (mm)3 as the van der WaalsC3 coefficients for the
6S1/2 ground state and the 6P3/2 excited state, respectively
as extrapolated from measurements on a sapphire win
@10#. Long-range bound-state eigenvalues with their resp
tive atomic center-of-mass wave function, obtained from
numerical solution of the Schro¨dinger equation, are dis

FIG. 1. Atom surface interaction potential for a dielectric and
neutral atom as a function ofz. The solid, dot-dashed, and dashe
lines correspond to the short-range repulsive, van der Waals,
resultant interaction potentials, respectively, forA5431013 Hz,
a523109 m21, and theC3 values given in the text.
©2000 The American Physical Society10-1
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played in Fig. 2. Obviously the deeper levels strongly dep
on the strengthA and rangea21 of the short-range interac
tion. However, due to the asymmetry of the potential,
upper states are much less sensitive to the short-range r
sive potential parameters as we can see in Fig. 3, where
display the energy of the states in the interval betwe
225 MHz and21 MHz for a wide range ofA anda values.
Since the energy levels remain almost unchanged for
entire range considered, by fitting energy spacing meas
ments of the long-range vibrational levels, one is able
obtain theC3 van der Waals coefficient@20#.

Let us now consider a loading process scheme:

surface1Cs1hn → ~surface!Cs* ,

~surface!Cs* → ~surface!Cs1hn8,

which describes the photoassociative formation of an exc
bound state and its deexcitation to an atom-surface electr
ground state. In fact to populate such atom-surface lo
range states we consider cold Cs atoms near a dielectric
face interacting simultaneously with two resonant lasers
frequenciesn andn85n1dn, as shown in Fig. 2. The inci
dent lasers direction is normal to the surface and con
quently the induced dipoles are parallel to the surface.
complete atomic wave function can be written as a lin
combination of the product states,

uC~ t !&5(
i 51

Ng

ci
g~ t !uc i

g& ^ ug&1(
j 51

Ne

cj
e~ t !uc j

e& ^ ue&, ~2!

where$ucg&,uce&% are solutions of Eq.~1! with i and j run-
ning over theNg ground andNe excited states, respectively

FIG. 2. The Cs-dielectric surface potentials and their wave fu
tions, corresponding to 6S1/2 and 6P3/2 cesium states for the fre
atom. The vibrational levels are obtained forA5431013 Hz and
a523109 m21. The arrows represent the laser of frequencyn
coupling the statesuc f ree

g & and ucv8
e & and the laser of frequencyn

1dn coupling the statesucv8
e & and ucv

g&, resulting in aL configu-
ration Raman transition.
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In the interaction picture, and taking into account t
rotating-wave and dipole approximations, the semiclass
Hamiltonian is

H5\(
l

(
i , j

$V lai
†aje

i (v l2v i j )t1V l* aj
†aie

2 i (v l2v i j )t%,

~3!

wherea (a†) is the vibrational state annihilation~creation!
operator, andV l is the Rabi frequency of the laserl. Con-
sidering that the potential well is very deep, a quantu
Monte Carlo simulation to observe the temporal evolution
a wave packet is computationally impractical. Instead,
numerically solve the time-dependent Schro¨dinger equation,
with atoms initially in a free ground state which is also s
lution of Eq. ~1!, using the asymptotical (z→`) momentum
pi . Likewise for typical cold atomic samples this state ha
momentum dispersion of just a few\k, the conclusions ob-
tained here being realistic. The number of ground and
cited states considered in each calculation depends on w
levels are chosen to be resonant with the lasers, i.e., it
pends on the relation between the laser Rabi frequencies
vibrational levels energy spacing and the excited-states l
width G. In this calculation all states displayed in Fig. 2 a
taken into account and we used values ofG/2p55.3 MHz,
andk52p/l, with l5852 nm, which correspond to theD2
Cs transition. The laser of frequencyn is set to be resonan
with a free stateuc f ree

g & to an excited bound-stateucv8
e & tran-

sition, where the excited-state separation to the neighbor
els is larger than the linewidthG of these states. The laser o
frequencyn85n1dn is set to be resonant with the excite
state ucv8

e & to a ground bound-stateucv
g& transition. We

choose the lasers to couple the statesuc f ree
g & and ucv

g& via a
Raman transition, so that these states are well separated
the lasers do not interact with the same levels. Since the o
free state we take into account is the initial state of the

FIG. 3. Dependence of the eigenvalues in the range225 to
21 MHz as a function of the repulsive short-range potentialAe2az

parameters:~a! for A5431013 Hz and a523109 m21(3), 1
3109 m21(s), and 43108 m21(1); ~b! for a513109 m21 and
A 5 431015 Hz(3), 431017 Hz(s) and 431019 Hz(1).
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coming atom, we suppose that the spontaneous emission
always drive the atom out of the set of states$ucg&,uce&% we
are considering, i.e., we neglect the contribution of spon
neous emission to the ground bound-state population. Th
fore the total populationP(t)5( i 51

Ng uci
g(t)u21( j 51

Ne ucj
e(t)u2

will not be preserved.
The temporal evolution of the normalized population

the free, ground, and excited states involved in theL system
is shown in Fig. 4 for the Rabi frequenciesV15V254G and
initial atomic momentum 25\k. The dynamic is then only
considered up to 1ms, the time by which the atom class
cally would leave the region of interaction. If instead
initial wave-packet distribution were considered, a sma
interaction time would be compensated by a larger ove
between the free and the excited wave functions. Qua
tively this loading dynamic is equivalent to the interatom
long-range photoassociation@15–17#. The main difference
for the ground atomic state is that the van der Waals po
tial varies as 1/r 3 for the interaction with the surface and a
1/r 6 with another ground-state atom.

The population transfered to the bound ground state
creases until it reaches an almost stable value avera
20%. This efficiency as a function of the saturation para
eters52V1

2/G2 for V1
25V2

2 is shown in Fig. 5. The maxi-
mum transfer rate obtained being for the saturation param
s532. Turning the lasers off after trapping, we obtain tigh
confined atoms, if compared with traps using typical opti
potentials, with no heating induced by spontaneous emiss
Atoms on these vibrational states are confined in a 2D wa
guide, where the binding energies and the energy spa
depend on how deep the atoms are in the surface well.
results obtained for the long-range states are of the s
order of magnitude as in the recent proposition of a st
planar magnetic waveguide@7#: the energy separation range
from few to tens of MHz, and the ‘‘bond length’’ is of th
order of 50 nm.

FIG. 4. The temporal evolution of the population for each
three states involved in the Raman transition: the free ground s
uc f ree

g & ~dashed line!, the bound ground stateucv
g& ~continuous line!,

and the bound excited stateucv8
e & ~dot-dashed line! populations.
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To discuss the optical observation of such atom-surf
bound states one should consider two main aspects of
surface condition: its roughness and temperature. To ana
the actual nature of the surfaces we will refer to the theo
ical and experimental results on atomic beam diffract
from solid surfaces@21#. For the mechanism discussed in th
paper to load neutral atoms in the surface well we have c
sidered the surface of an ideally planar crystalline transpa
dielectric. As usual, we can separate the atomic cente
mass coordinates in parallel and perpendicular to the surf
r5(R,z), with R5(x,y). So, to describe the atomic propa
gation in the van der Waals surface waveguide one sho
take into account the surface roughness, which results
band structure for the motion in the (x,y) plane, parallel to
the surface@22#. Here, nevertheless, the origin (z0) for the
V(z) potential is an average value of the distance to
atomic center of mass@18#, i.e., we neglect the surface co
rugation in the expression of the wall potential. This is ind
rectly justified by the very low sensitivity of the nea
dissociation energy levels with the short-range poten
parameters, as discussed above~cf. Fig. 3!. Even for atoms
coupled into deeper states~closer to the surface!, their wave
packet at temperatures below 1 mK@23# is larger than the
solid interatomic distances, and therefore, larger than the
face corrugation@24#. With respect to the surface temper
ture, in our calculations, it was ideally taken asT50. Mean-
while, we believe that the bound states between cold ato
and a TÞ0 surface may be observed. At first glance,
observe bound states on a surface one may consider the
temperatureT, such thatkBT is less than the energy-leve
separation. For the near-dissociation levels treated here
means surface temperatures of the order of 1 mK, wh
represents very hard experimental conditions. Neverthel
to observe these bound states we do not need the ato
stay indefinitely physisorbed on the surface and, in fact,
signature of bound states was observed in atomic diffrac
experiments for finite temperatures of the surface@25#. De-
spite sticking studies having been done essentially for li

f
te

FIG. 5. Efficiency of the loading process as a function of t
saturation parameter. The maximal transfer rate of 20% is obta
for V54G.
0-3



es

e

a
e

as
m
h
is

y
ce
co
on

at
om
v

th
s

th
o

he

e. In
rac-
sity
s
p

the
van
ing
als
tial
a-
and

als
lly
ich
face

.

for
w-
tos

7

E. G. LIMA et al. PHYSICAL REVIEW A 62 013410
atoms @26#, the atomic interaction with the surface mod
can be described by@27# (kf k(r )(bk

†1bk), wherek indicates
the sum on all phonon modes involved,f k are the coupling
constants, andb† ~b! are the phonon creation~annihilation!
operators respectively. It was obtained that desorption is
sentially due to one-phonon processes@28#. To be observed
by the optical techniques proposed here, the bound-st
lifetime must be of the order of optical transitions lifetim
and this seems to be possible at wall temperatures e
attained in most of the laboratories. Obviously, for high te
peratures, only the deeper states will have a lifetime t
would allow their observation. In this case the technique d
cussed here to measure theC3 van der Waals coefficient ma
be less precise@29#. In order to observe atoms in the surfa
bound states, besides the surface thermal excitations
pling, it would also be important to consider the surface c
tamination condition@30#.

To optically probe quantum levels of the physisorbed
oms it is essential to be able to distinguish between the at
at distances from the surface of less than one optical wa
length, the range of the van der Waals potential, from
other atoms of the cold vapor, usually a cloud of, at lea
tens of micrometers@11,12#. Starting from a cold atomic
sample very close to a dielectric window and loading
surface well by the Raman process described above,
could use selective reflection~SR! spectroscopy@31# to
probe the vibrational levels. The SR signalFSR arises from
the resonant contribution of the atomic dipolesp(z) to the
Fresnel reflection at a dielectric-atomic vapor interface,

FSR~v2vge!}E
0

`

dze2ikzp~z!. ~4!
-A

n,

tt

,

tt.
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Notice that although the integral is calculated over t
whole half-space of the vapor (z>0) only the atomic dipoles
in a layer of thicknessl/2p significantly contribute to this
reflection signal@32#. This spatial selectivity turns the SR
particularly adapted to explore processes near an interfac
general one can distinguish between atom-surface inte
tion, whose SR signal is linearly dependent on the den
n5Nat/(l/2p)3, and the interatomic collisional effect
which depend onn2. Considering a magneto-optical tra
~MOT! @33# as the source of atoms, the conditionn!1 is
easily satisfied for all atoms in the probed region, under
van der Waals potential. Previous measurements of the
der Waals shift on atomic lines have been realized, prob
by SR atoms with positive energies in the van der Wa
potential, i.e., in the continuum of states of the well poten
~see Fig. 2! @34#. The SR spectra calculations for the vibr
tional levels of physisorbed atoms are being performed
will be published elsewhere.

In conclusion, long-range bound atoms in a van der Wa
surface potential is of multiple interest: as a dimentiona
simple ~1D! photoassociative system; as a system in wh
we can measure the strength of the van der Waals sur
forces on the atoms; and as a ‘‘natural’’~intrinsic! static
waveguide for atoms in a plane very close to the surface
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