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Spectroscopy of atoms confined to the single node of a standing wave in a parallel-plate cavity
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We have performed spectroscopy on sodium atoms that are optically channeled in the single node of a laser
standing wave set up across a parallel-plate cavity. Using this technique we have extended our previous
measurement of the Lennard-Jones van der Waals energy-levelSiftloghdaet al, Phys. Rev. Lett68,
3432(1992] down to a cavity width of~500 nm. We discuss the applications of this technique to the precise
measurement of atom-surface distances.

PACS numbe(s): 32.80.Pj; 03.65.Bz; 32.70.Jz

In the past decade the field of atomic physics has wit-ground-state atom in the presence of typical channeling light
nessed impressive progress in the manipulation of neutrglé=+52 MHz, S=0.01 at the antinodeIn particular, one
atoms using laser light. In particular, the optical dipole forcesees that the optical dipole force makes a channel at the
has been used to trap or channel atoms in potentials creatednter that can hold the atom in place against the atom-cavity
in one-, two-, or three-dimensional standing wave patterngorce. Andersoret al.[12] have already reported an increase
[2]. Atoms in these potentials offer a simple realization of thein the number of atoms transmitted through the cavity as a
guantum-mechanical particle in a box, and several recent exesult of confinement in such a potential. In this paper we
periments have studied the mechanical motion of such atomgport the first excitation spectra for channeled atoms.
[3—-6]. From an applied point of view there has also been We use a two-step resonant optical transition to excite the
recent interest in optical channeling for its promise in atomicatoms to a low-lyingnS Rydberg state r{=10,11,12) for
beam lithography with submicron resolutifn,8]. All these  which there is a very strong atom-cavity van der Waals in-
experiments however, involve thousands of channels or paeraction. This is well approximated by an unretarded
tential wells in typically millimeter-sized interaction regions. Lennard-Jones potentifl3] because the coherence time of
Here we study atoms in an isolated potential well. the electric dipole fluctuations is much longer than the propa-

In order to study atoms in the single node or antinode of ayation time for light crossing the cavity. The form of the
standing wave, one requires either a detector with subwavepotential is[14]
length resolution or a system in which the atoms occupy only

one such potential well. While the advent of near-field opti- B (ngd?nS) 1 1
cal microscopes with nanometer resolution might bring us U(@)=- 6meol’ S (n—22/L)3+ (n+2z/L)3)"
closer to the first option, a simple realization of the second )

possibility is a laser-light standing wave between two paral-
lel mirrors, separated by only one wavelength. In the absenogherel is the separation between the two mirrors anis
of the light a ground-state atom in such a cavity experiencesnce again the position of the atom inside the cavity. This is
cavity QED energy-level shifts due to the modification of theplotted in curvec of Fig. 1 for the 135 state of sodium.
electromagnetic field by the mirrof8,10]. Curveain Fig. 1~ Whereas the ground-state shifts are in the kHz range, the
is the potential calculated for the ground state of sodiunRydberg levels of interest here are shifted downards by sev-
between two plates separated by Qu%. Once the laser light eral hundred MHz, causing a strong redshift of the excitation
is turned on, the atom sees an additional optical dipole pospectrum.
tential [11] approximated by The experimental setup, shown in Fig. 2, is largely the
same as our previous spectroscopy experiment in wider cavi-
ties where there was no optical manipulation of the atoms
[1]. Ground-state sodium atoms from a thermal beam
(~240°0Q enter a cavity made from two plane gold-coated
where § is the detuning from resonanc8,is the saturation mirrors that are 8 mm long in the atomic beam direction and
parameter, and is the displacement from the center of the 3 cm high. They are arranged to form a wedge touching at
cavity. Curveb in Fig. 1 shows the total potential for the the bottom and separated at the top by aboun® The new
feature of this experiment is the optical channeling light,
which has a total power of about 3 mW and is detuned by
. +52 MHz from the transition 8y, r_,—3P3,r_3. This
Present address: Laboratoire Kastler-Brossel, 24 rue Lhomondight is coupled into the cavity through the partially transmit-
75231 Paris, France. ting gold-coated mirrors and is cylindrically focused to a
"Present address: Department of Physics, University of Michiganyertical waist of 600um and a horizontal waist of 9 mm
A?n Arbor, Michigan 481009. along the atomic beam axis, with its maximum at the exit of
Present address: Physics and Astronomy, University of Sussethe cavity. The height of this laser beam is adjusted to coin-
Brighton BN1 9QH, England cide with the second Fizeau fringe in the wedge so that it is
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FIG. 1. Energy-level shifts of a sodium atom in a 504-nm-wide
cavity. Curvea, ground state in an empty cavity, ground state in  are field ionized and counted using a channel electron mul-
the presence of channeling light with52 MHz detuning and satu- tiplier. An auxiliary atomic beam is used to lock the yellow
ration parameter 0.01 at the antinodes. Positive shift at the center laser to the resonance line, while Rydberg excitation spectra
due to a small traveling-wave component of the light. much  from this same beam provide a reference line against which
larger shift of the 13 state; shift displayed on the right vertical to measure the cavity shifts.
axis. Figure 3 shows on the left a typical $Excitation spec-
trum for sodium atoms channeled at the center of the cavity,
resonant with the cavity. Because the reflectivity of the goldwhile on the right is the spectrum from unperturbed atoms in
cavity wall at 589 nm is 65%, the optical field is predomi- the reference atomic beam. The shift between the two is due
nantly a standing wave whose intensity gradient produces thgrimarily to the interaction between the cavity and the Ryd-
optical dipole channel. The smaller traveling wave compo-berg atoms at its center. In the absence of the channeling
nent gives rise to a weak radiation pressure force and inducdight, no excitation signal could be detected because the
a ground-state light shift of about 140 kKincluded in Fig.  ground-state atoms were lost to the cavity walls before they
1), neither of which is significant in this experiment. Al- could reach the excitation region. The line from the atoms in
though the wavelength of the light is 589 nm, the width ofthe cavity is inhomogeneously broadened by a stray electric
the cavity at this point is~504 nm because there is a phasefield due to the random patch potentials on the gold surfaces.
shift associated with the imperfect reflectivity of the gold The patch size is comparable with the 30-nm thickness of the
walls (see Ref[1]). gold coating and the patch potential is of order 100 fi¥].
Approximately 200um before leaving the cavity, the at- Since the atoms at the center of the cavity “see” a region of
oms encounter two superimposed laser beams, one yellomughly 100 patches on each side, the typical potential dif-
(A4=589 nm and one blue X,~425 nm), which excite ference is of order 10 mV. The corresponding electric field is
them to a Rydberg stateS (n=10, 11, or 12 through the a few hundred V/cm, which varies randomly with a correla-
two-step resonant proces$3-3P—nS. These laser beams tion length comparable to the Oggm spacing of the mirrors.
are focused to a waist of 300m and are adjusted to be at The Gaussian distribution of patch potentials leads to an ex-
right angles to the atomic beam so as to eliminate the firstponential distribution of Stark shifts over the 3@®a region
order Doppler effect. Most of the excited atoms are stronghilluminated by the excitation light. The solid line in Fig. 3 is
attracted to the walls by the van der Waals forcEU ;[see  a convolution of Lorentzians with an exponential distribution
Eqg. (2) and Fig. 1, curvec] and are lost from the beam. of Stark shifts, chosen to fit our data. First, we find the ho-
However, those located within-40 nm[15] of the center mogeneous linewidtftypically 20 MHz due to power broad-
can emerge from the cavity and enter a detector where thegning from the high-frequency edge of the excitation spec-
trum. Next, the mean Stark shift is chosen to reproduce the
shape of the rest of the line, and corresponds typically to a
S0l o, patch field of 250 V/cm. Although the patch fields produce
S an appreciable tail on the red side of the line, there is very
............ little shift of the peak because the most probable Stark shift
"""" is zero. Finally, the van der Waals shift is adjusted to obtain
the correct position of the spectrum relative to the referencee
line. We estimate that the uncertainty in the van der Waals
shift determined by this procedure is abaul0 MHz.
In Fig. 4 we present the data from two sets of experimen-
s tal runs, seriea andb. In both cases the cavity widthwas
set close to 504 nm. The horizontal error bars are estimated
FIG. 2. Schematic view of the apparatus. at =30 nm, mainly due to the uncertainty in positioning the
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of seriesa are systematically stronger than expected, while
-400 + . . . .
a those of seried are weaker. We attribute this to different
-5001 cavity widths in the two sets of runs due to a small change in

the vertical placement of the spectroscopy laser be@es

FIG. 4. Measured energy level shifts for3011S, and 13  Fig. 2). This results in a discrepancy of tens of MHz in the
states as a function of cavity width. Labedsand b mark two ~ measured shift because the gradient of the van der Waals
different runs at 504-nm cavity width. Data for larger cavity widths potential is so steep. Figure 5 shows the shifts measured in
are reproduced from our earlier publicatiph]. Solid curves are  this work as a function of the mean square electric dipole
theoretical predictons of the Lennard-Jones theory for an atom %oment(n3d2|n8) together with least-squares straight-
the center of a paraliel-plate cavity. lines fits constrained to go through the origin. It is clear that
the two series of runs belong to lines of different slope. Us-

spectroscopy laser beams on the center of the Fizeau fringl%g Eq. (3), we determine from these slopes that the cavity

We have also included our earlier data points obtained in g : . :

variety of larger cavity widths without any channeling. There?iv\'/gtlcs were 4567) and 5217) nm in seriesa andb, respec

is moderately good agreement between these new measure- |:nay be possible to extend this technique to study the

ments (labeleda and b) and the Lennard-Jone_s pqtentlal distribution of atoms in the optical channel and their distance

(solid curve3 for an atom at the center of the cavity given by from the walls if, instead of detecting the production of

7¢(3)(nSd¥nS) Rydberg atoms, we measure the loss of ground-state atoms

- 3 , (3) due to Rydberg excitation in the cavity. In that case the line
24me ol will be inhomogeneously broadened by the van der Waals

shift and the shape of the line will give direct information

where{ is the Riemann fun(_:t|on. The new results can thusabout the atomic wave function in the channel provided the
be regarded as an extension of our measurement of t

Lennard-Jones van der Waals interaction to the smaller ato satch fields are sufficiently small. Similarly, a standing wave
X with several nodes should then give rise to spectra with sev-
surface distance of 252 nm.

An equally interesting point of view, however, is that we eral features corresponding to atoms in different optical

can reasonably assume the validity of the Lennard-Jones pcc):_hannels.

tential, then instead of testing it we can use it as a tool to This work was supported by the National Science Foun-
measure the cavity width. For example, in Fig. 4 the shifts dation. We thank M. G. Boshier for helpful discussions.
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