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Atom Wave Interferometry with Diffraction Gratings of Light
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We have developed a novel interferometer for atom de Broglie waves, where amplitude division
and recombination is achieved by diffraction at standing light waves operating as phase gratings. Our
new atom interferometer is the exact mirror image of interferometers for light, with the roles of atoms
and photons interchanged, and it directly demonstrates coherence of the diffraction of atomic waves at
standing light waves. Easy manipulation of the phase, intensity, and polarization of the standing light
wave permits novel studies of atomic coherence properties.

PACS numbers: 03.75.Dg, 07.60.Ly, 34.50.Rk, 42.50.Vk
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Interferometry has always had a significant impact
the development of physics, both on the fundamental
on the applied level. Fundamental experiments with p
ton interferometers have, mainly in the last century, c
tributed to the development of relativity theory. Beginni
in the middle of our century, these experiments were s
plemented by fundamental experiments with matter-w
interferometers. So far, experiments with electrons [1]
neutrons [2] have provided both demonstrations of m
fundamental aspects of quantum theory and precision
against alternative theories [3]. Most recently, interfero
etry with matter waves has been greatly expanded by
technique of coherently splitting and recombining atom
beams [4,5]. All experimentally realized atom interfero
eters may be divided into two classes.

In one class [6], called atomic state interferometers
Sokolov and Yakovlev [7], the beam splitter produce
superposition of internal states, and this is the mechan
for coherently splitting the beams.

In the other class of interferometers the beam sp
ter does not change the internal state of the atom. H
diffraction produces a superposition of external sta
and thus directly creates distinctly different paths in r
space. Such interferometers, where the beam spli
process is directly linked to the wave nature of the
ternal motion, we call de Broglie wave interferomete
In the experiments performed so far, the diffraction of
Broglie waves at a material double slit [8] or at a m
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terial absorption grating [9] serves as the beam splitt
mechanism.

In the present Letter we report the successful develo
ment of a de Broglie atom interferometer where diffrac
tion at standing light waves, acting as phase gratings
the atomic de Broglie waves, is the beam splitter mech
nism. This interferometer is then the exact mirror imag
of a three grating Mach-Zehnder interferometer for ligh
with the roles of atoms and photons interchanged. Wh
diffraction at standing light waves has already been show
experimentally [10], it is important to realize that the op
eration of the interferometer depends crucially on wheth
or not the beam splitting process results in mutually cohe
ent atomic beams. That this question is not obvious m
be seen if one pictures the standing light wave as a coh
ent superposition of two counterpropagating waves wi
photon momentāh $k and2h̄ $k, respectively. An atom can
then be viewed as absorbing a photon out of one the
waves and reemitting it via stimulated emission into th
other one, thus acquiring a momentum change of 2h̄ $k.
One could argue that measurement of the number of ph
tons in these waves results in the determination of wheth
or not the atom has been diffracted and thus in path info
mation destroying interference. Operation of our interfe
ometer proves that this is not the case. One might exp
that this is due to the fact that our light beams can b
described as coherent stated where the photon numbe
not well defined. This is misleading, and we will show
© 1995 The American Physical Society 2633
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the following in a forthcoming paper: The beam splitte
mechanism is coherent even for a number state when
coherence length greatly surpasses the distance betw
the atomic beam and the retroreflection mirror. This co
dition erases the“welcher Weg” information and is nec-
essary and sufficient for any state.

In our interferometer (Fig. 1) incident atoms are di
fracted at the first standing light wave which produc
a coherent superposition of mainly zeroth and first ord
beams. These beams impinge on the second standing
wave, where each beam is coherently split. Finally, at t
third standing light wave, each one of the incident beam
is once more coherently split and a number of emergi
beams result, some of which are coherent superpositi
of different paths through the interferometer with diffe
ent relative phase. We use either one of the two sk
symmetric interferometers formed by the zeroth and fi
diffraction orders at the first grating, the first diffractio
orders at the second grating, and finally again the zer
and first diffraction orders at the third grating. The inte
ferences are detected by translating the third grating a
observing the intensity alternatively in one of the two ou
going beams of the selected interferometer in the far fie
The two output ports of the Mach-Zehnder interferomet
show complementary intensity oscillations (Fig. 2).

Now we describe our experiment in more deta
We used metastable40Arp for our experiments, which
has the advantage that it has zero nuclear spin a
hence no hyperfine structure. Its relatively simple lev
structure affords both a closed two-level system at 811
transition frequency and pumping transitions at 801 a
795 nm, respectively. All three frequencies are accessi
by diode laser technology.

In the source, a cold cathode discharge burning throu
the nozzle to the skimmer did provide the electron
collisions for excitation of atoms into a mixture o
highly excited states of which some decay into th

FIG. 1. Schematic arrangement of our interferometer se
(not to scale). The collimation slits for the incoming beam
the three standing light waves created by retroflection
the mirrors, and the two final slits, one selecting a speci
interferometer (thick lines) and the other selecting a spec
output port are shown. For reasons of presentation,
wavelength of the light beams is greatly exagerated. In t
experiment the atomic beam was wide enough to cover m
than 12 light wave antinodes.
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40Arp metastable states,f3p54sg1s5 and f3p54sg1s3, with
relative weights of about 85:15. The1s3 state can
be pumped away using the transition at 795 nm. Th
emerging beam had a most probable velocity of 850 mys
corresponding to a de Broglie wavelength of 0.12 Å
The velocity spread and hence width of the waveleng
distribution in the beam was60% FWHM.

In order to resolve the diffraction angle from a 405 nm
(ly2) period standing wave (qdiff ø 32 mrad), the beam
was collimated by two 3 mm3 5 mm slits at a distance
of 0.85 m. The metastable Arp atoms were detected
by deexcitation and subsequent detection of the emitt
Auger electrons using a Galileo type 4860 channeltron.
10 mm wide slit was scanned in front of the channeltron
to obtain the desired spatial resolution.

The standing light waves were realized by retroflectin
a ribbon shaped laser beam at precision mirrors wi
ly30 surface flatness. The mirrors were mounted wit
a separation of 25 cm between each other on a vibrati
isolated optical bench inside the vacuum chamber. Th
an interferometer with an overall length of 50 cm (Fig. 1
results. With a diffraction angle of 32mrad the beam
separation at the second grating is about 8mm, more than
the width of the collimated beam. This results in spatia
separation of the two interfering beams.

The ribbon shaped laser beams for the three stan
ing light waves were created by using three separa
telescopes, each consisting of a cylindrical lens (f ­
30 mm) and a spherical lens (f ­ 300 mm). The inci-
dent laser beam is focused to a focal waste of 90mm in
the direction along the atomic beam and expanded to
more than 30 mm high sheet in the direction perpendi
ular to the atomic beam. The mirrors are placed in th
focus of the ribbon. The atomic beam passes less th
5 mm away from the mirror surfaces. This is closer tha
the Rayleigh range of the Gaussian focus,8 mm. The

FIG. 2. Measured atom interference pattern for both outp
ports of the interferometer. The complementary intensit
variations of the two output ports observed is a consequence
particle number conservation. The solid line is a fitted sinusoi
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atoms effectively pass thin standing light fields (inter
tion timet , 100 ns), acting as pure diffraction grating

The operation of the standing light waves as diffract
gratings can most easily be understood by realizing
far off resonance the atom sees a time-dependent per
potential V s$r , td ­ 2

1
2 asvd j $Es$r , tdj2, where a is the

frequency-dependent electric polarizability of the at
and $Es$r , td ­ $E0szd cosskxd cossvtd is the electric field of
the standing light wave (x is parallel to thek vector of
the light, andz is parallel to the atomic beam direction
This provides a temporal and spatial modulation of
total energy of the atom. Following a specific trajecto
through a standing light wave, the atom averages o
the fast time modulation and experiences a phase
dwsxd ­ w0 cos2skxd. The atom emerges with a spati
phase modulation equivalent to a sinusoidal phase gra
with period ly2 and a maximal phase shiftw0. For a
standing light wave with a Gaussian intensity distribut
along the atomic beam one findsw0 ­

p
py2 V

2
0 tyD

(V0 is the Rabi frequency) [11]. The strength of t
diffraction orders is given byPn ­ J2

nsw0y2d, whereJn is
a Bessel function. The strength of the interaction can
varied by changing either the detuningD or the amplitude
$E0 of the light field.

For our interferometer we chose a configuration
signed to maximize the signal to noise for optimum ph
sensitivity. For an ideal two-level system the optimu
interaction strengths arew0 ­ 2.16 for the first and third
gratings, andw0 ­ 3.68 for the second grating. Thi
gives 100% contrast in the symmetric outgoing beam
an interfering amplitude of 7.8% of the total incomin
beam intensity. In our case the diffraction efficiency
the gratings is smeared out of both by the different dip
moments of the differentm states of Arp1s5 and by our
60% FWHM wide velocity distribution. In addition, th
stray magnetic field in our apparatus mixes them states.
Taking all these influences into account, the optimum
teraction strengths are such thatw0 ­ 2.56 for the first
and third gratings, andw0 ­ 4.34 for the second grating
Then theoretically our configuration has 90% contras
the symmetric beam and an interfering amplitude of 6.
of the total incoming beam intensity. This is about
order of magnitude improvement over the optimized
sorption grating interferometer [9].

The overall performance of the interferometer depe
crucially on grating alignment: For efficient diffractio
the standing light waves have to be orthogonal to
atomic beam. Therefore the mirrors have to be orien
parallel along the atomic beam to much better than
grating period over the grating thickness. The mirr
were first aligned parallel to each other to better th
1023 rad, and the atomic beam was finally aligned p
allel to the mirror surfaces by optimizing the diffractio
efficiency.

For high contrast in the interferometer, the pha
gratings and thus the retroreflecting mirrors also h
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to be oriented parallel to each other along the directio
normal to the plane of the interferometer to much bette
than a grating period over the atomic beam height. W
achieved a vertical parallel alignment of the three mirror
to the order of3 3 1025 rad (100 nm over the 3 mm
beam height).

For the standing light waves we used alternatively e
ther the closed cycle transition1s5 to 2p9 at 811 nm or
the open transition1s5 to 2p8 at 801 nm. In general
we chose a large detuning of about 360 MHz (,60 times
the natural linewidth). Thus excitation and hence spon
taneous emission was largely suppressed. Some e
periments with the open transition (801 nm) were pe
formed with small detuning of about 80 MHz. Figure 3
shows typical diffraction patterns for each of the thre
standing light waves in a configuration used for ou
interferometer.

The observed interference contrast was of the ord
of 10% for an interferometer using the closed transitio
(811 nm) far off resonance. We also successfully operat
the interferometer with a smaller contrast of about 4%
using the open transition (801 nm) close to resonance [1

We expect to improve the contrast significantly in
the near future by using slower atoms to achieve larg

FIG. 3. Atom diffraction from the three standing light waves
(l ­ 811 nm) used in the atom interferometer. The solid line
show a theoretical calculation including the various effects o
the magnetic sublevel structure, of the velocity distribution an
divergence of the atomic beam, and of spontaneous emissi
The separation between the diffraction orders is best for th
first grating, which has the farthest distance (1.25 m) from th
detector.
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beam separation, by better collimation, and by positio
monitoring of the mirrors.

Finally, we would like to mention the advantages of the
present interferometer and compare them to existing ato
interferometers.

Our interferometer shares with the absorption gratin
interferometer [9] the feature to be nondispersive; i.e., th
fringe position depends only on the relative orientation
of the three diffraction gratings. This means that, if the
interferometer is aligned for one wavelength, it is aligned
for all wavelengths.

In contrast to atomic state interferometers [6,7], de
Broglie interferometers provide a spatial separation whic
allows the insertion of any material or field in one of the
interferometer arms [14]. Our interferometer is the only
one where that spatial separation is achieved by splittin
based on the interaction with light.

Compared to existing de Broglie interferometers, a sig
nificant advantage of gratings of light is that frequen-
cies, and hence the period of our gratings of light, ca
be much better defined than the dimensions of mechan
cal slits or gratings [15]. It has recently been pointed ou
[16] that this feature will be important in future precision
experiments.

Due to the use of gratings of light, our interferome-
ter distinguishes between different states if they are fa
enough detuned so that their contribution to diffraction
can be neglected. In this sense it is state selective, sin
the interferometer can be arranged to act for one specifi
internal state by choosing the right photon wavelength
This will be important in molecular interferometry [17],
where experiments with specific vibration and rotationa
states will become possible. Furthermore, by selecting
detuning in between two levels, or by choosing two dif-
ferent laser frequencies, a great variety of superposition
between different states inside a separated beam interf
ometer can be created.

Another striking advantage of our interferometer rest
in the fact that phase, polarization, or amplitude of the
three standing light waves can be varied rather easily co
responding to rapid change or modulation of beam splitte
properties, unachieved in any previous type of matter-wav
interferometers. In addition the diffraction characteristics
of standing light waves can also be changed by changin
their Fourier decomposition. It is obvious that the ease o
manipulation and modulation of the standing light wave
opens up the door for fundamental coherence studies
questions of quantum chaos and quantum localization [1
and of time-dependent quantum mechanics.
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