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Dynamical diffraction of atomic matter waves by crystals of light
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Atoms in light crystals formed by a standing light wave are a model system to study the propagation of
matter waves in periodic potentials. The encountered phenomena can be described by dynamical diffraction
theory which has been extensively studied for x-ray, electron, and neutron scattering from solid state crystals.
In this paper we show that an atomic de Broglie wave traversing a standing light wave allows investigation of
predictions of dynamical diffraction theory which were previously experimentally not accessible. We present
standard diffraction efficiency characterizations porre absorptive angure refractive crystals. Additionally
we were able to measumirectly the total atomic wave field formed inside a refractive and an absorptive
crystal and to confirm the predictathsoluteposition of the atomic wave field with respect to the lattice planes.

By superposing two standing light waves of different frequency we tailored a new kind of crystal potential
where Friedel's law about usual diffraction symmetries is maximally violdi8#050-294{29)02207-9

PACS numbds): 03.75.Be, 03.75.Dg, 42.25p

I. INTRODUCTION atomic matter wave source, a mirror inside the vacuum sys-
tem with precisely adjustable angular and spatial position,
Waves propagating inside a periodic medium are ofterand an atom detector with good angular resolution. The
encountered in physics. One of the anticipated phenomena #anding light waves are realized by retroreflecting laser
diffraction, which can be found, e.g., in x-ray scattering frombeams from the adjustable mirror. The theoretical framework
solid state crystalgl]. A plethora of diffraction experiments IS the theory of dynamical diffraction, which treats the wave
have been performed which are in excellent agreement witiside the periodic structure as the coherent sum of all scat-
the theory of dynamical diffraction. tered wavelets. Originally, this theory was developed for the
The main difference between these diffraction experi-description of x rays propagating in perfect crystalf Later
ments and our experiments is that in our situation the usudf was adopted for electrorid0], and neutron$11], travers-
roles of matter and light waves are exchanged. We investing perfect crystals. Treating an extended standing light
gate propagation of atomic matter waves in a periodic lightvave as a crystal in the sense of periodically arranged scat-
structure realized with a standing light wave. Closely relatederers one can directly apply the known theoretical results to
investigations have been described, for example, by Adam@ur system.

et al.[2], Balykin and LetokhoVy3], and in Ref[4]. Diffrac- In the following section we will give a definition of a light
tion of matter waves at light fields makes the following new crystal and discuss our diffraction regime. The third section
types of experiments feasible. is devoted to the dynamical diffraction theory applied to our

(1) With standing light waves one can produce perfectsituation of the propagation of atomic matter waves inside
crystals of high purity consisting adnly refractive oronly ~ Standing light waves. In Sec. IV we discuss how the atom-
absorptive structures without any crystal defects. Thus wéght system allows the realization of pure absorptive and
are able to demonstrate very clearly the expected Borrmanpure refractive periodic structures. The experimental setup
effect[5], i.e., anomalously increased transmission at Brag@nd measurement techniques are described in Sec. V. In the
incidence through absorptive crysta6. ollowing sections the experimental results for scattered in-

(2) By setting up a thin on-resonant standing light wavetensities and scattered phases are presented for pure refrac-
one can realize an absorptive mdgg which has the same tiVe, pure absorptive, and combinations of refractive and ab-
periodicity as the crystal under investigation. Thus prob-SOrptive crystals.
ing/masking techniques can be easily implemented in the

experiment. With this technique we are able to retrieve the Il. DEFINITION OF LIGHT CRYSTAL
diffraction phase by measuring the total field of the atomic ) ) ) -
matter waves inside the crystal. Even #isoluteposition of In general, diffractive optical elements can be classified as
the wave field and thus the absolute scattering phase can Hdn or thick elements. The Talbot lendth?], i.e., the char-
deduced. acteristic scale of near field diffraction

(3) A third new possibility is to tailor crystal structures )
which were not available previous[§]. This can be done by _ﬂ

- . . LTalbot_ ] (1)
utilizing the fact that a pure refractive and a pure absorptive I

standing light wave can be superposed with arbitrary spatial

phase. This represents the most general crystal structure foan be used as a characteristic length to distinguish between

first order Bragg diffraction in theveakscattering limit. the two classes\ represents the wavelength of the incoming
Our experimental system consists of a well collimatedwave, d is the periodicity of the diffracting eleméntThe
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light crystal Ewald construction14] one finds that for thick elements
L>L only certain incidence angles can lead to significant diffrac-
Telloat tion amplitudes.
real space G. reciprocal space In analogy with optics we call a standing light wave with
a longitudinal extent much smaller than the Talbot length a
" light grating. For standing light waves thicker than the Tal-
bot length we would like to use the expressiaht crystal
i —= to emphasize the similarity to the diffractive behavior known
z for x rays, electrons, and neutrons in solid state crystals.
An additional distinction has to be made with respect to
the potential height. As an approximate boundary one can
Iight grating use the characteristic grating recoil energy
L<L raioot 7232
X]_.Z G, Ee=>m 2
This is the kinetic energy a particle at rest with masgains
when absorbing a grating momentunG. Here we would
> a like to make the distinction between tBeagg regimewhere
: the maximum potential energy of the light field is smaller
than the grating recoil energy and tbleanneling regimdor
deeper potentialgl5].
Classically this means that in the Bragg regime a particle
“on impinging on the periodic structure under the Bragg angle
L will rattle over the potential maxima and the potential will

act as a weak perturbation. In the channeling regime the
. . article will be confined between two lattice planes. This,
structures in real and reciprocal space: In real space the Talbgt

length represents a boundary between both regimes. We would "keowever, happens only if the incidence angle of the particle

to call a standing light wave with a transverse extent larger than the small enough, such that its momentum component in the

Talbot length a light crystal and for smaller extents a light grating.dIreCtIon of the grating vector is limited to a value where the

The different diffraction behaviors follow from the different lattice partigle is Sti_" reflected by the grating plane_s. Quantum me-
vector distributions depicted in the reciprocal space. chanically this corresponds to bound states in the channeling

regime, whereas the states in the Bragg regiBiech states

. . . 16]) are still unbound, but modified with respect to the con-
reason is that for gratings thicker than the Talbot length arEinuum states of a free particle. This is the regime in which

atom, incident at the Bragg angle, traverses more than one : S
. R . We are interested. There, Bragg scattering is observed and at
grating plane. This situation cannot be described any mor

by a simple transmission function. Objects thinner than th(fnOSt one diffracted wave is formed if the incidence angle

L o . matches the Bragg angle.
Ta.lb'ot length exhl.b|t'a weak dependenc'e of the_lr dlffract_lon In the channeling regime the diffraction pattern exhibits a
efficiency on the incident wave vector, i.e., on its direction

. X ) o complicated dependence on the incidence direction and a
and magnitude, whereas thick optical elements exhibit a very : o .
Ay ide angle distribution of the scattered atoms. This follows
strong dependence on the incident wave vector.

This behavior can be understood for weak scattering wit from the momentum distribution of the eigenstates which are

the description of diffraction in the reciprocal space intro- he localized bound states.
duced by Ewald13]. It is based first on the energy conser-
vation, implying that the incident and the diffracted wave lll. DYNAMICAL DIFFRACTION THEORY
vector have the same length, and secondly on momentum There are many different theoretical approaches to de-
conservation, which requires that the incident wgve VECOE ribe the propagation of a wave inside a periodic medium
can only change by multiples of the grating vec@®r The  [14]. The main aim is to solve the underlying wave equation.
grating vectorG corresponding to a given periodic structure In general the solutions are very complicated but for weak
of periodd is found by the Fourier transform of the real scattering the diffracted amplitudes can be described in good
space structure. approximation analytically.

In a real crystal with a limited length (z direction, the The main feature of extended weak periodic structures is
z component of the grating vector is uncertain in a rangghat significant scattering is only observed if the incident
proportional toL ~!, whereas thex component(direction of ~ wave impinges on the lattice planes at the Bragg adgle
the grating periodicity shows a sharply defined, discrete
spectrum spaced b$=2=/d. The diffracted intensities are sing :L 3)
given by the absolute square values of the corresponding B 2d’
Fourier transform amplitudes. In Fig. 1 the different situa-
tions encountered for a thin and a thick standing light wavewhere\ is the wavelength of the propagating wave ahid
are depicted in real and reciprocal space. Thus applying thine spatial periodicity of the structure. This relation can be

FIG. 1. The difference between thin and thick harmonic periodic
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derived by summing Huygens elementary spherical waves Vv
scattered by lattice planes. The calculation is easy if one VSZE—,
ignores multiple scattering. This situation is described by the 9
kinematic diffraction theory14]. However, we are interested —
in the regime where multiple scattering occurs and each 05=0—, (4)
single scattering event leads only to a small scattered ampli- Bragg
tude. This regime is described by the theory of dynamical 7
diffraction. 2°= .
There are many publications deriving the dynamical dif- L-ratbor

fraction theory f_or all kindg of diff_ere_nt waves directly from The condition of weak potential implie/s|<1, further-
the wave equation. The first derivation was done by Ewalqy, e oy thick diffraction element criterion implig&>1.

[9] in 1917 for x-ray waves propagating inside a so_l|d _state The eigenfields arée.g.,[17])

crystal. The derivation for electron matter waves inside a

crystal was done by Bethe in 1928(_)] a_nd for neutrons it d/,=c//mmoc[angage‘é'F]e”Z—'F,

was derived by Goldberger and Seitz in 1941]. Conse- )
quently in this paper we would like to describe the theory W= M[a++a*eié'F]e"z+'F

only qualitatively and translate the rigorous results in the T TmactTo DTG ’

above me_ntione_d papers for our exper_imental situation. where K. are the corresponding wave vectors inside the

i Dy_na_mlcal dlffrgctlgn theory describes the t_o_tal Wave crystal. Note that the eigenfields are not normalized eigen-
field inside the periodic structure as a superposition of stagiares byt are given in such a way that both fields are equally
tionary wave fields. These so-called eigenfields can be d&;qnyjated for an incident plane wave. Thus the whole dif-

scribed by a superposition of plane waves as was shown Biaction behavior can be understood on the basis of these
Ewald[9]. The wave vectors are restricted by the perIOdICItyeigenﬁe|d5_ The relative amplitudes are given by

of the scattering structure to the refracted incident wave vec-

tor (forward direction and the refracted wave vector plus L =05 OPHAVEVS

multiples of the grating vectddiffracted directions An im- ag = 5 ,

portant feature of the eigenfields is that the relative ampli- 2V

tudes of the constituent plane waves depend on the angle + 6
between the forward scattering direction and the lattice ag=1,

planes. The evolution of the eigenfields is determined by th
corresponding eigenenergy. Since different eigenfields ha
different overlap with the periodic structufpotentia) the
eigenenergies will differ. Thus within this approach the phe- o0 .
nomenon of diffraction is described as an interference effect V(N = > Vyzener. (7
of different initially excited eigenfields. The scattered inten- n=-e
sities are obtained as the result of interference of the corre-
sponding amplitudes of the eigenfields.

The approach of eigenfields is very general and can b

%herevie are the first Fourier components of the scattering
Vﬁotential defined via

The abbreviation/,, and .« indicates that for exact
Bragg incidence §°=0) the two states have minimal and

applied to any periodic potential. It is only in tHéragg maximal overlap with the potent?al, respectively. It is ir_npor—_
regimethat the propagation inside the potential is fully de- tant to note that the amplltudg in the forward scattering di-
scribed by two eigenfields each consisting of two planereCtlon depends on the potential heigind on the deviation

waves in the forward and Bragg scattering directions. SimilaffoM Bragg incidencésee Fig. 2

fields are used in the description of electrons in solid state The difference of the wave vectoks. for the two eigen-
physics and are called Bloch stafd$]. In this framework states follows from the different spatial overlap with the light
the description is equivalent to a coupled two-state systenintensity. This leads to a different potential energy of the
This is in contrast to the coherent channeling regime wherétoms in the two states. The eigenenergiesof the eigen-
the eigenfields consist of many plane waves and usuallfields are given by

more than two eigenfields have to be used to describe the

total wave field inside the periodic structure. In the following E —E—V.t E{65+ \/W} ®

we will give the explicit form of the eigenfields in the two- * ot 2 WU T Y -Gl

beam approximation which is appropriate for weak scatter-
ing. This relates the absolute magnitude of the wave vectors in-
In order to make the results more compact we scale ouside the mediunEtocIZi with the kinetic energyExk? of
experimental parameters. The potential is given in units othe impinging wave.

the grating recoil energi,. The incidence anglé is de- The direction of the waves inside the potential is re-
scribed by the relative deviatios® from the Bragg angle stricted by the boundary conditions, since the wave function
0s=|G|/2|k| =\g4g/2d, where we use the small angle ap- must be continuous over the boundary. This implies that the
proximation for the Bragg angle~20 urad). The spatial wave vector component parallel to the surface is the same
thickness is given in units of the Talbot lengthr,,,:  inside and outside the crystéhdicated in Fig. 2 Classi-
=2d?/\. The normalized parameters are cally speaking, momentum can only be transferred perpen-
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All information about the diffraction behavior is contained in
forward scattered this total wave field. For example, the atom distribution at
1 amplitude the end of a crystal of length is given by the absolute
4 . . .
o square value of the total wave figlgh,,(L)|2. The intensity
in the Bragg directionl,, and in the forward directiony, is
obtained by decomposing,., into plane waves of the cor-
responding directions. It turns out that each diffraction direc-
tion gets contributions from both eigenfiel@gee Fig. 2 The
observed scattered intensity is given by the interference of

Bragg scattered those amplitudes and depends for real potentials on the ac-

amplitude . . - g
cumulated phase differende¢= (K, —K, )L of the eigen-
fields during the propagation inside the crystal.

forward scattered lo=|A, KL+ A_eKzL|2,

amplitude (12)

L+ R
lo=|A,a5e 2t +A_ajez )2,

This is the basic description we will use to explain our
experimental data. The result is applicable for real, imagi-
nary, and complex potentials. Furthermore, it shows that in

Bragg scattered the v_veak cogpling limit of first order Bragg diffraction o_nly
amplitude the first Fourier components of the potential are essential for
the description of the propagation. Thus we would like to

FIG. 2. The decomposition of a plane wave in eigenfields insideemphasize that the experimentally ussdusoidalcomplex
a periodic structure fofa) Bragg and(b) off-Bragg incidence. Dy-  potential which has only zero and first order Fourier compo-
namical diffraction theory leads to four plane waves propagatinghents exhibits all features expected for an arbitrary complex
through the periodic structure. They can be merged to two eigenperiodic potential in this limit.
fields indicated by the same line style of the arrows. It is important
to note that the eigenfields depend on the direction of the forward
scattered field. In the graphs the amplitudes are symbolized with the
width of the wave vectors. In this section we discuss what kind of potentials can be

_ _ _ o ~ realized with near resonant light for a specific internal atomic
dicular to a surface if there is no friction present. Choosingstate.

the coordinate system such that the surface is parallel to the For an open two-level system as shown in Fig. 3 the in-
x axis one finds teraction of the atom in statd) with the near resonant clas-

K.=k sical electromagnetic fiel&(r,t) can be described by the
o action of the optical potential given by Chudesnikov and

©)
R Vot (Eg/2)( 65+ JOZ+aVEVE o) Yakovlev[18],
7=|1- oE K, .

IV. LIGHT CRYSTAL CHARACTERISTICS

V(F)_ﬁ ‘Q’éab(f))
As the main result one finds that the periodic potential in- AA+i2ye’
duces two different refractive indices for the two eigenfields.
Thus the eigenfields propagate with different longitudinal veawhereQr.(r) represents the on-resonance Rabi frequency,
locities and hence accumulate a relative phase while traversvhich is periodically modulated in space for a standing light
ing the periodic structure. The initial population of the eigen-wave. The detuning of the laser frequency from resonance is
fields is determined by the boundary condition. In ourdescribed byA=w,—w,, Where w, is the laser frequency
experiments we analyze the propagation with a standard difand w, is atomic transition frequency. The parameigs is
fraction experimental setup where a collimated beam imthe decay rate from the excited st&® to the ground state
pinges with variable angle on a crystal surface. Thus for ouf2). The imaginary part of this potential describes the loss of
experiment we have to decompose a plane wave incident @e population from the initial stafé) to the experimentally
¢° into the eigenfields. That leads to the amplitudes of  distinguishable ground sta{@) via optical pumping. This
the eigenfieldsy.. : loss can be regarded as an absorption mechanism for atoms
in the internal statgl). The spectral shapes of the imaginary
*Vg and real parts of the complex potential are indicated in Fig.

A= T aveveg 10 a
676 One has to keep in mind that this form of the potential can

The total wave field inside the crystal is then given for-Only be applied if two basic assumptions are fulfilled. First
mally by the spontaneous decay of the excited state back to the initial

state|1) described byy,; has to be negligible compared to
Vioa= ALY FA_Y_ . (11 ve2- Secondly the population of the excited state has to fol-

(13
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FIG. 3. The basic level scheme to realize a complex optical
potential for an atom in statel) interacting with a near resonant
light field: The optical pumping process to st&# leads to a loss
of population in stat¢l). This pumping process can be regarded as
an absorption process for an atom in stdte

PRA 60

FIG. 5. The level scheme of metastable argon: The three-level
system used is indicated with the circles. The levels are labeled by
low the ground state population instantaneously. This is USlthe Paschen notation and the total angular momerjtiFhe table
ally called the secular approximation and leads to good rerelates the Paschen notation used throughout the paper to the stan-
sults for situations with) g, <|A+iy/2|. dard spectroscopic notation.

For our experiments we use metastable argon with the
level scheme as given in Fig. 5. This offers a closed transiexponential behavior is seen over three orders of magnitude,
tion from the Is; to the g state at 811 nm and an open as is expected from Beer's law. This can be deduced using
transition from the &5 to the 2pg state at 801 nm. There the the results of Sec. Il in the limit 0§°>— +. One finds
excited state decays with 72% probability to the nondetected
and hence distinguishable ground state. The rate of 28% I yane= @ (V2B 2= o= K2 (14)
back to the metastable state leads to a reduced absorption for
a given laser intensity as expected from Et@). By inte-  whereV, is the purely imaginary dc Fourier amplitude of the
grating the Bloch equations a reduction factor of 0.55 wagotential(average strengihE the total incidence kinetic en-
found. ergy, andx=|Vy|k,/E is the average absorption coefficient

To illustrate the effect of an absorptive potential we per-usually used in Beer's law. The solid line represents the ex-
formed an experiment measuring the transmission of atomgected behavior given by E¢l4) modified by the reduction
through a 3 cmthick light wave tuned exactly on resonance factor found by solving the Bloch equation. The deviation
for far off-Bragg incidence. The observed absorption as dor very weak light intensities results from the fact that the
function of light intensity is shown in Fig. 6. Clearly an Rabi cycles become longer than the interaction time. In this
case a quadratic behavior as a function of intensity is ex-

I I . . . .
04 | l \ real _I T T T T
I 1 ntial 100000¢ 5
ozl , '\ potentia P E
— b | S ™ P
= ~ =~ - Jooooo i e absorption limit
5 00 — — : & 100000 e kwithout magnetic field E
~— n 1 ~
h 02 ! 3 e,
E ll £ 10000} i T,
= y . 4
5 04) | 3 Wi .
= . . ™
S 06) imaginary ] = %e/ @}v
B potential 10004 %= 1
=" ]
0.8 ]
10} 0 20 4 60 80
| | | | | Incident laser intensity [W/cnr]
-10 -5 0 5 10

FIG. 6. Experimental result for the total transmission of atoms
through a constant light field resonant with the open transition at
801 nm, as a function of the laser intensity: The transmission de-

FIG. 4. The light potential as a function of the frequency differ- creases exponentially according to Beer’s absorption law. The dot-
enceA of the light field and the atomic transition. The action of the ted line shows the absorption limit without any magnetic field due
potential on the atom can be described via a refractive index proto the dipole selection rule for th&=2—J=2 transition used. In
portional to the potential. For exact resonance, only an imaginarpur experiment the Earth’s magnetic field and the long interaction
potential is present while for large detunings the real part of theime lead to an equal interaction of all magnetic sublevels with
potential dominates. linearly polarized light.

detuning A [units ofy,]
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mum (FWHM) intensity distribution of 3.5 cm from a gold

moveable
S . . slit mirror. The far off-resonant standing light waves were real-
collimation interaction . . . . . .
ized with a titanium sapphire laser. A laser diode was used
— | ‘,w;\“oo”rad | for on-resonant experiments. The mirror surface defines the
dischargeé lattice planes because the metallic mirror surface defines a
channeltron ; : ; ;
| ‘ node of the standing light wave. Thus, by rotating the mirror,
— > < > the incidence angle with respect to the lattice planes could be
Wpn g l.4m 10jm changed. Small angular tilts in the range ©fl00 urad
slit slit slit ~56g were accomplished by a piezo actuator built into a

commercial mirror holder.

FIG. 7. Scheme of the experimental setup: A gas discharge is The far field diffraction pattern and thus the angular dis-
used to produce metastable argon atoms. Collimation with two slitgribution of the scattered intensity was measured 1.4 m
leads to an atomic beam with a transverse coherence length of aboggwnstream by moving a 1@m slit in front of the chan-

2 um. The standing light wave is realized by retroreflecting anneltron, which registered only metastable atoms. Therefore,
expanded laser beam from a mirror situated inside the vacuunhe state selective measurement necessary for the realization
chamber. The atoms are detected with a channeltron and the spatjg{ 5 complex potentialsee Sec. IYwas intrinsically given
resolution of the far field was obtained by a moving slit in front of by our detection scheme.

the detector. As a standard characterization of the diffraction phenom-

) . _ _ena in crystal physics, rocking curves are measured. These
pected. In the experiment we used linearly polarized lightepresent the scattered intensities as a function of the inci-
resonant with the 4;—2pg transition. Since our atomic gence angle of the beam. In our experiment this was accom-
beam is unpolarizedstatistical mixture of magnetic sublev- plished by fixing the detection slit at a certain position in the
els) the dipole selection rules for &=2—J=2 transition  far field observation plane. The incidence direction was
imply that 1/5 of the atomsn; =0) do not interact with the  changed by tilting the mirror with respect to the atomic
light at all. This limit is indicated with the dotted line in Fig. peam.

6. Clearly we observe that all magnetic sublevels interact on e used two additional measurement techniques to ex-
average in the same manner with the linear polarized lighract information about the phase between the forward and
field which can be eXplained by the continuous miXing of thethe Bragg scattered amp"tudes shown in F|g 8. One is a
magnetic sublevels due to the Earth’s magnetic field. Hencgompact two-crystal-interferometer setup where the two out-
we can neglect the internal magnetic sublevel structure fo@oing beams are superposed with an adjustable relative
the description of the metastable argon atom and describe ghase. The other utilizes a mask with the same period as the

as an effective open two-level system. potential. By moving the mask right over the exit surface of
the crystal and measuring the total transmission one can
V. EXPERIMENTAL SETUP AND MEASUREMENT probe the atomic wave field.
TECHNIQUES Experimentally we realized these phase measurements

with two standing light waves at two different wavelengths

Our experimental setup, schematically shown in Fig. 7, igetroreflected from the same mirror surface. The gold mirror
a standard atomic beam apparatus adapted to resolve the tigyrface defines nodes for both standing light fields, thus both
diffraction angles £20 urad) expected for the argon atoms light crystals are in phase at the mirror surface. However, the
passing through a standing light wave. Furthermore, the inrelative phase changes as a function of distance from the
cidence angle of the atoms at the standing light wave is admirror due to the different spatial period of the two crystals
justable with urad resolution by changing the angle of the as indicated in Fig. 8. We used two transitions from the
retroreflecting mirror. metastable §; state of argon, namely, 801 nmA{=

As a matter wave source we use a thermal metastable.6x10° s %), and 811 nm A, =36.6x10° s 1). This
argon beam. The metastable argon atoms are prepared in aldads to a spatial beating of the relative phase with a period
gas discharggl9]. Their average wavelength is in the range of 32.34 um. This distance is much larger than the atomic
of A\~12-17 pm(corresponding to a velocity of 500—700 beam diameter (5um). Thus, by changing the distance of
m/se¢ depending on the source parameters. The source prehe mirror surface to the atomic beam one can vary the rela-
duces atoms in thesl and Iss metastable states with a ratio tive phase between the two periodic structures at the inci-
of ~15/85. Only these metastable atoms can be detected lijence position of the atomic beam. A mirror shift of
our channeltron detector. The background due to the aton82.34 um corresponds to a relative phase change of 2
in the 1s; state is eliminated by optically deexciting those equivalent to a relative spatial displacement of one grating
atoms with a laser diode at 795 nm. The lifetime of theperiod between the two standing light waves. This method is
remaining k5 metastable atoms is on the order of 40 s andanalogous to the Vernier principle used for length measure-
thus much longer than the atomic time of flight4 ms)  ments. There, a combination of two rulers with slightly dif-
through the beam line. The atomic beam is collimated with gerent periods leads to a fine spatial resolution.
set of two slits (10um, 5 um) at a distance of 1.3 m. This The interferometric setup was realized by two successive
leads to a residual divergence of the atomic beam ofhick (~2 cm) standing light waves, where the first crystal
+8 urad. was set up with 801 nm light and the second with 811 nm.

The light crystals are realized by retroreflecting an ex-The detection slit was positioned such that only first order
panded Gaussian laser beam with a full width at half maxidiffracted atoms were registered. Their intensity was ob-
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: . : front of the beam expander. This produced tae@rlapping
(a) “:;Z‘:;elfr"emm‘:;‘f (b) m;‘:jg;ge o standing light fields with a spatially varying phase differ-
ence, due to the beating of the different grating periods. By
principle principle translating the common retroreflection mirror, any spatial
phase relation between the two superposed light crystals
— e could be adjusted, providing the possibility for generatin
J P g p y g g
Z:}i §_< }1 :é: i),\/’ complex potential modulations, as will be explained later.
— A w1
— <
— zx BAAA%, — ;Dx BAAAé. VI. REFRACTIVE CRYSTAL
In this section we present the experimental results con-
experimental experimental cerning scattering off a pure refractive extended periodic
TEalization realizaton structure, and we will compare them to dynamical diffraction
$Dx $Dx predictions.
Iy, I From the light potential introduced in Sec. IV it becomes
—— — clear that a standing light wave with a detuning from reso-
——— 7 — ),\4 nance much larger than the natural linewidth can be regarded
7’_—gn.,_, N )«¢ Z_g: as a pure real periodic potential. Thus a far detuned thick
_g.g VY :E_g ROsss, standing light wave can be described as a pure refractive
— o crystal. This case has already been investigated in some de-
tail by other group$20].

For the description within the framework of dynamical
FIG. 8. Measurement techniques used to retrieve phase informatiffraction theory the Fourier amplitudes of the periodic

tion about the scattered amplitudes: A two-crystal interferomieler  structure are of relevance. For the pure sinusoidal phase crys-
directly recombines the forward and Bragg scattered beams. Afg| they are given by

observation of a fringe pattern of the combined Bragg scattered
intensity demonstrates the coherence of the scattering process. Vimax

Changes in the scattering phase are detected as a shift of the inter- Vo= 2
ference fringes. The masking techniqi yields information about
the atomic density distribution after the first object. Experimentally max_i,,

the two periodic structures are realized by retroreflecting light of VG_Te ) (15
different wavelength from the same mirror. Thus the relative phase
between the two objects changes as a function of distance to the
mirror surface. V_g=—1—

served as a function of the mirror position, measured with uhereV
position encoder (Heidenhain, with an accuracy of determi
+0.5 um), and varied with a translation stage driven by a
dc motor(Oriel).

For the other technique, i.e., the masking, the first cryst
(~3 cm) was realized with a light frequency at 811 nm far
off resonancegwith a typical light intensity of 40 mW/ci
at a detuning of 5 GHz from resonanc@&he probing mask The experimental results for the scattered intensities are
was created directly behind the phase crystal by focusinghown in Fig. 9. The left graph shows the scattered intensity
resonan{absorptiveé 801 nm laser light at the surface of the in the far field for different incidence angles. The data dem-
mirror (~1 mm wide. There, the typical light intensity was onstrate that only for special incidence angles, namely, the
40 pWic?, resulting in an average transmission~010%  Bragg angle9)g, is significant Bragg scattered intensity ob-
through the grating. Then the integral transmission througlserved. The position of the peak corresponding to Bragg
the two successive gratings was measured. By shifting thecattered atoms depends on the incidence angle. This is due
mirror into the atomic beam path the shadow of the mirrorto the velocity distribution of the incident beam. Fast atoms
could be detected, in order to determine the absolute positioare Bragg scattered at smaller incidence angles, and are de-
of the mirror surface, which defines a common node for bottected closer to the forward scattered intensity than slow at-
light structures. This means that one can experimentally desms.
termine a position where the two periodic structures are in Rocking curves represent the scattered intensity as a func-
phase. Since the beam profile is/m wide this position can tion of the incidence angle. First of all, the integral transmit-
be measured with an accuracys2 um which is 1/15 of ted intensity exhibits no dependence on the incidence angle
the periodicity. This allows measurements of the absolutes expected from particle conservati@pper right graph in
position relative to the lattice planes with a resolution of 24Fig. 9). The Bragg feature is revealed by measuring the scat-
nm. The same principle was also used to creataplexight  tered intensities individually in the forward and Bragg direc-
crystals by collinearly superposing light from two different tions.
lasers(tuned at the two different atomic transitions at 801 The rocking curve for the forward scattered intensity is
nm and 811 nm, respectivglyat a beam splitter cube in measured by positioning the detection slit (10n) at the

max Fepresents the potential maximum. The phase
nes the spatial position of the crystal. The dc Fourier
componentV is real, and the first Fourier components are
af:omplex conjugates of each other.

A. Scattered intensity measurements
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intensity | ; and the forward scattered intenslty

o= |}v e 1on sirf| 2| Vg| 2\ 7 (67/1Va)*+1
@ 2= 17 || == D>~ Joa l6(2 Ve, 0)= : ,
402 —(63Va?
’/\AA 102 7 (OIVE)2+1
3 ‘_-/J\fb/—\ forward dintnsity) o5 8 (16)
g __/M @I . sgatItIefe 'nten;:yl_j 108 lo(zVe,0)=1=16(2,Vs.0).
g % - . 088
__/\_/\ = i 3 . e e .
5 % R o The scattered intensities exhibit a rich dependence on
2 % ~ éj}\, - 04 § various experimentally adjustable parameters. In Fig. 10 a
= ___L | ] 8'5 8 comprehensive illustration of the dependencies is given. The
—/\L\ - main graph shows the Bragg scattered intensity as a function
% (@  Bragg scattered intensity 1 | | of the incidence angle for the scaled parametfrs2 and
% Ho08 Vg =0.125. The parameters are chosen such that for Bragg
% iy | 106 incidence all atoms are diffracted. Equal markers in Fig. 10
,_JL S |>~ 704 represent equal parameter sets in the different graphs. The
102 angular dependence exhibits a damped Persieiig-like be-
L b & o 33 & 20 4o 00 havior. The inset graphs show the dependence of the diffrac-
) %iit position [um] " mirror angular pasiion [aed] tion efficiency on the crystal length and on the potential

height for on- and off-Bragg incidence. The mechanism of
FIG. 9. Experimental investigation of Bragg diffraction at a re- the population exchange between the two forward and Bragg
fractive crystal: The left graph shows the measured far fidlt scattered states is analogous to the well known Rabi oscilla-
fraction pattern for different incidence angles. The scattered inten-tions of the population between ground and excited states of
sities as a function of the incidence angle are shown on the righ& two-level atom interacting with light. Theoretical investi-
side of the figure. The solid lines are the predictions of dynamicagations of this effect can be found, for example, in Bernhardt
diffraction theory. and Shord21].

" . Experimentally the Pendébong phenomenon was dem-
position of the forward(undiffracted beam. The observed : .
intensity exhibits two minima as can be seen in Fig. 9. They?n'strated as a function of crystal length by Sipeeal. [22]

result from the loss of atoms due to diffraction at the twofor Bragg scattering of neutrons at perfect crystals. Equiva-

conjugated first order Bragg angles. If the detection slit isIently one can observe the Pendellag phenomenon by

located at the Bragg angle one observes a diffraction pea?J]anglng the Q/yavelength of the mc@ent wave, because the
only for the corresponding Bragg incidence. Note that th scaled lengtlz® is proportional tox. This was demonstrated

sum of the forward and the Bragg scattered intensities i yIih:tlcl)[mzc)’(])f?z:giﬁteroggr:gé%irged ﬁ;ﬁ;ﬁi‘non is usuall
such a measurement is not unity, since different velocities pti gp IS usuatly

have different diffraction angles. Thus only a certain velocityderrt‘.OnStrated alsé ?kfur:ctlon IOf dpotent]al Ihde.'f?m];[. In tt?]'S
class will pass through the third slit situated at the maximu efhl_on W%IWOU dl € 1o app i/h ynarg_lcta ! rzg;llon eory
of the Bragg peak. o this problem and compare the predictions with our experi-

The solid lines in Fig. 9 are the results of dynamical dif- meVr:/t:I ;Z?/ltjalt&ualitativel observed the expected structure
fraction theory. In order to get this excellent agreement one q y P

has to take into account the diffraction pattern change in th ilth"I 1a flf)thrmgwcuxe' Thre ?ﬁpefrlr:;/er}tgll datt? ?rg isnhtO\;]Vf}t;n
observation plane due to the velocity distribution, further- g. ... There we measure the forward scattere ensities

more, the dependence of diffraction efficiency on the inCi_for different potential heights. We detect the forward scat-

dent wavelength and also the angular distribution of the inlered beam, since no additional structure can be observed in

cident beam. The only fit parameter for this experiment wa§he diifracted beam due to the velacity distribution of the

the potential height, wheré,,,=0.6E, leads to the theoret- atoms. '.A‘S can be seen in Fig. 11 the absolute d|ffract|9n
ical results shown in Fig. 9. efficiencies are reasonably well explained by dynamical dif-

fraction theory as discussed in Sec. Ill. All six graphs are
simultaneously fitted with one free parameter, namely, the
detuning of the laser frequency. The deviation between the
The Pendellsung phenomenon describes an exchange ofxperimental results and the theory is due to the breakdown
the intensities in the forward and Bragg scattered beams uswf the two-beam approximation for high potentials.
ally as a function of crystal length. The term Pendsliog For exact Bragg incidence the Bragg scattered intensity
phenomenon points out that this effect is analogous to thearies in the same way by changing the crystal thickizess
energy exchange between two coupled pendulums. This ethe potential modulation height;. The Pendellsung be-
fect is usually analyzed in the eigenmode basis of the systenfavior as a function of crystal thickness is exclusively due to
In a similar manner dynamical diffraction describes thethe increasing accumulated phase difference of the two popu-
propagation of a wave inside the periodic medium. lated eigenstates. Their energy difference increases for off-
The scattered intensities are obtained as a coherent supd&ragg incidence. This implies that for a given crystal thick-
position of two amplitudes with a certain relative phase. Usness the accumulated phase difference is larger for off-Bragg
ing Eq. (12) in Sec. lll one finds for the Bragg scattered incidence than for Bragg incidence. This explains the shorter

B. Diffraction efficiency: The Pendellssung phenomenon
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FIG. 10. Summary of the dependencies of the Bragg scatterec = —>}’ V_=054E
intensity for a phase crystgéhccording to Eq(16)]: The main plot 1 Ve max g
shows the angular dependence for crystal parameterd=d? and
V§=O.125 leading to a 100% diffraction efficiency for exact Bragg
incidence. As indicated in the upper insets the scattered intensity 1
exhibits a sinusoidal behavior as a function of crystal thickness and = }}\,
potential height. For off-Bragg incidence the behavior is different " Vmax= 037 Eg
due to the fact that the eigenfields depend on the potential heigh o PR S EVUS USSR U S

20

while they are independent of the crystal thickness. Equal markers 330 20 -10 0 10 20 30 40 50 60
in the different graphs correspond to equal experimental situations. . ..
arap P q P mirror angular position ® [prad]
Pendelleung length for increasing deviation from the Bragg ) _
angle(see lower left inset in Fig. 20The smaller Pendélo FIG. 11. Experimental results for the rocking curve of the for-
sung amplitude is due to the decrease of the Bragg scatterd@rd scattered intensity for different potential heights: As expected

; ; . ; from dynamical diffraction theory a structure within the Bragg ac-
amplitude in the total wave fieltsee Fig. 2. y y 99

The Pendellsung phenomenon as a function of potentialceptance angle is observed. The solid lines represent the results of
height is slightly more complicated. By changing the pc,ten_dynamical diffraction theory within the two-beam approximation

tial height both the eigenenergies and the eigenfields changtea.king into_account th.e YelOCity ?‘nd angwar. diStri.bUtion of our
Only for the special case of exact Bragg incidence does thatomuc l_)egm. The _deVIatlon for higher potentials might be under-

. . . . §tood within a multiple-beam treatment.
dependence on potential height enter exclusively via the ac-
cumulated phase difference. For off-Bragg incidence one hasould be experimentally observed in contrast to 60% diffrac-
to consider the eigenenergies as well as the eigenfields. fion efficiency without velocity selection.
turns out that the angular dependence of the eigenfields be- In Fig. 12 thex axis is directly proportional to the mea-
comes less pronounced for higher potentials. Thus for a subured laser intensity, scaled by an intensity of 38 mW/cm
ficiently high potential the off-Bragg Pendel effect is againwhich yields a light potential corresponding to a grating re-
mainly given by the accumulated phase difference. This exeoil energy at our frequency detuning of 5 Gkkaturation
plains why the Pendelfung phenomenon exhibits for higher intensity: 5.8 mW/cr). Taking into account the Gaussian
potentials the full modulation even for off-Bragg incidence profile and the reflection at the entrance window one ends up
as revealed in the lower right inset in Fig. 10. Our experi-with 28 mW/cn? light intensity uniformly distributed over
mental results shown in Fig. 12 demonstrate the expectethe beam profile. Thus, the data agree with our model within
behavior for the Pendellmng phenomenon as a function of our experimental accuracy of frequency determinatising
potential height for different incidence angles. We used a faa Burleigh wave metgr Deviations from the expected be-
off-resonant 811 nm standing light wave as a phase crystahavior at both larger incidence angles and higher light poten-
In order to reduce the velocity distribution the measurementials indicate that the employed two-beam approximation
was carried out with a time of flight selection by pulsing the breaks down in these regimes. Furthermore, a damping of the
discharge and setting a gating window such that only atompPendelleung oscillations occurs due to the limited longitu-
within the velocity range of 650—850 m/sec were detecteddinal and transverse coherence of the atomic beam, i.e., its
Consequently a high diffraction efficiency of up to 80% velocity distribution and its angular divergence, respectively.
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FIG. 13. Experimental results of the two-crystal interferometer
consisting of two successive phase crystals. The solid curves are a

fit to the data. The upper trace shows the Bragg diffracted intensity
. . . as a function of the relativepatial phase® between the two crys-
potentlal helght [ul’lltS Ong ] tals. Increasing the laser intensity of the first standing light wave
(>1/2 Pendellsung intensity one observes the interference fringe

FIG. 12. Experimental demonstration of the Pendelfw phe-  ;|,teq below. The observed phase jumpsb~  is predicted by
nomenon as a function of potential height for different 'nc'dencedynamical diffraction theory.

angles: The solid lines represent the predictions of dynamical dif-
fraction theory. wave field inside a refractive crystal is given by

C. Scattering phase measurement 1 1 G g G
Protal :E’/’max_ E‘/fmin: COSEX_ e 4% SInEX! (17)

In standard diffraction experiments usually only intensi-
ties are measured. By using the interferometric setup de- o .
scribed in Sec. V we were also able to measure the phaséhereA¢=(K; —K; )L is the phase difference between the
difference between the forward and Bragg scattered beamdwo eigenfields accumulated during their propagation

The experimentally observed interference patterns witfhrough the crystal of length. This leads to an atomic den-
the two-crystal interferometer are shown in Fig. 13. Bothsity distribution inside the crystal of
standing light waves were detuned from resonance and thus -
can be described by two phase crystals. The relatpagial |¢t0ta||2=1+sinA¢co<Gx+ 5) (18
phaseA ® between the crystals was adjusted by changing the
distance of the mirror surface to the atomic beam. The firs
crystal was thinnefthicken than half of the Pendelkung
length A = Lgqpo/ Vg for the upper(lower) trace shown in ~ Vimax
Fig. 13, whereas the potential of the second crystal was held V= 2
constant in the two experiments. The interference fringes
clearly confirm the coherence of the scattering process in the It should be mentioned that the normalization of the wave
phase crystals. Increasing the length of the first crystal ovefunctions is arbitrary, since for the calculation of all measur-
half of the Pendellsung length by changing the laser inten- able quantities only relative changes in the wave amplitudes
sity results in ar phase jump of the observed interferenceare essential. Comparing the potential in EtP) and the
fringes. total wave field in Eq(18) shows that the atoms leave the

The two experimentally observed fringes in Fig. 13 can bdight crystal mainly at the steepest positive or negative gra-
directly understood on the basis of the total wave field whichdient of the potential. The sign of the gradient at which the
is formed inside the crystal. For Bragg incidence the totalaitoms emerge depends on the sign of the phase factor in Eq.

For a potential of the form

(1+cosGX). (19
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(18), i.e., the absolute outlet position of the atoms for crystal
thicknesses smaller than the Pendaliog length is at the
flank on which the incident plane wave impinges. Changing
the potential such that the thickness of the crystal is larger
than half of the Pendelbung length implies that the accu-
mulated phase differenc¢ is larger thans. In this case
the sine term in Eq(18) changes sign, which implies that the
wave field jumps by half of the grating period. Since this is a
phase flip the visibility of the wave field has to be zero at a
phase differencé ¢= 7. This is indeed the case, since for
this phase difference the only emerging beam consists of
Bragg scattered atoms, and thus the wave field is just a plane
wave.

In the following we want to present our results which
confirm the expectedbsoluteposition of the wave field. For
this purpose we use the masking techni¢gee Sec. Ywith 10t
a thin absorptive light grating. As a refractive crystal we
used a far off-resonariblue) standing light wave at 811 nm.
The absorptive grating was set up with a thin standing light
wave (thickness<1 mm, 801 nm on resonancédirectly

12

counts/msec
=
o]

behind the refractive crystal. AN P

The experimentally observed behavior of the total wave d. /N /N VR U A
field for the two conjugate Bragg incidences is shown in Fig. 8 / 5
14. In the upper graph the near field for a weak potential is 70 20 40 e 8 100 120
measured continuously in a range between the two conjugate spetial mivor pesiricn [jt]

first Bragg orders. Due to dynamical diffraction theory the

. . . . . . FIG. 14. Where do atoms incident at the Bragg angle leave a
diffraction efficiencies in the two conjugated orders are given . : 2
. . . refractive crystal? The near field measurement for atomic incidence
by exchangingG with —G. Thus from Eq.(18) it follows

. . . 1 angles between the two conjugate Bragg ordersper graph
that the atomic wave field for conjugated incidence should b hows that the wave fields for conjugate Bragg incidences leave the

shifted by 7 as confirmed by the experimental data of Fig. ¢1ysta| at opposite flanks of the potential as predicted by dynamical
14. ) diffraction theory. The circles represent the potential minima and
In order to demonstrate the behavior more clearly, thenaxima. The black bar on the left is the shadow of the mirror
lower graph of Fig. 14 shows a one-dimensional cut throughdistorted by the gray scale mappjngurthermore, the data allow
the data of the upper graph, taken at Bragg incidefice for determining the absolute position of the maximum of the atomic
+Bragg”). The dashed curve indicates the fraction of thewave field: The lower plot shows a one-dimensional cut through the
light intensity of the absorptive grating, that is in phasedata of the upper graph, taken at Bragg incideftice dashed curve
(“overlapping”) with the intensity nodes of the first Bragg indicates the beating phase between the two successive gratings—
crystal. The steep rise of the intensity at the right dicter-  which are exactly in phase at the mirror surfacthe data show
responding to the black vertical stripe in the upper plst that the atomic wave field emerging fronrefractive Bragg crystal
due to the shadow of the mirror edge. Since we know that aif shifted bys/2 with respect to the crystal planes, i.e., its distance
the mirror surface the light crystal is in phase with the ab-t0 the closest node of the blue detuned standing light wave deduced
sorptive mask, we can deduce the absolute position of th&om this measurement is (80L5) nm, corresponding to a quarter
atomic wave field emerging from the Bragg crystal. The datf @ grating period.
show that the total wave field inside a blue detuned light
crystal has its maxima at the steepest gradient of the potemparameter. The middle three graphs show the results of the
tial on which the incident wave impinges. These resultscorresponding near field measurements. The dark bar at the
agree with the predictions of dynamical diffraction theory. top of the middle graphs represents the mirror surfataus
Furthermore, one can investigate the wave field as a fundd um due to the gray scale mapping of the graphhis
tion of the incidence angle, since the matkin optical ele- marker is missing on the middle right graph, because the
men) does not depend critically on the incidence angle astart position of the motor drifted during the experiment,
discussed in Sec. Il. Experimental results are shown in Figwhereas the position measurement was still accurate. The
15 in comparison with the predictions of dynamical diffrac- zero position(mirror surface was then calibrated after the
tion theory. We measured for every incidence angle both theneasurement. The lower graphs show the predictions of dy-
near field, using the masking technique described above, antamical diffraction theory without any new fitting parameter.
the far field after switching off the thin standing light wave. It is important to note that the gray scale is the same for the
This led to a measurement time of 10 hours for each set dhree experimental graphs and for the three theoretical
data. The upper three graphs represent the measured Brag@phs. Thus in addition to the explanation of the shift of the
and forward scattered intensities found by fitting the meawave field by dynamical diffraction theory even the contrast
sured far field pattern for the three different potential heightsof the wave field modulation as a function of potential height
The solid lines represent the predictions of dynamical dif-is confirmed.
fraction theory with only the potential height as a free fit In order to get an agreement between theory and experi-
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FIG. 15. Near and far field measurements behind a light crystal compared with dynamical diffraction theory. The upper graphs show the
forward (upper tracg and Bragg scattered intensitié®wer trace as a function of the incidence angle. The solid lines are results of
dynamical diffraction theory, where the potential height was assumed to be a free parameter. The middle graphs are measured near field
patterns as a function of the incidence angle. Brighter regions in the density plots correspond to higher atomic intensities. The lower graphs
represent the corresponding results of dynamical diffraction theory for the near field.

ment one has to take into account the velocity distributionresults will be discussed again briefly in the vicinity of the
and more importantly the divergence of the incident beamother investigations, and with direct absolute comparison be-
This divergence of- 8 urad was deduced from the width of tween dynamical diffraction theory and experimental results.
the far field slit pattern which was for these measurements A standing light wave with a laser exactly tuned on reso-
27 um (FWHM). This angular divergence mainly explains nance with the open transition at 801 nm represents a peri-
the reduced contrast of the wave field modulation for exachdic imaginary potential as discussed in Sec. IV. The values

Bragg incidence in the case of an intermediate potentiahf the relevant Fourier components of the potential are
height. Deducing the expected near field interference pattern

via the observed scattered intensities in the far field one Vimax

would expect maximal contrast at Bragg incidence. The ob- Vo=~ o

served minimum of the atomic intensity modulation results

from the incoherent superposition of the total wave fields v

corresponding to each incidence angle. However, this does Vo= — i —Zgia (20)

not show up in the far field where the intensities for the 4

different incidence angles are added up. Thus the near field

measurement reveals information about the transverse coher- Vimax i,

ence length of the incident beam. Vog=—1——e "
Based on these results we will show in the following that

in the case of absorptive light crystals only one of the basic

) ) . . In contrast to the phase crystal the dc Fourier amplitude is
Bloch states contributes to the diffracted intensity. P 4 b

imaginary and hence describes the average absorption of the
VII. PURE ABSORPTIVE CRYSTAL incident beam instegd pf refractipn. Since _the evolution in-
side such a potential is not unitaprobability not con-
The experiments of this section have been partially deserved the first Fourier components do not form a pair of
scribed in a previous publicatiof6]. However, the main complex conjugates.
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For the experimental demonstration of this fact, we refer the
- 030 reader to a previous publicati¢f], where the absolute phase
of the atomic wave fields behind absorptive and refractive
light crystals was measured with a method similar to that
described in the preceding sectigsee Fig. 14 There it
turned out that the atomic wave fields behind refractive and
absorptive crystals are shifted by/2 with respect to each
other. Combining these results with the absolute measure-
ments of the wave field position behind refractive crystals
(preceding sectiogrthen actually demonstrates that the wave
field behind an absorptive crystal emerges at the nodes of the
potential.
This behavior has an interesting consequence, which ap-
pears when investigating the diffraction behavior as a func-
0 tion of the atomic incidence angle: These experimentally ob-
I . served rocking curves for the pure absorptive crystal are
- }" shown in Fig. 16. The main difference compared to the ex-
I — periments with the phase crystal is that the integral transmit-
EXIE) ted intensity exhibits maxima at the Bragg incidences. This
X3 [ - is no violation of particle conservation since it is due to a
= . reduced absorption. The increased transmission at Bragg in-
¥ IEIE EEEIEI— 290 cidence is known in x-ray diffraction as the Borrmann effect
- L) or anomalous transmissioft was observed by Borrmann for
X rays in perfect crystals in 1945]. Later this effect was
Bragg scattered intensity demonstrated for electrons, neutrd24], and in our group
20 for atoms|[6].
This behavior can be understood by considering the
eigenfields. The off-Bragg absorption is then given by the

integral intensity

forwardscattered intensity 1 240

i\
=
EE [X) 230

098S/S1IUN0J

_ W\v@ I 8 spatial average of the absorptive structure, which is the dc
313 = }\, 5,_ Fourier component of the potential. The transmitted intensity
& === I 19 @ is given by Beer’s law in Eq(14) as discussed in Sec. IV.
(] $ For the on-Bragg situation one has to deal with two equally
FF?EI ?E (X ] o populated eigenfields which experience different absorption
(R R Eii}i?i} due to their different spatial overlap with the absorptive
I L L L L L B B B structure. Following Sec. Il we get for the wave vector com-
-4 -3 -2 -1 0 1 2 3 4 ponentsKZt
mirror angular position Y 3
[units of Ogaqd K=(1+'—< i maxﬂkzk +i—x
Brag z 2\ 2E T 4E /[T 247

FIG. 16. Experimental rocking curves for a pure absorptive (22)

crystal: The upper graph shows the integral transmission through an K+ =
absorptive light crystal as a function of the incidence angle. The z
increase of total transmission at Bragg incidence is known as the

E_Sorrmann effgct. Th? .S°|'d line is a prediction of dynamical diffrac- where k is the mean absorption coefficient as introduced in
tion theory with no fitting parameters. The lower two graphs show,

that both the forward and the Bragg scattered intensities increase bSec. IV. The scattered intensities are given as the coherent

the same amount, as predicted by dynamical diffraction theory. g?rg]c?i:):]hse Iig]rplgtr:(z:]zsir?::it(;]:nig%ﬁéegj;tén the corresponding

2

i Vmax Vmax 1
{ (ze ~2E | KTkt K

A. Scattered intensity measurements

The diffraction of waves from an extended periodic ab- _l| —(3/4)xz_ o= (1/4)kz 2_3 —KkZ( A(KI2)2 4 4= (KI2)2_

. . L2 - c=-|e e [*=—e"*(e +e 2),
sorptive structure is a situation where the decomposition og 4 4

the total wave field into eigenfields is unveiled. In the case of

periodic absorption the eigenfields experience different ab- 1

sorption due to their different spatial overlap with the ab- |,=~|e~ (324 e*(1’4)"z|zzzef"z(e("’z)“r e (K224 2y,
sorptive structure. Thus, after a sufficiently long interaction 22)
distance mainly the minimal coupling state will survive.

Consequently, the total wave field behind the crystal is de- ) _ . N o
termined by this minimal overlapping state, consisting ofCalculating the total transmitted intensities for Bragg inci-

plane waves of equal amplitudes transmitted and diffractegdeénce and off-Bragg incidence, one finds for their difference
The total wave field has its maxima at the positions of mini-
mal absorption, i.e., at the nodes of the standing light wave. lotlg—1=2I5>0. (23
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incidentlaser intesity [mW/cn] FIG. 18. The measured total transmission through a light crystal
near resonancet(40 MHz): The left graphs show the total trans-

FIG. 17. Increase in the total transmission through an absorptive,icsion for the indicated laser detunings. The right two graphs rep-

crystal at Bragg incidence as a function of the incident laser intenzogent the results of dynamical diffraction theory. The qualitative

sity. The solid curve indicates the theoretical behavior according t®ehavior can be understood on the basis of the total wave field

Eq. (24) (adapted for an incidence angle 65+10 urad). No  ,qqjion determined by the real part of the potential and treating the
Pendel behavior arises due to the fact that the accumulated phaﬁﬁsorption as a weak perturbation.

difference of the eigenfields is imaginary.
o ) ) ~with theory. The data clearly demonstrate that no Pendello
Thus for Bragg incidence, the transmittance is always hlghegung phenomenon arises, and that the maximum transmis-

than expected from the average absorption. _ sion is obtained at the expected potential height.
Our experimental results shown in Fig. 16 for the integral,
forward, and Bragg §cattered intensities reveal the disqus_sed VIIl. NATURAL LIGHT CRYSTAL
features. The experimental results for the total transmission
in Fig. 16 are compared with the theoretical prediction So far the description of a standing light wave as a pure
phase or a pure absorptive crystal was only an approxima-
/1 tion. For the far detuned case usually the residual absorption
R S15S~ [ _(AS/I\/S|\2_ . . )
B sirt 2m|Vglz 4(0'/|VG|) l} is neglected. The purity of the phase crystal can be defined as
lc(z,Vg,0)=e""* 1 ; the ratio of imaginary to real parts of the potential, that is,
Z(,9i3/|vﬁ‘3|)2—1 2A/T, wherel is the linewidth and\ is the detuning of the

laser light from resonance. For our experiments with phase
e crystals the laser light was-5 GHz detuned from reso-
lo(z.Ve.0) =€ "*+1g(z.V.0). (24 nance leading to a phase/absorption purity of 1000. In the
These theoretical results reveal two main differences t&2S€ of an exactly resonant light crystal the description as a
the case of the phase crystal. The forward scattered intensifHré absorptive structure neglects other possible transitions
increases for Bragg incidence by the amount of the Bragdf™m the |n.|t_|al state. Since the Iasg( is far detu_ned frorr_l
diffracted intensity as discussed above. Secondly no Pendéf0S€ trans'ltlor)s they lead to an additional refract_lye c'ontrl—
like behavior is expected since the argument of the sine foPution. Taking into account the nearest other transition in our
reasonable values of* and V5 is imaginary. A detailed experiment one finds an absorption/phase purity &f 10

theoretical discussion of the implication of a purely imagi-. In_order to study the .influence of the combination Of
nary periodic potential in the Schiimger equation is given imaginary and real potentials we measure the total transmis-
by Berry and O'Dell[25]. sion for a small detuning£40 MHz). The experimental

results are shown in Fig. 18. The dependence on the inci-
dence angle can be understood on the basis of the total wave
fields. The total wave field will be determined mainly by the
The experimental results of the scattered intensity as eefractive crystal, because the ratio of real to imaginary po-
function of potential height are shown in Fig. 17. There wetentials is~20. Thus the absorption can be regarded as a
measured the ratio of the total throughput for on- and off-small disturbance. The influence of the absorption can then
Bragg incidence as a function of laser light intensity. Frombe deduced from the individual overlap of the total wave
the theory one expects that the maximal total increase dield with the absorptive potential.
transmitted atoms is 7.2%. Taking into account velocity and For incidence angles smaller than the Bragg angle mainly
angular distributions one would expee®.7%. The fact that the minimal coupling wave field determines the evolution
only a 1% transmission increase is observed might resulisee Fig. 2 This means that the overlap of the atomic wave
from an angular misalignment e 10 wrad, which is on the field with the crystal potential is minimal. Thus this means
order of our experimental accuracy for this experiment. Takfor red detuned light crystals that the overlap of the atom
ing this misalignment into account one gets good agreememntith the light intensityis maximal, corresponding to maxi-

B. Diffraction efficiency of absorptive crystals
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a blue detuned crystal leading to a minimal absorption. For
incidences larger than the Bragg angle the situation is re-
versed. This is due to the fact that mainly the maximal cou-
pling state determines the evolution. Therefore a lower ab-
sorption is found for the red detuned crystal and a higher
absorption for the blue detuned light crystal.

The right hand graphs in Fig. 18 represent the results of
dynamical diffraction theory with a ratio of 20/1 of refractive
to absorptive contributions. The total potential height was
assumed to be a free parameter to get the best agreement ¢
with the experimental data. The underlying theory as dis-
cussed so far is a two-beam approximation and therefore
describes only one scattered beam in addition to the trans-
mitted beam at a time. The theoretical curves shown are the
normalized sum of the results for Bragg and conjugated
Bragg incidences calculated individually and added up inco-
herently. Thus we do not take into account interference ef-
fects between the plus and the minus Bragg diffracted am-
plitudes (note that this approach is most critical at exactly | dynamical diffraction theory
perpendicular incidence, where two beams diffracted at the | with multiple beam treatment |
two conjugated first diffraction orders should contribute with ‘ T
equal efficiencies, in addition to the transmitted bgaxev-
ertheless, a numerical integration of the Sclimger equa- 0.1
tion (multiple-beam dynamical diffraction theory, including
eight beamp leads to the same qualitative results for our
weak scattering potentials, i.e., it yields qualitatively the 0.0 ‘ —
same functional dependence of the total transmission on the 1.0 15 2.0 25 3.0 35
incidence angle, and on the frequency detuning of the light
potential. The experimental results should be understood as
qualitative results for Scattering from a CompleX pOtential. A  FG. 19 Bragg scattered intensity for Bragg and conjugate
more detailed discussion for complex light crystals is givensragg incidence as a function of the relative phase between absorp-
in the following section. tive and refractive parts of the potential: The lower two graphs
show the results of dynamical diffraction theory, within the two-
beam approximation, and multiple-beam treatment, respectively.
Clearly a violation of Friedel's law, stating that the diffraction ef-

So far we have not utilized the fact that light fields can beficiency is the same for both conjugate Bragg incidences, is ob-
arbitrarily superposed and thus one can model the most gegerved.
eral complex periodic potential for first order Bragg diffrac-
tion where only the first Fourier transform amplitudes of the

potential are of relevance. The possibility to create suclexperimentally the relative spatial phageébetween real and
complex potentials has been demonstrated in a previous pubnaginary part at the incidence position of the atomic beam
lication [8]. Superposing a pure absorptive crystal at 801 nMg cqonrolled by the mirror position as described in Sec. V.
(resonant lightand a phase crystal at 811 nif-resonant The experimental results for the diffraction efficiencies
light) allows for the realization of a potential of the general for such a composed potential are shown in the upper plot of
form Fig. 19. In contrast to the previous results, the diffraction
_ efficiencies for Bragg incidence and conjugate Bragg inci-
V(x)=V,[1+cogGx)]+iV,[1+codGx+x)], (25 dence are different for all relative phases with the exceptions

mal absorption, whereas the overlap is minimal in the case of Y I X

| dynamical diffraction theory

02 with two beam approximation _
Vs ,’ ~

0.1+

Bragg scattering efficiency

relative phase ¥, []

IX. COMPLEX LIGHT CRYSTAL

of x=0,7,27, ... . These phases correspond to the situa-
whereV; andV, represent the amplitudes of the absorptivetion of a “natural” complex crystal discussed in Sec. VIII.
and refractive parts, respectively. For those cases the Fourier amplitudes are symmetric.
The Fourier amplitudes are then given by The mathematical description within the framework of
dynamical diffraction theory is straightforward. The connec-
Vo=V, +iV;, tion between the results for Bragg and conjugated Bragg
incidence follows formally by replacing with —G. This
V,+iV;e'x does not change the absolute value of the wave vectors in-

(26)  side the crystalsee Eq.9), Sec. Ill] and thus the accumu-
lated phase difference between the eigenfields is the same for
iy both Bragg incidences. However, the amplitudes of the plane
Vv _Vitivie waves in the Bragg directioA. changdEq. (10), Sec. III]
-G 2 ' and are connected by the relation

NI
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G V*G G T T T T T T T T T T
A :V_GAi . (27) 22004
Using the general result for the Bragg scattered intehEity

(12), Sec. lll] the diffracted intensity for Bragg and conju- 20004
gated Bragg incidence are given by

2
G:_|VG| |eiK;L+eiKZ’L|2 1800+
V_cVe ’ §
(28) 7
2 £ 1600~ 0 =
:|V—G| KL ik L2 = 7] “J!‘—XI -1
I_g le'fzt+efz b2, 2
V-cVe S 600

The prediction of this theory is shown in the middle graph
of Fig. 19. The oscillatory behavior as a function of the 400
relative phase results from the dependence of the diffracted
intensity on the absolute square value of the corresponding
Fourier component. The observed distortion of the sinusoidal
behavior arises since the two-beam approximation does not
hold for the high potentials experimentally used. For a more
guantitative description one has to take into account higher
diffraction orders(multiple-beam treatmentThe numerical — + T+ T ' T * T 7
solution of the Schidinger equation in an eight-beam ap- 2 - 0 12
proximation is shown in the lower graph of Fig. 19 and re- mirror angular position
produces the observed asymmetry. It is noteworthy that the [units of ®Bragg]
maximal absolute diffraction efficiencies are the same for
both theoretical treatments. FIG. 20. The experimentally observed rocking curves for a po-

The different behavior for Bragg and conjugated Braggtential of the special fornv(x) =1—i + €'®*: The forward scattered
incidence can be regarded as a violation of Friedel's lawntensity is indicated with squardsipper curvg and Bragg scat-
[26]. This is an empirical law stated by Friedel in 1913, tere.d intensities are given .by the tyvo lower curves for. the two
which claims that the diffraction behavior does not change ifconiugate Bragg orders indicated with open and solid circles, re-
a periodic structure is inverted at any point. This implies thaSPectively. This special potential was realized by choosing a rela-
for a given crystal both Bragg and conjugated Bragg orderdVe SPatial phase ofr/2 between two overlapping refractive and
should have the same intensities. However, the results of t b.sorpf've crystals. This case leads to an extreme violation of
dynamical diffraction theory given in Eq28) show that riedel’s law, i.e., a complete suppression of Bragg_ scattering at
Friedel’s law isonly fulfilled if the absolute values of the °N¢ Of the two conjugate Bragg orders. The experimentally ob-

. . . . . . served residual scattering is due to different values of the absorptive
conjugate Fourier amplitudes of the potential are identical,\q the refractive part of the potential
since

200+

2 2 lo=€e""%
lg=1_g+|Vg|*=|V_g|. (29)

: . le=(4mZV;)%e™ ", (31)
Thus, Friedel's empirical law cannot be broken by any

purely refractive, or purely absorptive crystal, even if the | _¢=0,

elementary cell has no inversion symmetry. However, for

combined absorptive and refractive structures this rule isvherex is the mean absorption coefficient as defined in Sec.
generally violated, except in the case of a “natural” crystal|v. Thus the forward scattered intensity should exhibit no
where real and imaginary crystals are exactly in or out ofangular dependence. The diffracted intensity is given purely

phase. by an anomalously transmitted contribution. The correspond-
Since the general formulas are quite lengthy we discusfhg experimental data are shown in Fig. 20.
one extreme case of a complex potential, namely, Obviously the diffraction efficiency in the two conjugate
, first Bragg orders is extremely different, although the experi-
V=V +Vge'® (300 mental geometries are symmetfee inset in Fig. 20 Since

the forward diffracted intensitieGipper curve are identical
This potential can be realized by superposing a refractivor both incidences, the increased diffraction efficiency at
crystal and an absorptive crystal with a relative phase/@f  one of the Bragg angles is givemly by anomalously trans-
For such a potential with/_g=0 it turns out that the first mitted atoms. The residual dependence of the forward scat-
term in Eq.(28) for the Bragg diffraction efficiency diverges. tered intensity on the incidence angle follows from the fact
Nevertheless, a finite diffraction efficiency is found, since thethat the absorptive potential was only about half of the re-
second term approaches zero for the limitg— 0. The dif-  fractive potential. This also gives rise to a small diffraction
fracted intensities are given by efficiency in the conjugate Bragg order, which is supposed to
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be completely suppressed in the ideal case. Diffraction exatomic transition frequency. Additionally, the coupling
periments at such a complex potential and their relation tstrength between atoms and light is proportional to the light
Friedel's law are discussed theoretically by Be2y]. intensity. This makes new experiments feasible, e.g., inves-
tigation of the Pendelkung phenomenon as a function of
crystal potential, which shows new features compared to the
. ) usually investigated dependence on the effective crystal
We have shown that atomic de Broglie waves can be §ength. We discussed our experimental results within the
model system for diffraction experiments. By utilizing the framework of the well known dynamical diffraction theory
interaction of light with the internal states of an atom one carfor pure refractive, pure absorptive, and for tailored complex
model media for de Broglie waves of both refractive andpotentials. The observed diffraction efficiencies and diffrac-
absorptive characters with a huge variety of spatial configution phases were well explained by this theory.
rations. Superpositions of standing light waves allow the re-
alization of potentials which were not accessible previously.
The big advantage of the atom-light system with respect to
optical experiments is that the character of the diffracting This work was supported by the Austria Science Founda-
structure is readily changeable because it is only determinetibn (FWF) under Project No. S06504, and by the European

X. CONCLUSION

ACKNOWLEDGMENTS

by the detuning of the light frequency with respect to theUnion as part of TMR Grant No. EBR-FMRX-CT96-0002.

[1] B. W. Batterman and H. Cole, Rev. Mod. Phy36, 681
(1964.

[2] S. Adams, M. Sigel, and J. Mlynek, Phys. Repi0, 143
(1994).

[3] V. I. Balykin and V. S. LetokhovAtom Optics with Laser
Light (Harwood Academic, Chur, Switzerland, 1995

[4] For an overview on atomic interferometry sAom Interfer-
ometry edited by P. BermarfAcademic Press, New York,
1997).

[5] G. Borrmann, Phys. 742, 157 (1941)).

[14] J. M. Cowley, Diffraction Physics(North-Holland, Amster-
dam, 1990.

[15] C. Salomon, J. Dalibard, A. Aspect, H. Metcalf, and C. Cohen-
Tannoudji, Phys. Rev. Letg9, 1659(1987).

[16] N. W. Ashcroft and N. D. MerminSolid State Physic&Holt-
Saunders, New York, 1976

[17] H. Rauch and D. Petrascheck, Meutron Diffraction edited
by H. Dachs(Springer, New York, 1978 p. 303.

[18] D. O. Chudesnikov and V. P. Yakovlev, Laser Phys110
(1991.

[6] M. K. Oberthaler, R. Abfalterer, S. Bernet, J. Schmiedmayer,[19] J. Kawanaka, K. Shimizu, and H. Takuma, Appl. Phys. B:

and A. Zeilinger, Phys. Rev. Let.7, 4980(1996.

[7] R. Abfalterer, C. Keller, S. Bernet, M. K. Oberthaler, J.
Schmiedmayer, and A. Zeilinger, Phys. Rev.58, R4365
(1999.

[8] C. Keller, M. K. Oberthaler, R. Abfalterer, S. Bernet, J.
Schmiedmayer, and A. Zeilinger, Phys. Rev. L&®, 3327
(1997.

[9] P. P. Ewald, Ann. Phys(Leipzig) 54, 519 (1919, this is
elaborated further in W. H. Zachariasérheory of X-ray Dif-
fraction in Crystals 2nd ed.(Dover Publications, Inc., New
York, 1994.

[10] H. Bethe, Ann. Phys(Leipzig) 87, 55 (1928 this is elabo-
rated further in14].

[11] M. L. Goldberger and F. Seitz, Phys. Rexl, 294 (1947);
elaborated if17].

[12] H. F. Talbot, Philos. Mag9, 401 (1836.

[13] H. J. Juretschke, D. W. J. Cruickshank, and N. Kd&o,P.
Ewald and his Dynamical Theory of X-ray DiffractiofJCr
Monographs on Crystallography Vol. @xford University
Press Inc., New York, 1992P. P. Ewald, Z. Kristallogr93,
396 (1936.

Photophys. Laser Cherb6, 21 (1993.

[20] P. J. Martin, B. G. Oldaker, A. H. Miklich, and D. E. Pritchard,
Phys. Rev. Lett60, 515(1988; S. Kunze, S. Du, G. Rempe,
Europhys. Lett.34, 343 (1996; S. Dur, S. Kunze, and G.
Rempe, Quantum Semiclassic. O§t531(1996; D. M. Gilt-
ner, R. W. McGowan, and S. A. Lee, Phys. Rev52 3966
(1995.

[21] A. F. Bernhardt and B. W. Shore, Phys. Rev.28 1290
(1981).

[22] D. Sippel, K. Kleinstgk, and G. E. R. Schulze, Phys. Lelt,
174(1965.

[23] C. G. Shull, Phys. Rev. LetR1, 1585(1968.

[24] For x rays: G. Borrmann, Z. Phyd2, 157 (1942; for neu-
trons: S. Sh. Shilshtein, V. J. Marichkin, M. Kalanov, V. A.
Somenkov, and L. A. Sysoev, Zhk&p. Teor. Fiz., Pis’'ma
Red.12, 80 (1970 [JETP Lett.12, 56 (1970]; A. Mazel and
R. Ayroles, J. Microsc?, 793 (1968.

[25] M. V. Berry and D. H. J. O'Dell, J. Phys. 81, 2093(1998.

[26] M. G. Friedel, C.R. Hebd. Seances Acad. Sth7, 1533
(1913.

[27] M. V. Berry, J. Phys. A31, 3493(1998.



