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We present diffraction experiments where the roles of light and material are inverted with respect to usual holography. Atomic matter
waves are diffracted at grating structures composed of standing light waves. In contrast to material holograms, our light gratings can
be manipulated during the passage of an atomic matter wave, resulting in new diffraction features. We demonstrate similarities and

differences between material and light holograms.
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Introduction

The interaction of waves with periodic media provides a
plethora of beautiful coherent wave phenomena'” that are
particularly striking for de Broglie waves of massive par-
ticles. Atoms interacting with standing light waves are
a model system to study these phenomena.’* Recently,
atom wave diffraction of a computer-generated material
hologram was demonstrated.”

In a typical holographic experiment, a light wave is dif-
fracted at a hologram consisting of a material grating
structure. In the following, we will call such an experi-
ment conventional holography. In contrast, we investigate
in our experiments the complementary case of atomic
matter wave diffraction at standing light fields. This kind
(or prestage) of light-controlled atomic holography might
become very interesting for producing nanostructures in
atomic lithography applications as well as in fundamen-
tal research as an additional test of static and time-de-
pendent quantum mechanics.

In conventional holography, the features of the diffrac-
tion process such as the diffraction efficiency and the an-
gular and wavelength selectivity are determined by the
recording geometry (reflection or transmission holograms),
the use of thin (Raman-Nath case) or volume holograms
(Bragg or van Laue diffraction), and the recording mecha-
nism (absorption holograms or refractive index holograms).

Interestingly, all these features are preserved or are
similar to those in matter-wave holography. The analo-
gies are even present in very detailed diffraction effects
such as the anomalous transmission of waves through an
absorptive grating structure (the Borrmann effect) or the
phase relations between atoms scattered at absorptive and
refractive index structures leading to a violation of
Friedel’s law, as we will show later.

However, there are some additional features in our case
of matter-wave diffraction at light gratings. These effects
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arise if time-dependent manipulation of a light crystal is
performed during the passage of a slow atom. Parameters
of our standing light grating, such as intensity, frequency,
phase, and polarization can easily be modulated on a time
scale needed by the atom to transverse the light field.
The complementary case using material gratings and
light waves is almost impossible to achieve because of
both material restrictions and the high photon velocity.
Thus, in some sense, matter-wave diffraction can be seen
as a generalization of photon diffraction, as it preserves
the diffraction features of static diffraction experiments
and enables some new observations using time-depen-
dent manipulations.

Basics

A standing light wave couples with an atomic matter
wave, if the light frequency is close to an electronic transi-
tion of the atom. If the light is resonant, the interaction
results in diffusion or absorption (corresponding to a tran-
sition to another electronic state) of the atom and an effec-
tively absorptive grating results. Off-resonant light acts as
a refractive index grating for the atomic matter wave. As is
the case with conventional holography, the interaction of
the atomic matter waves with the light field can be attrib-
uted to a complex refractive index, consisting of an imagi-
nary part that describes the absorption of atoms, and a real
part corresponding to the real index of refraction.

In the case of our two-level argon atom with an addi-
tional decay channel of the excited state to a third
noninteracting state, the interaction between the light field
and the atom leads to a complex refractive index propor-
tional to"
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Here U is the light potential seen by the atom, E is the
electric field connected to the light, d is the dipole matrix
element of the transition, A represents the difference be-
tween the driving light frequency and the eigenfrequency
of the transition, yis the loss rate from the excited level to
the noninteracting state, and E,,, is the kinetic energy of
the atom.



Note that the shape of this complex index of refraction
is identical to the complex index of refraction produced by
an absorption center (such as a dye molecule) in a mate-
rial hologram.

All time-independent diffraction properties of atomic
matter waves at a light field described by such complex
index of refraction can be treated in full analogy with dy-
namical diffraction theory of light.”® In our case the atom
is described by a de Broglie wave with wavevector k,; =
muv/h and frequency

@yp = hkg?B /2m

(m and v are the mass and the velocity of the atom, re-
spectively). The standing light field produces a periodic
modulation of the complex refractive index that diffracts
atomic matter waves in the same way as a periodic mate-
rial structure diffracts photons. Particularly, the diffrac-
tion theories developed for light diffraction® at thin
(Raman-Nath) or thick (Bragg) gratings or absorptive or
refractive index gratings can be directly mapped to the
matter waves.

As in the case of conventional holography, the coher-
ence properties of the incident wave are important. To
obtain diffraction, the transverse spatial coherence length
of an atom has to be larger than the grating constant. This
can be achieved by collimating the atomic beam. As in the
case of a light beam, a small transverse momentum un-
certainty Ap,.., results in a large transverse coherence
length [, of the beam [_;, ~ Ap,,,../h. In our actual case, we
achieved a transverse coherence length of approximately
5 um using a set of two narrow slits to confine the atomic
beam direction.

The temporal coherence (or longitudinal coherence
length) of an atomic beam depends on the velocity distri-
bution of the atoms, which can be transformed to a
wavevector distribution. This is similar to the case of the
temporal coherence of a light beam, which is also deter-
mined by its frequency (or wavevector) bandwidth. Because
of the velocity dependence of the de Broglie wavelength,
the temporal coherence of an atomic beam can be increased
by velocity selection of the atoms, for example, by using a
set of beam choppers. The argon atoms of our experiment
emerge from a thermal source, resulting in a longitudinal
coherence length of only 10™"'m. The various spectral com-
ponents of the atomic beam are scattered at different dif-
fraction angles, depending on the wavelength sensitivity
of the diffraction grating.

As compared to historical optical research, one can say
that our study of atomic matter-wave diffraction is in an
early stage of optical diffraction experiments using dif-
fraction gratings with rather large grating constants and
incoherent light sources with spatial coherence obtained
by reducing their size.

In the following, we give a brief description of our ex-
perimental apparatus and describe our first experiments
demonstrating some very basic effects in static and dy-
namic potentials.

Experimental Setup

Details of the interaction between atom and light field
depend on the level scheme of the atom chosen. All our
experiments were performed using a beam of metastable
argon atoms,’ obtained by a dc gas discharge in an argon
atmosphere. Metastable “’Ar has a simple but very inter-
esting level scheme. Starting from the 1s; metastable state
there is a closed transition (1s; — 2py) at 811 nm (J =2 —
JJ = 3) and an open transition (1s; — 2p,) at 801 nm (J = 2
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— oJ = 2) where the decay proceeds with 72% to the argon
ground state. The metastable atoms can be easily detected
using a channeltron detector (which acts similar to a pho-
tomultiplier tube), whereas the ground state Ar atoms re-
main undetected. Thus, the argon atoms that relax to the
ground state are lost to detection and may be considered
as absorbed by the complex potential. This offers the in-
teresting possibility of realizing amplitude gratings (ab-
sorptive structures) with light fields. Varying the detuning
of the 801-nm standing light wave, we can, thus, realize
any real, complex, or imaginary sinusoidal potentials for
the metastable argon atoms.

Figure 1 shows our experimental setup. Behind the dc
gas discharge region, a thermal beam of metastable argon
atoms enters a vacuum beamline. Our atomic beam appa-
ratus is designed to resolve the tiny deflection of atoms
when diffracted at a standing light wave with a 405 nm
(Aigni/2) period (4= 32 urad for 800 m/s atoms). The high
resolution for transverse deflections is obtained with two
separate collimation sections, each of them formed by two
narrow slits (typically 5 or 10 pm wide) with a spacing of
1 m. Finally, the fine spatial resolution of the detector is
achieved by scanning a small (10-pm) slit in front of the
channeltron. We obtain an angular resolution of about 7
urad FWHM significantly smaller than the deflection angle
by the scattering of a single 800-nm-wavelength photon.

Experimentally, the standing light wave is realized us-
ing a retro-reflecting mirror (/10 flatness) arranged close
to the atomic beam inside the vacuum chamber. The sur-
face of the mirror defines a node of the standing light wave
and, hence, the lattice planes of the light crystal parallel
to the mirror surface.

Rotating the mirror around a vertical axis results in a
change of the incidence angle of the atoms at the light
crystal. Measuring the angular dependence (in our ex-
periments with accuracy and reproducibility of +1 urad
using a PZT) of the transmitted or diffracted intensity (a
rocking curve) provides an experimentally simple and ro-
bust way to study the diffraction processes in the crystal.

The mirror can also be translated in a direction perpen-
dicular to the atomic beam with a resolution of 0.5 pm.

For the standing light waves, the laser beam is expanded
with a Keplerian telescope. The expanded beam is trans-
versely limited by an aperture of up to 4 cm diameter in
the various experiments.

A laser diode tuned to an electronic (1s; — 2p,) transi-
tion at 801.7 nm provides the light for realization of the
absorption crystal. A second laser diode tuned close to
another electronic transition (1s; — 2p,) at 811.8 nm is
used to make a phase crystal, as mentioned above.

Atoms in Crystals of Light

First, atomic matter-wave diffraction experiments us-
ing detuned light (refractive index gratings) in the thin
grating regime were performed.'’ The scattered atoms ap-
peared in a broad range of incidence angles, and the dif-
fraction efficiency was symmetric in conjugated diffraction
orders.

Then, Bragg scattering of atoms from thick standing
light waves was reported by Ref. 11 and, more recently, by
Refs. 12 and 13.

In those studies, well-known phenomena from conven-
tional holography were observed: In contrast to the thin
grating diffraction regime, first-order diffraction occured
now only in one diffraction order and under two special sym-
metric angles of incidence +8;, where the Bragg angle 0, is
given by the same relation as in conventional holography:
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Figure 1. Experimental setup (from Refs. 3 and 4). A collimated thermal beam of metastable argon atoms crosses a standing light
wave. Diffracted and transmitted atoms are registered by a channeltron detector. The angle between atomic beam and light wave can
be varied by tilting the mirror. The intensity of the laser light can be modulated by an acousto-optic modulator (AOM).
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Figure 2. Comparison of matter-wave diffraction at thin and thick off-resonant standing light waves. The atoms are registered as a
function of the detection slit position with the setup of Fig 1. The left plot shows the result for diffraction at a focused (100-um)
standing light wave. The diffraction is symmetric with respect to the central peak of undiffracted atoms, and higher diffraction orders
are also populated. The right plot shows the result of the same experiment performed with an extended (thickness: 4 cm) light crystal.
Only one single peak of diffracted atoms appears in addition to the central peak of transmitted atoms. The incidence angle in this
experiment was exactly the Bragg angle, otherwise no diffracted atoms were observed at all.

2dg.5i'n(93) - l‘dﬂ' (2)

Here, d, is the grating constant of the light intensity
grating and A, is the de Broglie wavelength of the atom.

Figure 2 shows spatially resolved atomic diffraction ex-
periments at thin and thick light gratings, recorded with
the setup of Fig. 1 by scanning the detection slit. As ex-
pected, the diffraction at the thin grating is symmetric
with respect to the central peak of undiffracted atoms, and
higher diffraction orders are populated. But in the Bragg
case, the peak of diffracted atoms appears only if the mir-
ror angle is adjusted exactly to the corresponding Bragg
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angle. Only one diffraction order is populated at a certain
incidence angle. Diffraction to the conjugate order (the
other side of the transmitted atoms) is only observed if
the mirror angle is adjusted at the symmetric angle with
respect to the incident atomic beam.

Increasing the length (or intensity) of the light crystal
leads to the well-known Pendellésung phenomenon,'”"
where the diffracted intensity oscillates with the length
of the Bragg crystal between 0 and 100%. The transition
from the thin grating regime to the thick grating regime
occurs because of the same condition as in conventional
holography. If an atom incident under the Bragg angle

Bernet et al.
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Figure 3. Measurement of the standing atomic wave fields in
the light crystal.’ The matter-wave field produced by the absorp-
tive crystal (on-resonant light, middle trace) has its maxima at
the nodes of the light intensity planes. If the 801-nm standing
wave is detuned off-resonance (refractive index crystal), the stand-
ing atomic wave is shifted by /2 to the left for blue detuning (posi-
tive potential) or to the right for red detuning (negative potential).

crosses more than one grating plane, then the light strue-
ture acts as a thick diffraction grating. The relative angular
and wavelength selectivity of the light crystal corresponds
in the same way as in conventional holography to the in-
verse number of crossed grating planes.

In the following, we present experiments studying the
coherent motion of atoms in crystals made from on- and
off-resonant light. The experiments confirm that atoms
fulfilling the Bragg condition form a standing matter-wave
pattern. As a consequence, we observe anomalous trans-
mission of atoms through resonant light fields and an as-
tonishing symmetry breaking known as violation of
Friedel’s law. We also demonstrate how Bragg diffraction
of atomic matter waves at a time-modulated thick stand-
ing light wave can be used to shift the de Broglie frequency
of the diffracted atoms coherently. The mechanism is simi-
lar to an acousto-optic frequency shifter for photons.

Coherent Atomic Motion in Periodic Light Structures

In our first set of experiments we studied the coherent
motion of atoms in crystals made from on- and off-reso-
nant light.” The basic phenomenon of Bragg scattering of
atoms from thick far off-resonant standing light waves has
been observed by others.” " More recently, light gratings
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were used as beamsplitting mechanisms in atomic mat-
ter-wave interferometers, demonstrating impressively the
coherence of the diffraction process.'*"

Our experiments directly confirm the validity of coupled
wave theory and dynamical diffraction theory as devel-
oped for light optics™ and matter-wave optics.”'*"" There,
Bragg diffraction is described as a coherent superposition
of two coupled waves within the crystal. The coupled
waves should form an atomic density grating with the
same periodicity as the diffraction grating propagating
through the light crystal. In the case of an absorptive
Bragg crystal, the nodes of the atomic wave field should
lie on the maxima of the light intensity grating, which
means that the atoms emerge on the dark places of the
grating. But if the light frequency is detuned to the red
or blue side of the atomic transition frequency, the spa-
tial phase of the standing atomic matter wave is assumed
to shift by +n/2 or -n/2, respectively. In this case, the at-
oms emerge on one of the flanks of the light intensity
grating, depending on the signs of the detuning and the
diffraction order. All these phenomena are well known
in the dynamical diffraction theory of conventional ho-
lography. We now turn to the question of observing the
atomic wave fields inside the light crystal.

The coherence and the relative phase of the outgoing
beams can be measured by recombining them and observ-
ing their interference. Experimentally, we realized this
by placing an additional phase Bragg crystal behind the
absorptive phase crystal made with 801 nm light (see in-
set Fig. 3). The new phase crystal was realized with a
laser tuned far-off-resonance to the closed transition at
811 nm (red detuned). Because the two standing light
waves have different wavelength, the relative phase Ao
between the two crystals varies as a function of the dis-
tance Ax from the mirror

[Ag = 2(ky - by ) &

resulting in a spatial beating period of 32.4 pm. By mov-
ing the mirror, one can translate the two crystals relative
to each other and observe the interference as an intensity
variation with the beating period in the two outgoing
Bragg-diffracted beams.

The data from an experimental study in this two-crys-
tal geometry are shown in Fig. 3. The top curve shows the
interference pattern for a far blue detuned light crystal
made from the 801-nm laser light, and the bottom curve
shows the pattern for the far red detuned crystal. We ob-
served the expected m phase shift that arises when the
light shift potential switches sign for red and blue
detuning. The curve in the middle was observed for the
first crystal exactly on-resonance at 801 nm. First, the
interference confirms the coherence of the observed two
beams emerging from the first erystal, even on-resonance.
Second, we observe the expected phase shift of /2 rela-
tive to the far off-resonance cases.

In a separate experiment we determined the absolute
position of the standing matter-wave pattern at the exit of
a far off red detuned 811 nm light crystal by masking it by
a thin on-resonant 801 nm amplitude grating. The gold
surface of the retroreflecting mirror defined the nodes of
the electric fields for both frequencies. Measuring the trans-
mitted intensity as a function of the distance of the atomic
beam from the mirror surface allowed us to determine the
absolute position of the standing atomic wave field. We
found for on-Bragg incidence the maximum of the atomic
wave field in the off-resonant light crystal to be located at
the steepest gradient of the optical potential, in accordance
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Figure 4. Total intensity of the metastable Ar* beam as a func-
tion of incidence angle after transmission through a standing light
wave tuned exactly on resonance of an open transition (see in-
sert).’ The light field can be considered as absorptive for the meta-
stable atoms because the atoms relax to their nondetectable
ground state after interaction with a photon. The transmission
increases anomalously for Bragg incidence from either side rela-
tive to the planes of the standing light field. The solid line is a fit
curve using two Gaussians.

with the above description. The position scale in Fig. 3 re-
flects this measurement.

As just demonstrated, the atomic matter waves in the
light crystal behave in full analogy with light waves in
conventional periodically modulated refractive index crys-
tals. This should also lead to more detailed analogies with
well-known optical diffraction effects. One of them is the
anomalous transmission effect discovered for x rays by
Borrmann'® in 1941. We started by investigating the propa-
gation of atoms in an on-resonant standing light wave,
equivalent to a purely imaginary periodic potential. We
experimentally observed that the total number of atoms
transmitted through the standing light wave tuned on-
resonance increases if the angle of incidence is the Bragg
angle (see Fig. 4). This anomalous transmission of atoms
through an absorptive structure has a very clear intuitive
interpretation in the coupled wave picture described above.
The rate of depopulation of the metastable state is pro-
portional to the overlap between the atomic wave field with
the standing light field. It follows that the rate of depopu-
lation is reduced as compared to the average absorption
observed for oblique incidence, if the atomic wave field
has the same periodicity as the light crystal and lies in
the nodes of the light intensity planes. Just this situation
arises in the case of Bragg diffraction according to dynami-
cal diffraction theory. If the interaction length is suffi-
ciently long, this results in an increase of transmission
on-Bragg as compared to an off-Bragg beam interacting
with a light crystal of equal length.

One more astonishing effect, that has also been investi-
gated in conventional holography in frequency selective
materials' is known as violation of Friedel’s law. If a dif-
fraction structure is composed of two identical absorption
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and refractive index gratings spatially shifted by a quar-
ter of the grating constant (+n/2), then the diffraction effi-
ciency is suppressed in one Bragg diffraction order and
simultaneously increased in the conjugate order. This is
in contrast to Friedel's law™”' which states, that under
typical circumstances Bragg diffraction at (crystal-) sym-
metrical angles is symmetrical.

Roughly speaking, the violation of this rule occurs be-
cause two different phase shifts—spatially and spectrally
induced phases—have to be considered. Whereas the spa-
tially induced phase switches sign in conjugate diffrac-
tion orders, the spectrally induced phase is independent
of the sign of the diffraction order.

The spatial phase shift of two matter-wave components
diffracted at the two intersecting absorptive and refrac-
tive index gratings arises owing to the n/2 spatial phase
shift between the two gratings. Thus, this leads to a + /2
phase shift in one diffraction order and simultaneously to
a — /2 phase shift in the conjugated order because of geo-
metrical reasons.

However, at the same time, a spectrally induced phase
shift of + 7/2 or — n/2 arises (depending on the sign of the
detuning of the refractive index grating) between the mat-
ter-wave components diffracted at the absorptive and the
refractive index gratings owing to the properties of the
complex potential. This is analogous to conventional light-
wave optics, also where a w2 phase difference between
diffraction at a refractive index grating and an absorptive
grating appears. This phase shift is independent of the
sign of the diffraction order.

The combination of spectrally and spatially induced
phases yields a total phase shift between the matter-wave
components diffracted at the absorptive and the refrac-
tive index gratings of m in the one diffraction order and
simultaneously of 0 in the conjugate order. This conse-
quently leads to destructive and constructive interference
in the two diffraction orders, respectively. Effectively, the
violation of Friedel’s law is thus caused by the different
behavior of a spatially induced (by a spatial phase shift)
and a spectrally induced (by switching from an absorptive
grating to a refractive index grating) phase shift in conju-
gate diffraction orders.

For an experimental demonstration” we utilize the fact
that two intersecting light crystals can be easily obtained
by superposing two light frequencies in one Bragg crys-
tal. One of the frequencies is resonant with the open atomic
transition at 801 nm, forming an absorptive crystal, the
other frequency is detuned from the closed atomic transi-
tion at 811 nm, leading to a refractive index crystal. The
two different atomic transitions are chosen to obtain a
spatial beating frequency of about 32.4 pm between the
two gratings (similar to the experiment described above).
Thus, by shifting the retroreflection mirror in a direction
perpendicular to the atomic beam, we can obtain any spa-
tial phase relation between the two crystals, with a peri-
odicity of 32.4 pm.

Figure 5 shows the result of an experiment where the
diffraction efficiency is compared in the two +1 and -1
diffraction orders as a function of the relative spatial phase
between the two intersecting light crystals. As expected,
maximal asymmetric diffraction is obtained in the case
where a spatial phase shift of +7/2 is applied between the
two gratings. This means, that in the experiment a high
diffraction efficiency was obtained at a mirror angle cor-
responding to one of the two symmetric Bragg angles, but
almost no diffraction was observed at the corresponding
conjugate Bragg angle. In contrast, in the cases of a 0 (or
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Figure 5. Violation of Friedel’s law. The plot shows the diffrac-
tion efficiency in the two conjugated first Bragg diffraction or-
ders of a specially designed light crystal. The thick standing light
field is composed of two intersecting absorption and refractive
index gratings, whose relative phase can be scanned by translat-
ing the retroreflection mirror (similar to the inset of Fig. 3, but
this time with two superposed light crystals). Experimentally the
data have been taken by repetitively adjusting the two symmet-
ric Bragg angles and recording the number of diffracted atoms in
the corresponding diffraction orders. The data show that the dif-
fraction efficiency in the two conjugate diffraction orders depends
differently on the displacement between the two intersecting grat-
ings. This breakdown of symmetry is a violation of Friedel’s law.

) phase shift between the two crystals, the diffraction
efficiency in the two conjugate diffraction orders was sym-
metric. The asymmetric diffraction efficiency in the cases
of the +m/2 phase shifts corresponds to a violation of
Friedel’s law, which was reported originally for special types
of absorptive crystals® and, more recently, for conventional
holography in frequency selective materials." The fact that
Friedel’s law is always fulfilled in any purely absorptive
or purely refractive crystal” implies that no pure struc-
ture can exist with the same diffraction behavior as our
particular combination of absorptive and refractive index
gratings. This consequently means that the complete dif-
fraction behavior of an absorptive (a refractive) grating
can never be achieved with any specially designed refrac-
tive (absorptive) diffraction structure. The scattering pro-
cesses at the two types of gratings are fundamentally
different.

The results obtained so far demonstrate in great detail
equivalent behavior of conventional holography and time-
independent matter-wave optics in light crystals. However,
in the following, we describe experiments that involve
time-dependent studies. There, the equivalence of the
Schriédinger equation with the optical wave equations (in
vacuum) does not hold true any more, and new phenom-
ena may be expected.

Atomic Motion in Time-Dependent Periodic
Potential

One advantage of studying the coherent motion of atomic
de Broglie waves in light crystals is that the potential can
be changed on a time scale much faster than the spatial
evolution of the atomic wavefunction. This allows us to
study a whole variety of time-dependent phenomena to
investigate fundamental predictions of quantum theory.

Atom Holography at Light Structures
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Figure 6. Diffracted atoms as a function of their incidence angle
at the amplitude-modulated standing light wave (see inset) at
different modulation frequencies." The detection slit is located
such that only diffracted atoms are registered. The top graph of
the series shows the result for an unmodulated light crystal. Only
one peak of diffracted atoms is observed at the static Bragg angle
(center of the plotting region). The next curves show results for
intensity modulation frequencies in the range of 25 to 250 kHz
in steps of 25 kHz. In contrast to the static case, two pronounced
side peaks appear in each curve. They are located symmetrically
around the central Bragg angle. Their angular separation from
the central peak increases linearly with the modulation frequency.
The de Broglie wave frequency of the atoms in the new Bragg
peaks is shifted by + the modulation frequency.

Experiments using time-dependent interactions were
performed within neutron optics and in recent years us-
ing cold cesium atoms.” In all these experiments the in-
teraction time was much smaller than the modulation
period, which is analogous to the Raman-Nath (thin grat-
ing) regime in spatial diffraction.

In our experiments, we studied Bragg scattering at a
time-dependent potential in a regime where the interac-
tion time is much longer than the typical modulation pe-
riod. This is obtained by periodically switching the light
crystal on and off during the passage of an atom. Obvi-
ously, an analogous experiment is almost impossible to
perform in conventional holography.

A detailed study of this time-dependent Bragg scattering
is shown in Fig. 6. In these experiments, we measure the
intensity of the diffracted atoms as a function of the mirror
angle (rocking curves), which corresponds to the incidence
angle of the atoms at the light crystal. The top graph of the
series shows the rocking curve for Bragg scattering off an
unmodulated light crystal. Only one peak at the static Bragg
angle is observed. The next curves show the same experi-
ment, but with light intensity modulation frequencies in
the range of 25 to 250 kHz in steps of 25 kHz. In contrast to
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the static case, two pronounced side peaks appear in each
rocking curve indicating two additional Bragg resonances
located symmetrically around the central Bragg angle. The
angular separation from the central peak increases linearly
with the modulation frequency.

For an explanation of the new Bragg angles, we first ex-
amine the usual case of static Bragg diffraction. In the time-
independent case, Bragg diffraction conserves the kinetic
energy of the atoms (elastic scattering), similar to the case
of light scattering where the photon frequency is conserved.
However, the direction of the atomic momentum is changed
by two photon recoils, which can be understood by inter-
preting a Bragg diffraction process as an absorption of a
photon, followed immediately by a stimulated emission pro-
cess in the other direction. Similarly, Bragg diffraction of
photons at a material crystal is sometimes described as a
scattering process at crystal phonons. Thus, first-order dif-
fraction can occur only at a specific incidence angle 8, that
fulfills the Bragg condition: sin(8,) = k,/k,.

Interestingly, the Bragg condition can be interpreted in
a different way: In a frame where the incident atom is at
rest, Bragg diffraction can be seen as a transition in a
two-state system consisting of a diffracted and an
undiffracted state. These states are separated by the two-
photon recoil frequency w,,., which is the additional de
Broglie frequency an atom aquires after absorption and
stimulated reemission of a photon owing to momentum
conservation. In static Bragg diffraction, the excitation
frequency ,,, in the rest frame of the atom is created by
the atomic trajectory crossing the spatially modulated
light intensity grating. The time for an atom to pass one
light intensity plane at Bragg angle incidence is

t=nm/ hkf. Thus, in its rest frame the atom experiences

a periodic intensity modulation with frequency
Wgpoy =27/ T= 20k} / m, which is exactly the two-photon
recoil frequency w,,, required for a Bragg transition.

But for an atom incident at an arbitrary detuned angle
0 = 63 + A8, the intensity modulation frequency seen by
the atom is o,y = 2k ik, tan(8; + ABYm =~ o, +2k, hk,A8/m.
This is not the two-photon recoil frequency required for a
Bragg transition, and consequently the atom cannot be
diffracted.

However, if the light crystal is additionally intensity
modulated with frequency ®,,4, the atom experiences a
beating of externally (by the external intensity modula-
tion) and internally (by the atomic trajectory crossing the
light intensity planes) induced intensity modulations. This
results in a sum and a difference frequency w,,, = ©,,, +
W, experienced by the atom. Thus, two new resonances
appear when w,,,, equals the two-photon recoil frequency
required for Bragg diffraction. Momentum conservation
then requires that in the laboratory frame the frequency
of the de Broglie wave diffracted at the temporally modu-
lated intensity grating is shifted by the intensity modula-
tion frequency ®,,,;. The coherence of the frequency shift
has been demonstrated in Ref. 4.

The absolute position of the diffracted peaks in Fig. 6
agrees, within our measurement accuracy, with the posi-
tions expected from the above considerations.

As explained above, our device utilizing Bragg diffrac-
tion of atoms from a temporally modulated light crystal
acts as a frequency shifter for atomic matter waves. An-
other interpretation of the effect™ suggests that it may be
seen as a generalization of an acousto-optic frequency
shifter for photons. Such a device might become an impor-
tant tool in atomic holography applications because it eas-
ily manipulates the diffraction properties of atoms without
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using mechanical tools. The device might also be useful in
investigating the fundamental differences between time-
dependent matter-wave and light optics. Most significant
are their different vacuum dispersion properties, leading
to new phenomena in the cases of coherent superpositions
of different matter-wave frequencies.”*

Conclusion

Our reported experiments show that matter-wave dif-
fraction at light crystals can be treated in full analogy with
conventional holography where photons are diffracted at
material gratings. Equivalent behavior of the two diffrac-
tion processes is found in basic effects, such as diffraction
in the thin or thick grating regimes or in comparing the
diffraction processes at absorptive and refractive index
gratings. Using the unique property of light structures to
superpose without interaction, we were able to probe di-
rectly the evolution of the atomic intensity distribution
within a scattering light erystal. The experiments also
verify the coherence of the diffraction processes, which
means that a standing light wave acts as a coherent
beamsplitter for atomic matter waves. Analogies between
matter-wave and conventional holography are found even
in very detailed effects such as the anomalous transmis-
sion of atoms under Bragg incidence through an absorp-
tive crystal or a violation of Friedel's law resulting from
the particular phase relation between diffraction processes
at absorptive and refractive index structures.

But differences between matter-wave and conventional
holography can be expected in time-dependent experi-
ments. We showed that an intensity modulated light crys-
tal acts as a coherent frequency shifter for atomic matter
waves, a generalization of an acousto-optic modulator for
photons. Such a device might become very helpful for in-
vestigating the exciting similarities and differences be-
tween quantum optics of photon and matter waves. Our
work opens the way for future experiments that will in-
vestigate atomic diffraction at three-dimensional holo-
graphic light structures. &
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