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Acceptance angle for Bragg reflection of atoms from a standing light wave

Stephan Du¨rr and Gerhard Rempe
Fakultät für Physik, Universita¨t Konstanz, 78457 Konstanz, Germany

~Received 24 June 1998!

We experimentally investigate Bragg reflection of atoms from a standing light wave. We focus on the
influence of small angular deviations from the exact Bragg resonance onto the reflection probability. The Bragg
resonance has a finite acceptance angle, which depends on the light intensity. Within this acceptance angle, an
oscillatory behavior of the reflection probability as a function of the angle is observed.
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PACS number~s!: 03.75.Be, 32.80.2t, 42.50.Vk
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Bragg reflection of atoms from a standing light wave is
useful tool in atom optics, because it makes possible to r
ize a coherent beam splitter for atoms with only two outp
beams. After Bragg reflection had been demonstrated in
eral experiments during the last decade@1–4#, it has recently
been employed in atom interferometers@5,6#. For Bragg re-
flection to occur, the atomic beam must enter the stand
light wave at a Bragg angle. It is obvious that for sm
angular deviations from the exact resonance the probab
of Bragg reflection is still nonzero, i.e., there is a finite a
ceptance angle. How large is it? So far, this acceptance a
has not been studied in atom optics experiments@7,8#. How-
ever, recent experiments with a new atom interferometer@6#
rely on a detailed investigation of this acceptance angle.
find that it is proportional to the light intensity, and that th
reflection probability oscillates as a function of the angle
small deviations from the exact resonance. The experime
results are in good agreement with a simple theoret
model, which we present before discussing the experime

THEORETICAL MODEL

We apply the theoretical model discussed in Refs.@9–15#
to the specific situation of our experiment. In atom opti
the Bragg angle is typically very small, i.e., the incomi
atomic beam is nearly perpendicular to the wave vecto
the light. This allows us to make a Fresnel approximati
We choose a coordinate system with thez axis parallel to the
wave vector of the light and with thex axis nearly parallel to
the atomic beam. In the Fresnel approximation the long
dinal atomic momentumpx is treated classically and is as
sumed to be unaffected by the light. Only thez coordinate
has to be treated quantum mechanically.

For Bragg reflection, the angle of incidenceq fulfills the
condition 2d sinq5NldB . Hered is the spatial period of the
light intensity and equals half a light wavelength,d
5l light/2. The atomic de Broglie wavelength,ldB5h/p, is
determined by the atomic momentump, andN is the order of
reflection, which is an integer. The Bragg condition can
rewritten as a condition for the transverse atomic momen
pz5psinq, yielding pz5N\k, where k52p/l light is the
wave vector of the light.

We treat the atom as a two-level system and assume
the light frequency is sufficiently far detuned from th
PRA 591050-2947/99/59~2!/1495~5!/$15.00
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atomic resonance, so that excitation and spontaneous e
sion can be neglected. Hence the atom experiences on
conservative potential, the so-called ac-Stark shift:V(z)
54\x cos2(kz). The potential depth is determined by the a
Stark shift parameterx5R2/(4D), which depends on the
peak traveling-wave Rabi frequencyR and the atom-light
detuning D5v light2vatom. With this potential the Hamil-
tonian in the Fresnel approximation is

H~z!52
\2

2m

]2

]z2
14\x cos2~kz!. ~1!

We assume that the initial atomic state is a plane wave w
transverse momentumpz , which we normalize with respec
to the photon momentum\k, by writing

pz5n\k. ~2!

The corresponding momentum state is denoted byun&. If n
happens to be an integer then the Bragg condition is fulfill
However, we do not requiren to be an integer, in order to
investigate the effect of deviations from the exact Bra
angle. Using cos2(kz)5$21exp(22ikz)1exp(2ikz)%/4, we
find

Hun&5\v recn
2un&1\x$2un&1un22&1un12&%, ~3!

where v rec5\k2/(2m) is the recoil frequency. The term
2\xun& in Eq. ~3! represents a constant energy shift, eq
for all momentum states. We can drop this term by choos
an appropriate interaction picture, resulting in

Hun&5\v recn
2un&1\x$un22&1un12&%. ~4!

This equation shows that the light couples momentum st
with a momentum difference of 2\k. This can easily be
explained because a standing wave consists of two coun
propagating traveling waves. An atom can absorb a pho
out of one of these traveling waves followed by an induc
emission into the other traveling wave. This Raman-like tw
photon process transfers two photon momenta to the ato

We focus on first-order Bragg-reflection, i.e.,n'1. In or-
der to investigate the acceptance angle, we include sm
deviations from the exact resonance,

n511Dn with uDnu!1. ~5!
1495 ©1999 The American Physical Society
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According to Eq.~4!, the initially populated momentum stat
u11Dn& is coupled to states $ . . . ,u231Dn&,u21
1Dn&,u11Dn&,u31Dn&, . . . %. While the states u21
1Dn& and u11Dn& are nearly degenerate, the kinetic en
gies of the statesu31Dn& and u11Dn& differ by '8\v rec.
We consider the case of weak coupling, i.e.,uxu!8v rec,
where this mismatch between the kinetic energies prev
the transfer of significant population to the stateu31Dn&. A
similar argument applies to the stateu231Dn&. This allows
us to perform a two-beam approximation, i.e., we neglect
coupling to all momentum states, exceptu211Dn& and u1
1Dn&. In a matrix representation with respect to the sta
$u211Dn&,u11Dn&% the Hamiltonian is

H5\S ~211Dn!2v rec x

x ~11Dn!2v rec
D . ~6!

This matrix contains the kinetic energies of the moment
states in the diagonal elements and the light-induced c
pling between the states in the off-diagonal elements.

We assume that the light intensity is turned on instan
neously at timet50, stays constant during the interactio
and is turned off instantaneously at timet5t. With the ini-
tial conditionuc(t50)&5u11Dn&, we can define the ampli
tude coefficientscT andcR for transmission and reflection b

uc~ t5t!&5cTu11Dn&1cRu211Dn&. ~7!

They fulfill ucTu21ucRu251. Using the Hamiltonian in Eq
~6!, the Schro¨dinger equation can easily be solved, yieldi
the reflection probability

ucRu25
1

11S 2
v rec

x
DnD 2

3
1

2
@12cos$tA~2x!21~4v recDn!2%#. ~8!

For Dn50, Eq. ~8! predicts a sinusoidal oscillation ofucRu2
as a function oft ~or x), which is calledPendellösung@16#.
For fixedx andt,ucRu2 also oscillates as a function ofDn.
The first factor in Eq.~8! is a Lorentzian envelope for thi
oscillation, describing the finite acceptance angle for Bra
reflection. The full width at half maximum~FWHM! of this
Lorentzian is

DnL5x/v rec. ~9!

This width is proportional to the light intensity, but indepe
dent of the interaction timet, so that the behavior is mor
similar to power broadening than to interaction time broa
ening. The number of oscillation periods withinDnL in-
creases with increasingxt.

Similar calculations have been performed for the
called Laue case in Bragg reflection of x rays@16# or neu-
trons@17# from solid-state crystals. In these cases the typ
Bragg angles are large, so that the Fresnel approxima
cannot be performed, and the calculations are more com
cated. However, similar features have been predic
namely, a Lorentzian envelope and an oscillation for angu
-
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deviations from the exact resonance. This oscillation
been observed experimentally with x rays@18# and neutrons
@19#, but not with atoms.

EXPERIMENTAL RESULTS

The experiment is performed with the apparatus descri
in Ref. @20#. 85Rb atoms are loaded into a magneto-optic
trap ~MOT!. After trapping and cooling, the cloud of atom
is released and falls freely through the apparatus. The re
ing pulsed atomic beam is collimated with a mechanical
20 cm below the MOT. The atoms then pass the interac
region with the standing light wave. The interaction timet of
the atoms with the standing light wave is controlled
switching the light on and off. This allows us to create
rectangular pulse shape, as assumed in the above calcula
In the far field of the interaction region, 45 cm below th
MOT, the atomic position distribution is observed by exc
ing the atoms with a resonant laser beam and detecting
fluorescence photons. This far-field position distribution re
resents the atomic momentum distribution after the inter
tion with the standing light wave. As compared to Ref.@20#
only a few changes have been made: the width of the co
mation slit was enlarged to 450mm; in order to improve the
position resolution, the horizontal waist of the detection la
beam was reduced tov550 mm, and a second collimation
slit with a width of 100 mm was added 1 cm below th
MOT. The standing light wave has a vertical waist ofv
510 mm. This gives rise to an angular uncertainty in t
direction of the photons@1# of 12 mrad, which is negligible.

Figure 1 shows the atomic far-field position distributio
after Bragg reflection from the standing light wave. Atoms
the right half of the figure have been transmitted, atoms
the left half have been Bragg reflected. The dashed
shows an envelope that consists of two broad peaks.
shape of the right peak is determined by the collimation sl
It is the measured distribution of atoms without Bragg refle
tion. The left peak is a Bragg-reflected image of the rig
peak. The system is aligned so that the Bragg resona
Dn50, is found in the middle of each peak. The momentu
width of the incoming atomic beam corresponds toDn
'0.5 ~FWHM!. The data were recorded forx/v rec51.0, 0.5,
0.3, and 0.15 in parts~a!, ~b!, ~c!, and ~d!, respectively
(v rec52p33.8 kHz!. Here, we are not primarily intereste
in observing thePendellösungoscillations. Hence we keep
the probability of reflection atDn50 fixed by tuning the
interaction timet in such a way that 2xt5p. Each solid
line in Fig. 1 shows a fit to the theoretical expectation bas
on Eq. ~8!. The shapes of the fit curves are in good agr
ment with the experimental data. For 2xt5p, the oscilla-
tion of the reflection probability as a function ofDn is
strongly suppressed by the Lorentzian envelope and, th
fore, hardly visible. Note that an angular deviation of, e.
Dq51 mrad corresponds toDn50.33 and to a displacemen
of Dz50.55 mm in the detector plane.

Figure 2 shows the best-fit values for the width of t
Lorentzian envelopeDnL , which determines the acceptanc
angle for Bragg reflection. The solid line in Fig. 2 shows t
theoretical expectation from Eq.~9!, which is in good agree-
ment with the experimental data. Only for very small valu
of x the measured value ofDnL is limited by the position
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resolution of the apparatus. Both axes in Figure 2 have b
calibrated by independent measurements. Measurement
x/v rec@1 would not be useful, because the two-beam
proximation would not be justified in this regime.

We now turn to the oscillatory behavior for angular d
viations from the exact Bragg resonance. Fig. 3 shows
far-field position distribution of reflected atoms. Only r
flected atoms are shown, corresponding to the left half
Fig. 1. On the horizontal axis, the labels give the transve
momentumDn, which corresponds to the far-field positio
The dashed lines show the same envelope as in Fig. 1.

FIG. 1. Far-field position distribution of atoms after Bragg r
flection from a standing light wave. Atoms on the left have be
first-order Bragg reflected, while atoms on the right have b
transmitted. The dashed line shows the envelope, as explaine
the text. Each solid line is a fit to the theoretical expectation ba
on Eq. ~8!. The acceptance angle for Bragg reflection is tuned
varying the intensity of the standing light wave. In parts~a!, ~b!, ~c!,
and ~d! the ac-Stark shift parameterx is tuned tox/v rec51.0, 0.5,
0.3, and 0.15, respectively. In all these measurements, 2xt5p.
en
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-

e
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e

he

alignment of the system was changed, so that the middl
the peak now corresponds toDn'0.25. The data were re
corded withx50.6v rec. In parts~a!, ~b!, and ~c! we chose
t5105ms, 210ms, and 330ms yielding 2xt'p,2p, and 3p,
respectively. Hence the reflection probability atDn50
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FIG. 2. Acceptance angle for Bragg reflection. The width of t
Lorentzian envelopeDnL is shown as a function of the ac-Star
shift parameterx. Each data point is obtained from a fit to a data s
like those shown in Fig. 1. The solid line is the theoretical exp
tation from Eq.~9!.

FIG. 3. Diffraction pattern of atoms after Bragg reflection fro
a standing light wave. Only reflected atoms are shown, corresp
ing to the left peak in Fig. 1. The reflection probability oscillates
a function of the deviationDn of the transverse momentum from
the exact Bragg resonance. Parts~a!, ~b!, and~c! were recorded with
2xt5p,2p and 3p, respectively, whilex was set to 0.6v rec. The
solid line shows the theoretical expectation~see text!.
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should be one in parts~a! and ~c!, and zero in part~b!. The
solid lines show the theoretical expectation, which is ba
on Eq.~8!. We also take into account that the finite positi
resolution of the apparatus reduces the fringe visibility.

We now give a physical interpretation for this oscillatio
For that purpose, we return to Eq.~6!. This equation shows
the Hamiltonian of a two-level system. Hence the behav
of the system is analogous to that of a two-level atom w
out spontaneous emission driven by a light field. The o
diagonal elementsx correspond to half the on-resonan

FIG. 4. Pendellösungas a function of the interaction timet for
a constant value ofx50.6v rec. The Pendellösung frequency de-
pends onDn. Parts~a!, ~b!, and~c! are recorded atDn50.1, 0.25,
and 0.4, respectively. The solid line shows the theoretical expe
tion ~see text!.
d,

A

v.
d

r
-
-

Rabi frequencyR/2, and the difference between the diagon
elements 4v recDn corresponds to the atom-light detuningD.
For a two-level atom the effective Rabi frequency
AR21D2, which should be compared with thePendellösung
frequencyA(2x)21(4v recDn)2, see Eq.~8!.

Figure 4 displays the reflection probability,ucRu2, as a
function of t for x50.6v rec and three different angles, cor
responding toDn50.1, 0.25, and 0.4 in parts~a!, ~b!, and
~c!, respectively. The solid lines show the theoretical exp
tation based on Eq.~8!. The increase of thePendellösung
frequency with increasingDn is in quantitative agreemen
with the theory. ThePendellösungis damped with increasing
t, because an increase oft creates narrower fringes in Fig
3, which are washed out due to the finite position resoluti
The solid lines in Fig. 4 take this effect into account. Final
the decreasing amplitude of thePendellösungwith increas-
ing Dn is due to the Lorentzian envelope in Eq.~8!.

We point out that theDn dependence of the reflectio
probability in Eq. ~8! depends critically on the tempora
shape of the light pulse. In particular, for a smooth pu
shape, a different envelope is obtained, and oscillations
function of Dn do not occur@11#. For such a smooth pulse
the width of the envelope is interaction-time broadened, i
proportional to 1/t, but independent of the light intensity.

In conclusion, we have investigated the finite accepta
angle for Bragg reflection of atoms and the oscillation of t
reflection probability for small angular deviations from th
exact resonance. The scheme discussed here can be ge
ized to the case where the standing light wave is created
two traveling waves at slightly different frequencies. Th
shifts the Bragg resonance in momentum space, becaus
difference between the photon energies must now be c
pensated by a difference between the kinetic energies of
initial and the final momentum state@4,21#. Such a technique
makes possible to address arbitrary momentum classe
will. The width of the addressed momentum class is de
mined by the acceptance angle for Bragg reflection. T
technique finds applications in the preparation and diagn
tics of atomic beams, as has already been demonstrated,
in Raman-cooling experiments@22#.
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