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ABSTRACT We report on a direct spatial profile measurement of optical field intensity
issuing from subwavelength slits flanked by periodic grooves and fabricated on a thin
metallic layer. This type of structure is of interest for the manipulation of cold atoms
by optical potentials near surfaces.

PACS 32.50.+d; 42.79.Gn

1 Introduction

Recently the use of micro-
and nanostructures to generate mag-
netic and electro-magnetic fields useful
for the manipulation of atoms near sur-
faces has been widely recognized and
is developing rapidly [1]. The interest
in optical fields is twofold: first, field
gradients of unconventional size and
shape can be tailored to capture, trap,
and transport atoms, either singly [2] or
collectively [3]. Secondly, tapered op-
tical fiber structures can be designed to
integrate the capture, and precise place-
ment of atoms on surfaces in controlled
deposition [4] or for experiments in
quantum information [5]. Several re-
search groups are actively investigating
the tailoring of these fields based on
refraction [6], reflection [7], and diffrac-
tion [8]; and because the fields of in-
terest are in the near- or intermediate
field regime, it is important to develop
methods for directly measuring and
mapping field or intensity distributions.
The use of leakage radiation from metal
film/glass interfaces [9] and organic dye
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molecules [10] as fluorescence markers
have been reported.

Here we describe the use of atom
beam fluorescence to measure a spa-
tial profile of the highly confined and
collimated optical field issuing from
a subwavelength slit milled by a fo-
cused ion beam (FIB) into a thin metal-
lic layer deposited on a glass substrate.
This technique measures optical inten-
sity distributions in the far field; and
therefore, unlike near-field scanning tip
microscopies, is subject to diffraction-
limited spatial resolution. It has, how-
ever, the advantage of rapidly produc-
ing a quantitative global intensity map
since the relation between gas-phase
fluorescence and atom photoexcitation
are simple and well-understood. It also
has some advantages over the use of
dye molecule films: bleaching or op-
tical pumping into dark states can be
avoided and the fluorescence rate is
not a sensitive function of the atom–
surface distance, at least to within the
5 µm resolution of these measurements.
Subwavelength slits flanked by periodi-
cally spaced grooves in the metal layer

have been shown to produce propagat-
ing light, highly confined transversely
and “beaming” perpendicular to the
structure plane [11–13]. The profiling
technique reported here enables the in-
vestigation of the beaming intensity dis-
tribution in the far field as a function
of groove parameters, their number and
spacing.

2 Apparatus description

Figure 1 shows a schematic
diagram of the experiment. A thermal
oven source heats a Cs metal reservoir to
∼ 370 K. Through an output nozzle, the
Cs atomic beam effuses through a long
narrow tube 36 mm in length, 1.6 mm
diameter. The long aspect ratio of the
nozzle acts as a mechanical precolli-
mator for the atom beam that subse-
quently passes through a zone of trans-
verse optical molasses [14]. Cooling of
the atomic transverse velocity compo-
nents results in a very “bright” [15] Cs
atom beam along the z direction, highly
collimated to a divergence < 1 mrad.
The optical molasses zone also leads to
some slowing and cooling of the longi-
tudinal velocity components as can be
seen in Fig. 2. The collimated atom flux
then passes in front of and parallel to
a planar subwavelength slit structure, il-
luminated on the back side by a focused
laser and from which issues on the front
side a highly collimated light field prop-
agating along x, perpendicular to the
atom flux. The laser beam is linearly po-
larized perpendicular to the long axis of
the slit.

The subwavelength slit structure is
shown in Fig. 3. It consists of a silver
layer 415 nm thick deposited on a glass
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FIGURE 1 Atomic cesium beam effuses from a thermal oven and is collimated by transverse optical
molasses cooling to a divergence of less than 1 mrad with a forward flux density of � 1012 cm−2 s−1.
A monomode cw laser beam, tuned to the Cs D2 resonance line, impinges on the back plane of the
nanostructured slit. Highly collimated “beamed light” propagates from the front plane of the slit and
crosses the atomic beam at right angles. The resulting fluorescence profile is imaged by the microscope
objective onto a CCD camera with 5 µm per pixel resolution

FIGURE 2 Cs beam longitudi-
nal velocity distribution with and
without the collimating optical
molasses present. The narrowing
of the longitudinal distribution
clearly shows evidence of cool-
ing in the presence of the trans-
verse optical molasses

FIGURE 3 Scanning electron microscope image
of the nanostructured silver layer. The layer is
415 nm thick and deposited on a glass substrate.
The central slit is 100 nm wide and 50 µm long,
flanked on each side by 10 grooves separated with
a period of 830 nm. The groove dimensions are
460 nm width and 130 nm depth

substrate. FIB milling is used to fabri-
cate a central slit (100 nm width, 50 µm
length) flanked by 10 grooves on each
side. The groove period is 830 nm and

the groove width and depth (460 nm and
130 nm, respectively) have been opti-
mized for maximum intensity far-field
“beaming” at the Cs resonant wave-
length of 852 nm.

The laser illuminating the slit from
the back is tuned over the Cs2S1/2 ↔
2 P3/2 transition producing a fluores-
cence profile of the intensity distribution
issuing from the front side of the pla-
nar structure. With the laser tuned to the
center of the resonance line, we have
measured the fluorescence intensity as
a function of laser intensity to ensure
that the excitation is always in the weak
linear regime and does not approach sat-
uration. The fluorescence is collected by
a microscope objective (N.A. 0.28, re-
solving power 1 µm) mounted above the
plane; and, after passing through a po-
larizing beam splitter to filter scattered
light from atomic fluorescence, is fo-
cused onto a CCD camera. The depth

of focus was independently measured
to ensure that light collection over the
50 µm slit length did not degrade the
spatial resolution of the optical system.
The overall profile resolution is 5 µm
per pixel.

3 Profile analysis

Figure 4 shows a spatial and
intensity profile issuing from the slit
structure of Fig. 3 with 10 grooves on
each side, and Fig. 5 shows the profile
for a similar structure with 30 grooves.
With the 30-groove structure the diver-
gence of the "beaming" is reduced by
about a factor 2.5 and the intensity in-
creased by about 40%. Figure 6 sum-
marizes the results for the measured an-
gular beam divergences from structures
fabricated with 10 to 30 grooves on each
side of the slit. In order to infer the true
width and divergence of the propagat-
ing field from the fluorescence map, sev-
eral factors must be taken into account.
The most important of these is the ef-
fective Doppler broadening due to the
light beaming direction k(r) and lon-
gitudinal velocity distribution v‖ in the
atomic beam. The differential fluores-
cence rate d�∗(r), proportional to the
atom excited state distribution at fixed
laser frequency ωL and velocity v‖ is
given by,

d�∗(r) ∝ (1)

Ω2
0(r)/4{

(∆ω−k(r) v‖)2+
Γ 2/4 +Ω2

0(r)/2

} f(v‖)dv‖dωL

where �Ω0 = µ E is the dipole inter-
action energy between the atomic tran-
sition moment µ and the optical field
E, ∆ω = ωL −ω0 is the laser detun-
ing from the optical transition resonance
frequency ω0, Γ the natural width of the
atomic transition, and f(v‖)dv‖ the atom
beam velocity distribution. The term
Ω2

0(r) is proportional to the intensity of
the “beaming” field propagating from
the slit structure. The factor k(r) v‖ is
the effective first-order Doppler detun-
ing arising from the far-field divergence
of the light beam propagation vector k
intersecting an atomic beam velocity
component v‖. The spatial fluorescence
map proportional to the intensity distri-
bution of the emitting nanostructure, is
given by,
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FIGURE 4 Atomic fluorescence map �∗(r) of the optical intensity spatial distribution issuing from
the nanostructured slit flanked by 10 grooves on each side. The exciting laser is scanned over the Cs
D2 resonance line. The intensity scale is normalized to the maximum. Each pixel of the CCD image
corresponds to 5 µm

FIGURE 5 Atomic fluorescence map �∗(r) of the optical intensity spatial distribution issuing from the
nanostructured slit flanked by 30 grooves on each side. Note the marked decrease in divergence com-
pared to the structure with ten grooves. The intensity scale is normalized to the maximum. Each pixel of
the CCD image corresponds to 5 µm

FIGURE 6 Measured an-
gular divergence (mrad) as
a function of the number N
of flanking grooves for the
slit structures of Fig. 3

FIGURE 7 Transverse cut
(along z axis) of the light
beam issuing from a slit
flanked by 20 grooves on
each side of the same pitch,
width, and depth as shown
in Fig. 3. The cut was meas-
ured at a distance of 5 mm
along the x axis, perpen-
dicular to the slit structure.
The inset shows a detail of
the supernumerary structure,
indicated by arrows, adja-
cent on each side of the main
light beam

�∗(r) ∝∫
dωL

∫
dv‖

Ω2
0(r)/4{

(∆ω−k(r) v‖)2+
Γ 2/4 +Ω2

0(r)/2

} f(v‖)

∝ Ω2
0(r)×

+∞∫
0

dωL

+∞∫
0

dv‖
1/4{

(ωL −ω′
0)

2+
Γ 2/4

} f(v‖)

(2)

∝ Ω2
0(r)

π

4Γ

+∞∫
0

f(v‖)dv‖ (3)

where in (2) we have defined ω′
0 = ω0 −

k(r) v‖, the resonant frequency for an
atom excited by beaming light in di-
rection k(r) at fixed v‖. The last term
in the denominator Ω2

0(r)/2 has been
dropped because under our experimen-
tal conditions this term is always small
compared to the sum of the others. In
the experiment the atomic fluorescence
is integrated while the laser frequency
ωL is tuned over the entire Doppler dis-
tribution, and (2) and (3) show that the
integrated fluorescence profiles �∗(r),
of Figs. 4 and 5 are directly propor-
tional to the spatial intensity distribu-
tion of the field, Ω2

0(r), emitted by
the structured slits. The integrated vel-
ocity distribution in (3) (such as the
one shown in Fig. 2) simply contributes
a constant factor to the proportional-
ity between atom density and the field
intensity.

Another factor limiting the vertical
resolution in Figs. 4 and 5 is the atomic
fluorescence lifetime, � 30 ns for Cs. As
the fluorescing atoms exit the optical
field with a peak velocity � 150 ms−1,
(see Fig. 2) they will travel � 4.5 µm be-
fore relaxing to the ground state. This
fluorescence time delay is not readily
discernable in Figs. 4 and 5 because the
image resolution on the CCD camera is
5 µm per pixel.

The light emanating from these slit
structures is not always spatially uni-
form. Figure 7 shows a profile cut along
the z axis of a light beam issuing from
the same type of slit structure as shown
in Fig. 3 but with 20 grooves on each
side. The clear evidence of shoulders in-
dicates that the principal beaming light
is flanked by side lobes. A study of these
supernumerary structures will be pre-
sented in a future publication.
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Other forms and arrangements of
structures can be readily fabricated. For
example, grooves that are not evenly
spaced but regularly increase their pitch
may serve to focus light in front of
the slit rather than to simply collimate
it. Two dimensional structures such as
round holes surrounded by concentric
rings will give rise to collimated and
focused light in two dimensions. The
optical potential gradients generated by
these structures can be used for cold
atom trapping and manipulation. The
structures themselves can be fabricated
in one- or two-dimensional arrays, ei-
ther on glass substrates or as free stand-
ing metallic membranes.

4 Summary of results

We have reported here a new
technique for mapping the spatial and
intensity distribution of fields ema-
nating from nanostructured subwave-
length slits in thin metallic layers de-
posited on transparent substrates. These
fields result from the superposition
of a weak field component directly
transmitted through the slit and field
components due to the excitation of
evanescent surface waves originating
at the slit and their subsequent ree-

mission from the flanking grooves. We
have observed that the divergence of
the resulting “beaming” light decreases
from 80 mrad for a 10-groove struc-
ture to 30 mrad for 30-groove structure
and that supernumerary lobes some-
times appear adjacent to the main beam.
Further systematic studies of diver-
gence and intensity as a function of
groove number and distance from both
slits and holes should help to char-
acterize the properties of the surface
waves launched from the subwave-
length structure.
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