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Focusing of and imaging with atoms by means of a spherical Fresnel zone plate has been observed for
the first time. An intense beam of metastable helium atoms with atomic de Broglie wavelength
ada=0. 5-2.5 A is passed through either a single or a double slit with dimensions in the 10-pm range.
This transverse intensity distribution is imaged by a Fresnel zone plate, 210 pm in diameter and with an
innermost zone diameter of 18.76 pm. For ada 1.96 A the focal length is 0.45 m. The imaging proper-
ties of the zone plate are presented and compared with numerical calculations.

PACS numbers: 42.80.Bi, 35.80.+s
In analogy to classical optics, the field of atom optics

deals with the realization of optical elements, such as
lenses, mirrors, and beam splitters for atoms. Since
atoms, unlike electrons, carry no charge and, unlike neu-
trons, do not penetrate through matter, new techniques
have to be developed to provide optics for atoms. In this
Letter we report on novel experiments in which atoms are
focused by a freestanding microfabricated Fresnel zone
plate. Making lenses for atoms available is of great im-

portance, e.g., for building a microprobe with atomic
matter waves to investigate surfaces. Such a microprobe
has the potential of achieving high spatial resolution
down to the nanometer range with minimal damage to
the investigated surfaces due to the very low atom e'ner-

gies of less than 10 meV.
Although zone plates have already been recognized as

focusing elements in 1871 [I], they have found only little
application in classical optics. In recent years, however,
microfabricated Fresnel zone plates have been applied in

x-ray microscopy [2] and in the focusing of slow neutron
beams [3].

So far, focusing of atoms has been obtained in trans-
mission by static fields (hexapole magnets, quadrupole
electrostatic lenses) or light fields [4] and through specu-
lar reflection from a curved liquid-helium mirror [5]. Re-
cently, freestanding microfabricated structures have suc-
cessfully been used for the diff'raction of atoms and also
applied in the first atom interferometers [6,7]. These re-
sults have led us to consider microstructures not only as
beam splitters, but also as focusing devices for atoms.
Microfabricated zone plates represent stand-alone sys-
tems and are therefore easy to handle. In addition, the
use of microstructures greatly facilitates the change from
one atomic species to another.

Before we present details of our experiment, let us

briefly summarize the principle of a Fresnel zone plate,
which is described in many textbooks on optics [8]. Since
the zone plate consists of alternating transmitting and
opaque concentric rings with diameters increasing like
the square root of the order of the ring, the transmission
function t can be described by

r
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with p; the incoming flux. Since the zone plate has a
finite aperture, the image of a point source is limited to a
minimum size given approximately by [9]
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In our experiments we used a commercial zone plate
[10] with the following dimensions: r

~
=9.38 pm,

2n .„„=128,and a total diameter of about 210 pm. The
thickness of this gold structure is approximately 0.5 pm.

100 pm
FIG. l. A scanning electron microscope picture of the zone

plate. The wire, 50 pm in diameter, blocks out the zeroth order
to increase the contrast in the center of the image plane.

with r„=Jn r
~

(n =0, 1, . . . , n ,„—. 1, the number of
zones being 2n „.„),r ~

the innermost zone radius, and p
the distance from the center of the zone plate. A Fresnel
zone plate therefore acts as a lens which images an object
at a distance 2 onto images at distances B„'„where2 and
B„',obey the lens equation

1 1 1 mAdg+ (2)a' f., (r, )'
Here m is any integer, denoting the order of diA'raction.
The flux into the various orders m is given by

' 2
1 sin(mtr/2)
4 mtr/2
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FIG. 2. A schematic of the experimental setup; the dimen-
sions are 8 =0.96 m and 8=0.84 m, d=210 pm, wire diameter
~v=50 pm.

A scanning electron microscope picture of the microfabri-
cated structure is shown in Fig. 1; the use of the wire in

front of the zone plate will be discussed later. A thicker
support structure is superimposed onto the rings to hold
the freestanding microstructure. These radially oriented
bars do not have significant inAuence on the imaging
properties of the lens, but reduce the total Aux of atoms
through the lens by approximately 10%. The resolution
of this zone plate is 0.4 pm for the primary focus m =1,
as given by Eq. (4).

A scheme of our experimental setup is shown in Fig. 2;
details of the atomic beam machine are given elsewhere
[11]. An intense atomic beam of helium atoms is pro-
duced by a supersonic gas expansion through a 25-pm-
diam nozzle. The ground-state atoms are then excited
into the two metastable states 2'So and 2 S~ by collinear
electron impact. After the excitation region, the beam of
metastable atoms has a velocity ratio of vo/AU=12-25,
depending on the temperature T of the gas reservoir; vo
denotes the mean velocity in the beam and hv the full
width at half maximum (FWHM) of the Gaussian veloc-
ity distribution. By cooling the gas reservoir by a vari-
able Aow of liquid helium, T could be set to an arbitrary
value between 12 and 300 K. The mean velocity of the
atoms could therefore be varied between 380 and 1800
m/sec, corresponding to a Ada=h/mvo of 0.55 A up to
2.6 A. In detailed studies of our beam parameters we ob-
served the following temperature dependence of vo and
the beam intensity I in the full temperature range:

vo(T) —= (102 m/sec) (v'T [K]) +60 m/sec, (5)

1(T)= (10 ' ' He*/sec sr) (T[K]) ' (6)
At room temperature the intensity of the beam was
around 10' (metastable atoms) sec ' sr ', the area of
the source of the metastable atoms being approximately 1

mm . A decrease in velocity and correspondingly an in-
crease in A,dz is therefore always accompanied by a con-
siderable decrease in the atomic intensity. The pressure
in the main experimental chamber was better than 6
&10 mbar. Metastable helium atoms are used since
they combine a number of advantages for experiments in O
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FIG. 3. Atomic intensity distribution in the detector plane at
T =295 K. The squares represent the experimental values while
the solid line is a fitted curve. The shaded region indicates the
scan range in Figs. 4 and 5 ~

atom optics [6].
In our focusing experiments the atoms passed through

an object structure located a few centimeters behind the
electron-impact excitation. As the object, either a single
slit or a double slit, both with dimensions in the 10-pm
range, were used and imaged by means of the zone plate,
located a distance A =0.96 m downstream (see Fig. 2).
The obtained intensity distributions were then mapped
out by transversely scanning a single slit located a dis-
tance B=0.84 m behind the zone plate; its dimensions
were 10 pm in width and 3 mm in height. The total dis-
tance 2 +8 was imposed by the dimensions of our beam
machine. Mounted on the same translation stage as the
detection slit, a secondary electron multiplier (SEM) was
used to detect the metastable atoms. The complete detec-
tion system could be moved in steps of 3.75 pm by a
stepper motor. The pulses generated by the SEM were
preamplified, discriminated against background noise,
and added up by a counter. The background noise level
without atomic beam was around 3 counts/min. We
aligned object structure and detection slit parallel to one
another to better than 2 mrad using their diffraction pat-
tern from a HeNe laser.

In order for the first-order image distance B] to coin-
cide with the distance B between the zone plate and
detection plane (for our fixed object distance A) the focal
length of the lens had to be tuned to f~ =0.45 m by
changing Ada according to Eq. (2). This corresponds to
A.da =1.96 A or a nozzle temperature of T=20 K. Using
only the primary focus for imaging, all other orders, in
particular the bright undiffracted zeroth order m =0,
contribute to an undesired background in the image plane
which reduces the image contrast. To block out this
background we adjusted a 50-pm-diam metal wire in the
center of the zone plate as can be seen in Fig. 2. In two-
dimensional imaging this technique is known as "apodiz-
ing" which is common practice in x-ray microscopy [2].
At T=295 K (Xd8=0.55 A), where the various diffrac-
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tion orders still substantially overtap in the image plane,
the "shadow" of the wire was nicely observed in the
center of the geometrical image of the zone plate aper-
ture (Fig. 3). This shadow proved helpful in locating the
image of the object structures, insofar as after cooling
down the gas reservoir the image would appear exactly at
the position where the minimum in the shadow had previ-
ously been observed. In the following studies scans have
been performed only in the shaded region shown in Fig. 3.

ln a first experiment a single 10~ I-pm slit [see inset
of Fig. 4(a)], identical to the detection slit, was used as
the object. An intensity distribution obtained in the im-

age plane at T=20.5 K is displayed in Fig. 4(a). The
transverse scan of the detection slit was done in steps of
3.75 pm with an integration time of 5 min per position.
During the scan the temperature was kept constant to
within ~0.5 K. A Gaussian on top of a parabola plus a
constant background has been fitted to the experimental
data and is displayed as a solid line; thereby, the parabol-
ic part of the signal is attributed to the remaining shadow
of the wire [see Fig. 5(a)]. This fit approach can be
justified by numerical calculations (see below). The
FWHM of this Gaussian was 18 ~ 1 pm, the error being
the standard deviation of the fitted width; this is only
slightly broader than the 16 pm predicted by our numeri-
cal calculations. Image peak visibility was better than
70% while more than 95% can be expected from the com-
putation, and the atomic flux in the intensity peak
amounted to 17% of the total particle flux through the
lens, not far from the predicted 20% [see Eq. (3)]. Be-
cause of the absorption of the zone plate and wire this

17% corresponds to only 6% of the atomic Ilux before the
zone plate. The remaining discrepancies could be due to
background gas scattering and imperfect alignment of
object and detection slits. We also have been able to
observe a third-order image of this single slit for T
=200~ 15 K (Ada=0. 66~0.03 A). For this itnage the
prediction from Eq. (2) is Ada=0. 65 A; in accordance
with Eq. (3) the ratio between fiux in the image peak and
total transmitted flux was around 1%.

To work out the imaging character of the Fresnel zone
plate, in a second experiment a self-fabricated double slit
was used as the object. Its slit distance was d2=49%-2
pm, the width of the individual slits sq =22~ 1 pm, and
its height approximately 5 mm [see inset of Fig. 4(b)].
The observed "atomic image" is shown in Fig. 4(b); the
two maxima corresponding to the two slits can clearly be
identified. The solid line is again a least-squares fit with

two Gaussians —the center-to-center distance and width
of the two Gaussians being 43+ 1 and 19~ 1 pm, respec-
tively. As is clear from the ratio of A and B in our setup
we expect an image reduced to —„' of the object size,
which is in excellent agreement with the experiment. We
have also been able to image an even narrower double
slit; under the present experimental conditions, however,
the signal-to-noise ratio became rather poor.

In order to study the dependence of the intensity distri-
bution in the detector plane on the atomic wavelength, we

investigated the transverse intensity distribution in the
detection plane for various nozzle temperatures T in the
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FIG. 4. Image of a single slit (a) and a double slit (b) at
T=20.5 K. The dots represent the experimental data and the
solid line is a fit through the data points. The slit dimensions, as
shown in the insets, are sl =10 pm for the single slit and d2 =49
pm and sq =22 pm for the double slit. BG denotes the detector
background level. The two insets give the dimensions of the
corresponding object structures (to scale).
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FIG. 5. Image of the double slit at four diAerent nozzle tem-

peratures: (a) T=295 K (X4B 0.55 A), (b) T=56 K (Ada

=1.2 A), (c) T =20.5 K (ada =1.96 A), (d) T =12.5 K (Xda
=2.5 A). The data are marked by dots and the adjusted nu-

merical calculations by solid lines. For further details see text.
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case of the double slit as the object. In addition to the
previously discussed double-slit image, Fig. 5 shows scans
for T=12.5, 56, and 295 K, where the stability of T is

better than +0.5 K during each scan. An image was

only obtained for T=20.5 K, whereas more complex pat-
terns appeared at the other temperatures.

To compare the experimental results with theory we
have performed numerical simulations of our experiment,
integrating the atomic wave amplitude along all paths
over the zone plate, including the 50-pm wire, and in-

coherently summing over all source points. The finite
width of the detector slit and the measured velocity distri-
bution have been taken into account. The numerical re-
sults were matched to the experimental values by adjust-
ing their position and a scaling factor along the ordinate.
As can be seen in Fig. 5, the simulations are in good qual-
itative agreement with the intensity distributions for the
"focusing" wavelength as well as for the structures ob-
served for other wavelengths. The discrepancies for T
=12.5 K are mainly due to the poor signal-to-noise ratio
at this low temperature.

In summary, we point out that the presented lens for
atoms exhibits convincing imaging properties and is able
to focus around 6% of the incoming particle flux. The
disturbing eAect of the zeroth order and the related de-
crease in the image contrast can be drastically reduced by
a wire in front of the zone plate or, in two-dimensional
imaging, by an apodized zone plate. Modern technolo-
gies in electron lithography allow the fabrication of struc-
tures smaller than 100 nm in size, which would increase
the area of the zone plate by more than a factor of 4. On
the other hand, more homoenergetic atomic beams would
allow one to reach the theoretical resolution given by Eq.
(4). Such atomic beams can be prepared, e.g. , by special
laser cooling techniques [121. First experiments to dem-
onstrate the two-dimensional imaging of structures below
1 pm would be further steps towards the realization of an
atomic "microprobe. "
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