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Electric-field-controlled atomic holography has been demonstrated. A binary hologram pattern was
encoded in the gaps of regularly spaced parallel stripes of platinum electrodes formed on SiN, thin film.
Each electrode was either grounded or connected to aterminal. The electrode connections were arranged
so that an electric field appeared in approximately half the 512 gaps when afinite voltage was applied to
the terminal. By controlling this voltage, we could shift, erase, or switch holographically reconstructed

two-dimensional images of atoms on a screen.

PACS numbers: 03.75.Be, 32.80.Pj, 42.40.Ht

Holography is a technique for manipulating a wave into
an arbitrary shape. It was invented by Gabor [1] and de-
veloped rapidly after the invention of lasers. Its principle
is based on the Fresnel-Kirchhoff’s diffraction theory of
awave [2]. Inits basic form, a monochromatic wave is
sent through a film, called a “hologram,” that has a com-
plex transmission function. Because the wave in the down-
stream direction of the hologram isuniquely determined by
the complex amplitude of the wave immediately after the
hologram, and the wave propagation is reciprocal, the am-
plitude of the wave on a surface can be manipulated to an
arbitrary form. Thistechniqueis applicable not only to op-
tical waves, but also to any monochromatic-matter wave.

We have demonstrated the holographic manipulation of
an atomic wave by using a binary hologram [3-5]. Al-
though the theoretical formulas for optical and atomic
waves are identical, the image reconstruction of an atomic
wave image is far behind that of an optical wave. A ma-
jor reason for this is the difference in quality of presently
available optical and atomic beams. An atom interactswith
other atoms aswell aswith external fields, which is not the
case for photons. As a result, the monochromatic flux of
an atomic beam is many orders of magnitude smaller than
that of a single-mode laser with a modest power. How-
ever, one can use this disturbance characteristic of atoms
to achieve real-time phase-controlled holography, which
is difficult to achieve in optics. We recently demonstrated
one-dimensional interferometric manipulation of an atomic
beam by an electric field [6].

In this paper, we report the manipulation of holographi-
cally generated atomic images by an electric field. By
changing the electric potential applied to the electrodes de-
posited on hologram film, we shifted, erased, and switched
atomic patterns on a screen.

The configuration of our experiment is shown in Fig. 1.
The wave source was a pointlike source of laser-cooled
neon atoms in the 1s3[(2p)33s:'Py] state. The atomic
beam passed through the hologram, was diffracted by it,
and formed an image on a screen, which was a microchan-
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nel plate detector. The distance from the source to the
hologram was 28.5 cm, and the distance from the source
to the detector was 112 cm. The resolution of the detector
was approximately 50 wm, and the effective diameter of
the source was 100 um. The details of the source are
described elsewhere [4]. The hologram had 513 regularly
spaced stripes of platinum electrodes and holes that rep-
resented the transmission of a binary hologram. To form
the electrodes, first, two layers of electron-beam resists
(PMMA/MMA) were coated on 100-nm-thick SiNy
film, and the pattern of the electrodes was delineated by
electron-beam writer (JEOL 5FE). Then, the platinum
film was evaporated to a thickness of 30 nm, and the
electrode was formed by lifting off the platinum from
the unnecessary areas. The width of each electrode was
0.5 um, with a pitch of 1.0 um.

Holes for the binary hologram were opened in the 0.5
pum gaps between electrodes. Each hole was 0.5 um X
0.5 um. Their pattern was delineated on ZEP resist
(E-beam resist, NIPPON Zeon) by using an e-beam
lithography system. CF4 dry etching was used to open the
holes [7].

Atomic source

1s, Ne*
Hologram .
with electrodes de Broglie wave :A=h/mv
~8 nm
MCP

FIG. 1. Schematic diagram of experimental setup. The atomic
source, the hologram, and the screen of microchannel plate
(MCP) were placed verticaly.

© 2000 The American Physical Society 4027



VOLUME 84, NUMBER 18

PHYSICAL REVIEW LETTERS

1 May 2000

Figure 2 shows a scanning microscope photograph of
a part of the hologram. Each electrode was connected to
either one of two horizontally extended conductive ports
which were formed above and below the figure. The elec-
tric potential of V was applied between the two ports. The
electric field E generated by the potential V shifted the
energy of the 1s; atom downwards by —a E?/2, where
a was the polarizability of the atom. When two adjacent
electrodes had the same potential, the atoms in the gap
were unaffected. If they had different potentials, the atoms
accumulated an additional phase proportional to VZ while
passing through the hole.

The pattern of the binary hologram was cal culated using
a method previously described [4]. First, both the object
and the hologram surface were divided into 1024 X 1024
cells. The complex transmission function of each cell,
f iy, iy), of the hologram was caculated from the object
pattern, F(ix,iy),ix,iy = 110 1024. The calculation was
basicaly the Fourier transform of F(ix,iy) multiplied by
a spherical phase function that produced the focusing of
the image on the detector at a finite distance. Here, the
suffices x and y denote the directions perpendicular and
parald to the length of the electrode, respectively. Then,
the complex conjugate f* of the complex function f was
added to create areal transmission function.

frea](ix’ ly) = f(ix, ly) + f*(ix’ l}) . (1)

An electrode was formed on every second line along the x
axis, iy = 0,2,...,1024. Finaly, the position of the holes
in the gaps between electrodes was determined by setting
athreshold on the real function. The threshold conditions
for thefield-free gaps and for the gaps with an electric field
were usually different, causing the image to be modulated

by electric potentia V.
‘ i
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FIG. 2. Scanning electron microscope image of a part of the
hologram. The white stripes are the platinum electrodes. The
black rectangles in the gaps are holes. In the left figure (a),
the electric field was applied regularly to every second gap.
In the right figure (b), the gaps with the field were randomly
distributed. Half the stripes were connected to the terminal from
above, and half were connected from below.
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Our experiments were carried out near the Fraunhofer
diffraction limit, so the effect of the periodic electrode ar-
ray can be separately discussed from the holographic re-
construction of the atomic pattern. The basic holographic
pattern consisted of three kinds of images: the rea im-
age of the object, the nondiffracted pattern, and the con-
jugate image, which was the general characteristic of the
pattern generated by an amplitude hologram. The non-
diffracted pattern had a shape close to the projection of the
hologram shape. In the following discussions, we call the
nondiffracted pattern by the projection pattern. The focal
plane of the conjugate image was in the upper stream of
the hologram, and the image was usually out of focus on
the screen. The electrodes dispersed the basic holographic
pattern along the direction x perpendicular to the electrode
array. When a voltage was not applied, the pattern that
is nearly identical to the basic holographic pattern repeats
along the x direction. This situation was the same as the
diffraction pattern of a grating with a pitch of d. The suc-
cessive pattern was separated by ht/md, where ¢ is the
transit time of the atom between the hologram and the de-
tector, and m is the mass of the atom.

The intensity of the Nth diffraction pattern was propor-
tional to

I(N)  sin’(wNp)
10) ~ (aNBR @)

where 3 isthe ratio between the gap width and the grating
pitch. For the present case, 8 = 0.5, and the main pattern
was accompanied by strong N = *1 order diffraction pat-
terns and much weaker higher-order terms.

In the present experiment, the cell length was half of
the pitch of the grating d. Therefore, the unit length of the
image area[5] extended to two diffraction orders: 24r/md.
Two identical patterns appeared within this length along
the x direction because the periodicity of the electrode
was twice the cell length. The basic holographic pattern
can repeat also along the y direction with an interval of
2ht/md; they were weak, as evident from the envelope
function of EqQ. (2).

Figure 3 shows the reconstructed patterns when an elec-
tric field was applied regularly to every second gap us-
ing the hologram shown in Fig. 2(a). In the field-free
gaps, the threshold for opening a cell was set so that
frea1 > 0, whereas, in the gaps with a field, it was set
so that frea1 < 0. This hologram produced a correct real
image when the electric potential was applied to produce
a 7 phase shift. When the potential was not applied, the
amplitude of the partial wave coming from the gaps with a
field had opposite sign in the direction of the zeroth-order
diffraction pattern. Because the numbers of holes in the
gaps with and without fields were nearly equal, the real
image disappeared. However, along the direction halfway
between two diffraction orders, the partial waves from gaps
with afield aquired a 7 phase shift, which is needed to re-
construct the correct image. Therefore, the position of the
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FIG. 3. Shifting of the atomic images “F” and “J” obtained
by a hologram with a regular electric-field pattern. The voltage
applied between two terminals was 0, 0.53, or 0.75V corre-
sponding approximately to 0, 7/2, and 7 phase shift of the
atomic wave: for (a), (b), and (c), respectively. The squares in
the lower part of each figure are nondiffracted atomic patterns.
The larger square in the center is the nondiffracted pattern of
the 74-nm VUV photons emitted in the optical pumping pro-
cess. Because VUV photons are not affected by the electric
field, the pattern works as a fixed reference point on the screen.
The conjugate images were below the nondiffracted pattern and
are not shown in the figure.

real image shifted by half the diffraction order. The situa-
tion was the same for the projection pattern, except that the
pattern appeared at the place of an integra diffraction or-
der when the electric potential was not applied because the
projection pattern is constructed from partial waves of the
amplitude with the same sign. Figure 3(a) shows the pat-
tern without a field, and Fig. 3(c) shows the pattern with
a field that produced a 7 phase shift. The potential be-
tween two terminaswas0.75 V. InFig. 3(b), the potential
was reduced to 0.53 V to produce a 77 /2 phase shift. The
squares in the figures are the projection pattern. The larger
square in the middle of each figure was created by vacuum
ultraviolet (VUV) photons emitted from the source in the
optical pumping process. Because photons are not affected
by the electric field, the square pattern serves as a refer-
ence point on the screen. The real image was composed of
a series of two letters, “F” and “J,” which were separated
by haf of the diffraction order [8]. Therefore, if one looks
at a fixed point on the screen, the letter “F” is replaced
by “J” when the potential of a 7= phase shift is applied.
When the phase shift is 7 /2, the two letters overlap with
equal intensity, as shown in Fig. 3(b). In each figure, the
accumulation time was approximately 1.5 h. Figure 3(a)
contains approximately 70000 data points, including both
atoms and VUV photons. Comparison of the intensities
of the patterns in Figs. 3(a) and 3(c) gave the approxi-
mate number of VUV photons, the number of atomsin the
zeroth-order projection pattern, and the number of atoms

in the real signal. They were 13000, 13000, and 5000, re-
spectively. The ratio between the number of atoms on the
projection pattern and the real signal, 1:0.38, isin agree-
ment with theory [5]. The intensity of real signals can be
increased by reducing the width of the electrodes relative
to the width of the gaps.

The image in the direction of the half diffraction order
appeared in Fig. 3 because of the periodic structure of the
field-free gaps. One may “erase” the image by choosing
a different ordering. Figure 4 shows such a case. The
threshold condition was the same as in Fig. 3, but the
electric field was applied in a randomly distributed order
using the hologram shown in Fig. 2(b). In this case, there
was no specia direction along which the missing 7 phase
shift was compensated for in al gaps. As a result, the
atomswere uniformly dispersed along the x direction when
a field was not applied [Fig. 4(a)], while the image was
correctly reconstructed when the phase was compensated
for with thefield [Fig. 4(b)]. For the nondiffracted pattern,
the phase compensation functioned exactly in the opposite
way, and the atoms were dispersed when the field was
applied.

The result shown in Fig. 4 suggests that one can switch
two different patterns by encoding them using different
threshold conditions. If a single threshold condition,
freal > fin, iSused in al gaps, the image is reconstructed
when a field is not applied. If a dua threshold is used,
freal = fin in the gaps without a field and frea1 < —fum
in those with a field, the image is reconstructed when the
electric field compensates the 7= phase shift. A hologram
that switches two images when an electric field is applied
is obtained by opening holes for two patterns whose
threshold conditions in the gaps with a field are opposite.

Figure 5 shows an example of an image reconstructed by
using a hologram with a double exposure. The hologram

FIG. 4. Erasureof atomicimages“F” and“J” obtained aholo-
gram with a random electric-field pattern. In (a), a voltage was
not applied. In (b), avoltage of 0.75 V was applied. The streaks
below the nondiffracted patterns are the conjugate images, which
were out of focus on the detector.
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FIG. 5. Switching between atomic images “¢” and “#” ob-
tained by a hologram with a random electric field pattern. The
upper figure is without an electric-field, and the lower figure is
with a field that produces a 7= phase shift.

pattern of the letter “¢” was calculated under the single
threshold condition, while the letter “7” was calculated
under the dua threshold condition. The threshold was set
so that the overlap of the holes for the two letters was
approximately 10%. The intensity of the image relative to
the nondiffracted pattern was weaker (approximately 17%)
compared to the cases of Figs. 3 and 4 because the number
of holes contributing constructively to the real image was
much smaller than in those cases.

In conclusion, we have demonstrated, for the first time,
electrically phase controlled atom holography. By switch-
ing the phase shift of the atomic wave at the holes of
the hologram between 0 and 7, we have demonstrated
the shift, the erasure, and the switching of reconstructed
atomic images. One can extend this technique to the
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switching of N patterns, if the phase shift is controlled
in steps of 277 /N instead of 7, which can be done with
2(N — 1) wiring of the electrodes. Manipulation of atoms
on asolid surface is an important technique in surface sci-
ence for many technical applications. The rea-time inter-
ferometric manipulation of atoms presented in this paper
will open new possibilities in these scientific and technical
research areas. It can also be used for real-time control of
interferometric applications.
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