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Near-field imaging of atom diffraction gratings: The atomic Talbot effect
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We have demonstrated the Talbot effect, the self-imaging of a periodic structure, with atom waves. We have
measured the successive recurrence of these self-images as a function of the distance from the imaged grating.
This is a near-field interference effect, which has several possible applications that are discussed.
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Classical wave optics recognizes two limiting cases, the
near and the far field. As the field of atom optics evolves, it
is natural to expect interesting developments in both regimes.
To date, developments in diffractive atom optics have been
concentrated in the far-field regime [1], in which the optical
element may be regarded as imparting particular momenta to
the atom wave, thereby directing it toward a set of final
directions. This is usually accomplished by the absorption of
pairs of photons or by diffraction from fabricated structures
with locally periodic structure [2]. In the far field, the inten-
sity pattern of the beam is characterized by Fraunhofer dif-
fraction in which the curvature of the atom wave fronts can
be neglected. In the near field, however, the curvature of the
wave fronts must be considered, and in this case the intensity
pattern of the beam is characterized by Fresnel diffraction.
Of interest in this paper is a remarkable class of near-field
phenomena —the self-imaging of a periodic structure known
as the Talbot effect.

Self-imaging of a periodic structure illuminated by quasi-
monochromatic coherent light is well known in classical op-
tics and has many applications to image processing and syn-
thesis, photolithography, optical testing, and optical
metrology [3].This effect is also well known in the field of
electron optics and has many applications to electron micros-
copy [4]. It was first observed by Talbot in 1836 [5] and later
explained by Rayleigh in 1881 [6].Rayleigh showed that for
a periodic grating illuminated by plane waves, identical self-
images of the grating are produced downstream at observa-
tion distances that are integral multiples of LT,»„=2d /X,
where d is the grating period, X is the wavelength of the
incident radiation, and LT,&», is known as the Talbot length.
Later workers [7—9] showed that identical self-images, later-
ally shifted by half a period, are also produced at distances
midway between those explained by Rayleigh and that other
images with smaller periods d/n (n=2, 3,4. . . ) are pro-
duced at intermediate distances.

The basic Talbot effect can be understood by considering
the image formed at QT, tt,„, as shown in Fig. 1. For this
case, the path-length differences between different openings
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in the grating to a point on the observation plane along the
optical axis are integer multiples of X, and hence an image is
formed with the same period as the grating but laterally
shifted by half a period. The existence of spatial structure
with the period of the grating is also expected downstream of
the grating because this region contains overlapping waves
whose momenta differ by the reciprocal grating vector. Full
treatment of the problem, including predictions of the posi-
tions and contrast of the subperiod images, requires solving
the Fresnel diffraction problem with more formal techniques
[3]

Here, we present measurements of the contrast of succes-
sive self-images with atom waves using transmission grat-
ings with two different periods, 200 nm and 300 nm [10].
After discussing the apparatus, procedure, and results, we
point out the use of Talbot images for checking grating co-

L Talbot /

FIG. 1.A simple model illustrating the self-imaging of a grating
illuminated by plane waves. It is readily shown that the path lengths

s„ from an opening on the grating to the point P are given by
s„=so+n(n+1)X/2. Hence, any two path lengths differ by inte-

gral multiples of X, resulting in an intensity maximum at P and, by
symmetry, at the other indicated points.
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FIG. 2. Schematic of the experimental apparatus. The distance
between the two gratings, z, can be varied from 3.5 to 13.5 mm.
The lateral position of the second grating is scanned using the PZT.
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herence and suggest a scheme for their use in direct-write
atom lithography.

A schematic of the experiment is shown in Fig. 2. Illumi-
nating the first transmission grating by a collimated atom
beam produces Talbot self-images of the grating down-
stream. To detect these images, a second transmission grating
is placed downstream to mask the image. If the period of the
second grating matches that of the image, it will alternately
block and transmit the image as it is laterally scanned, and
the total transmitted intensity measured by the detector will
display a moire fringe pattern with respect to the lateral po-
sition of the second grating. We measure the contrast of these
moire fringes as a function of the separation between the two
gratings. In this experiment, we used gratings of the same
period for the first and second gratings and hence expect to
see high contrast fringes for grating separations that are half-
integral multiples of LT»», .

The atomic-beam system used for this experiment is the
same used for our atom-interferometer studies and has been
recently described elsewhere [10—12]. We use a well-
collirnated sodium beam produced by a seeded supersonic
source with argon as the carrier gas. Hearn collimation is
provided by two 20-p, m slits separated by 85 cm, yielding a
ribbon-shaped beam approximately 20 p, m wide by a 0.5
mm high with a beam divergence of 23 p, rad. The sodium
beam propagates through an evacuated drift region contain-
ing two transmission gratings. The transmitted sodium atoms
are individually detected by a channel electron multiplier
after being ionized by a 50-p, m rhenium wire heated to
-850 C. The background of the detector is typically less
than 50 counts/sec. The beam has a mean velocity of
—1000 m/sec (corresponding to id~=0. 17 A) and has an
rms velocity width of 3.7%.

The gratings consist of a periodic array of slots etched
through a thin (-100 nm) silicon nitride membrane [13].
The gratings are rotationally aligned by maximizing the mea-
sured contrast with respect to rotation of the second grating.
The second grating is mounted on a translation stage, and the
distance between the two gratings, z, can be varied from 3.5
to 13.5 mm. The point-to-point error associated with each
grating translation is less than 10 p, m; however, the absolute
grating separation is known only to within 0.5 mm due to the
grating mounting system. Grating vibrations are minimized
by mechanically isolating the mechanical vacuum pumps in
the apparatus, but we made no attempt to measure the re-
sidual relative vibrations of the gratings.
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FIG. 3. Detection of the Talbot self-image. The upper graph
shows the lateral position of the second grating. The lower graph
shows the intensity transmitted through both gratings. A moire
fringe pattern of the intensity is seen as the second grating is
scanned across the self-image. The more rapid oscillations come
from the Ay-back of the PZT. These data were taken with 300-nm
gratings separated by z= zLr,»„.

We have performed this experiment with 200- and
300-nm period transmission gratings, which for our atomic
beam yield Talbot lengths of 4.7 and 10.6 mm, respectively.
The transverse position of the second (mask) grating is
scanned using a piezoelectric transducer (PZT) that is cali-
brated with the laser interferometer described in Ref. [11].To
measure the Talbot image, the total transmitted intensity is
recorded as a function of the PZT position. A typical scan is
shown in Fig. 3. The distance between the gratings is then
varied, and the contrast of the moire fringe pattern is deter-
mined as a function of grating separation.

The experimental results are shown in Fig. 4 for both the
200- and 300-nrn gratings. The data demonstrate high-
contrast self-images of the first grating at approximate grat-
ing separations of LT,»„and zLT,»„ for the 200-nm gratings
and 2LT,»„ for the 300-nm gratings. The contrast of the im-
ages damps out for larger grating separations primarily be-
cause of the transverse incoherence of the source determined
by the collimation of the beam. This effect is illustrated with
a simple model in which an extended incoherent source is
modeled as an incoherent superposition of point sources [3).
For a grating illuminated by two mutually incoherent point
sources laterally separated by x, it is readily shown that the
two self-images produced by these point sources are dis-
placed laterally by hx =xz/R, where R is the distance from
the point sources to the grating and z is the distance from the
grating to the image plane. Because the two sources are mu-
tually incoherent, the intensities add (not the amplitudes) and
the two self-images will wash out when Ax is on the order of
half the image period. For our experimental configuration,
Ax=10 "z, and hence we would expect the contrast to
damp out at —10 mm of grating separation for the 200-nm
gratings and at —15 mm for the 300-nm gratings.

In order to compare our results to theory in more detail,
we have performed numerical calculations based on a coher-
ent ray-tracing algorithm that was developed to model our
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FIG. 4. The experimental data and calculations (see text) show-

ing the contrast of the self-image as a function of grating separation
for 200-nm gratings (above) and 300-nm gratings (below). The er-

ror bars are statistical only, and positional errors are discussed in the
text. The arrows indicate grating separations that are half-integral
multsples of LT»», .

atom interferometer [14].Starting with an extended incoher-
ent polychromatic source, this algorithm performs a coherent
sum of the amplitudes for each path through the collimators
and gratings. Notably, the calculations do not include effects
due to vibrations of the apparatus or grating imperfections
such as local variations in grating bar positions or larger-
scale phase errors of the gratings. These effects will reduce
the contrast of the images and will have a larger effect on the
finer period gratings. The maximum measured contrast is
-60% of the calculated value for the 200-nm gratings and
—70% of the calculated value for the 300-nm gratings. The
calculated contrast as a function of grating separation is com-
pared with our observations in Fig. ~ the curves are nor-
malized to match the measured contrast at the first peak.

Best agreement with the data was obtained by varying
two parameters of the calculation —the collimator widths and
open fractions of the gratings (defined as the ratio of slot
width to grating period). The collimator slits are nominally
20 p,m wide, but can be narrower due to clogging. The best
agreement with the data was obtained for a slit width of 13
p, m for the 200-nm data and 17 p,m for the 300-nm data. We
attribute this discrepancy to clogging of the collimators,
which is consistent with the fact that the collimators were
cleaned between the time the 200- and 300-nm data were
taken. Effectively narrower collimation slits improve the
transverse coherence of the beam and increase the visibility
of the contrast revivals as discussed above. The width of the
calculated contrast revival peaks depends on the open frac-
tions of the gratings, with larger grating open fractions yield-
ing broader peaks. Best agreement with the 300-nm data was
obtained for a 50% open fraction, which agrees well with our
estimation of the grating open fraction determined by mea-
suring the relative transmission through the gratings. Similar
measurements with the 200-nm gratings indicate an open

fraction of -25%, which is somewhat smaller than the 40%
open fraction used in the calculation to obtain the best fit.
The greater open fraction required to fit the 200-nm data may
reQect the greater effect of contrast-lowering imperfections
in these finer gratings.

Because of the limitations in the calculations discussed
above, a fully quantitative comparison of our experimental
results with our calculations is not warranted. However, with
reasonable variations of the experimental parameters, we
have obtained good agreement with the widths and relative
amplitudes of the successive grating images that we ob-
served.

The measurement of the contrast of the self-images sets a
limit to the extent of grating imperfections, such as varia-
tions in the open fractions and large-scale phase errors, and
therefore provides an experimental test of overall grating
quality. Indeed, an ancillary motivation for this experimental
work was to test the spatial coherence of the gratings we use
in our atom interferometer.

As Lau showed in 1948 [15], the requirements on good
source collimation to preserve the contrast of the Talbot self-
images can be circumvented by using an additional grating
placed in front of an extended source. In the Lau effect,
which is closely related to the Talbot effect, an additional
grating is placed in front of an extended incoherent source,
and for particular grating separations, self-images of the sec-
ond grating are formed. Clauser and Li [16] have recently
reported the observation of Lau images in a three-grating
atom interferometer [3,11].Whereas they report the observa-
tion of a superposition of reduced period images for a single
set of grating separations, we have measured the recurrent
self-images of a single grating for a range of observation
distances.

A promising application of Talbot (or Lau) imaging with
atoms is in the emerging field of atomic lithography [17].
Recent efforts in this field have used resonant light forces.
Obviously, fabricated gratings like the ones used here are
species unspecific and should work with a variety of materi-
als. This has the additional advantage that the period of the
structures produced does not depend on the wavelength of
the light resonant with that species. In addition, it should be
possible to write smaller features using the reduced period
intermediate images discussed above. These images have
been used successfully in x-ray lithography to write half-
period gratings [18].It may be possible to use atom beams
for this process to write an image directly with the desired
material (e.g. , silver), which could be subsequently enhanced
by electroplating or photographic development. Grating self-
images may also be used in quantum-optics experiments to
produce a periodic atom density in an optical resonator [19].

In conclusion, we have demonstrated the Talbot effect
with atom waves. This is a completely diffractive phenom-
enon that occurs in the Fresnel diffraction region. We have
demonstrated the recurrence of the self-images as a function
of the distance from the imaged grating and shown that the
results are qualitatively consistent with theoretical predic-
tions.
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