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Acceptance angle for Bragg reflection of atoms from a standing light wave
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Fakulta fur Physik, Universita 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 numbg(s): 03.75.Be, 32.80-t, 42.50.Vk

Bragg reflection of atoms from a standing light wave is aatomic resonance, so that excitation and spontaneous emis-
useful tool in atom optics, because it makes possible to reakion can be neglected. Hence the atom experiences only a
ize a coherent beam splitter for atoms with only two outputconservative potential, the so-called ac-Stark shiffz)
beams. After Bragg reflection had been demonstrated in sev= 47 y cog(kz). The potential depth is determined by the ac-
eral experiments during the last decade4], it has recently ~ Stark shift parametegy=R?/(4A), which depends on the
been employed in atom interferometgbs6]. For Bragg re- peak traveling-wave Rabi frequendy and the atom-light
flection to occur, the atomic beam must enter the standindetuning A = wjign— waom- With this potential the Hamil-
light wave at a Bragg angle. It is obvious that for smalltonian in the Fresnel approximation is
angular deviations from the exact resonance the probability
of Bragg reflection is still nonzero, i.e., there is a finite ac- 12 &
ceptance angle. How large is it? So far, this acceptance angle H(Z2)=-35 P +4h x co$(k2). @
has not been studied in atom optics experiméni8|. How- z

ever, recent experiments with a new atom interferom@r \yie assume that the initial atomic state is a plane wave with

r_ely on a_d_etailed in\_/estigation of_ this_ acceptance angle. Weansverse momentum, , which we normalize with respect
find that it is proportional to the light intensity, and that the { e photon momenturhk, by writing

reflection probability oscillates as a function of the angle for

small deviations from the exact resonance. The experimental p,=n#k. 2)

results are in good agreement with a simple theoretical

model, which we present before discussing the experimentThe corresponding momentum state is denotedrby If n
happens to be an integer then the Bragg condition is fulfilled.
However, we do not requira to be an integer, in order to

THEORETICAL MODEL investigate the effect of deviations from the exact Bragg
angle. Using cd¥k?={2+exp(—2ikz)+exp(dk2)l/4, we
We apply the theoretical model discussed in REgs.15]  find

to the specific situation of our experiment. In atom optics,

the Bragg angle is typically very small, i.e., the incoming

atomic beam is nearly perpendicular to the wave vector of L2 . .

the light. This allows us to make a Fresnel approximationWhere @rec=AK*/(2m) is the recoll frequency. The term

We choose a coordinate system with #hexis parallel to the 2fix|n) in Eq. (3) represents a constant energy shift, eqL_JaI
. . . for all momentum states. We can drop this term by choosing
wave vector of the light and with theaxis nearly parallel to

the atomic beam. In the Fresnel approximation the Iongituf”m appropriate interaction picture, resulting in

H|n>:hwrecnz|n>+ﬁ)({2|n>+|n_2>+|n+2>}' ©)

dinal atomic momentunp, is treated classically and is as- HIN)=fwen? n)+ A x{|n—2)+|n+2)}. (4)
sumed to be unaffected by the light. Only theoordinate e
has to be treated quantum mechanically. This equation shows that the light couples momentum states

For Bragg reflection, the angle of incidendefulfills the  with a momentum difference of#k. This can easily be
condition 2 sind=N\gyg. Hered is the spatial period of the explained because a standing wave consists of two counter-
light intensity and equals half a light wavelengtd, propagating traveling waves. An atom can absorb a photon
=Nigh/2. The atomic de Broglie wavelengthgg=h/p, is  out of one of these traveling waves followed by an induced
determined by the atomic momentypnandN is the order of  emission into the other traveling wave. This Raman-like two-
reflection, which is an integer. The Bragg condition can bephoton process transfers two photon momenta to the atom.
rewritten as a condition for the transverse atomic momentum e focus on first-order Bragg-reflection, i.as=1. In or-

p,=psind, yielding p,=N7%k, where k=2m/\jgy is the  der to investigate the acceptance angle, we include small

wave vector of the light. deviations from the exact resonance,
We treat the atom as a two-level system and assume that
the light frequency is sufficiently far detuned from the n=1+An with |An|<1. (5)
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According to Eq.4), the initially populated momentum state deviations from the exact resonance. This oscillation has
|1+An) is coupled to states{...,—3+An),|-1 been observed experimentally with x rgyi8] and neutrons
+An),|1+An),|3+An),...}. While the states|—1  [19], but not with atoms.

+An) and|1+An) are nearly degenerate, the kinetic ener-
gies of the statef3+ An) and|1+ An) differ by ~8% w ..

We consider the case of weak coupling, ily|<8wec,
where this mismatch between the kinetic energies prevents The experiment is performed with the apparatus described
the transfer of significant population to the sti8e- An). A in Ref. [20]. 8°Rb atoms are loaded into a magneto-optical
similar argument applies to the state3+An). This allows trap (MOT). After trapping and cooling, the cloud of atoms
us to perform a two-beam approximation, i.e., we neglect thés released and falls freely through the apparatus. The result-
coupling to all momentum states, exceptl+An) and|1 ing pulsed atomic beam is collimated with a mechanical slit
+An). In a matrix representation with respect to the state20 cm below the MOT. The atoms then pass the interaction

EXPERIMENTAL RESULTS

{|=1+An),|1+An)} the Hamiltonian is region with the standing light wave. The interaction timef
the atoms with the standing light wave is controlled by
(—1+AN) 2w X switching the light on and off. This allows us to create a
H=4 X (1+AN) 2w, 6) rectangular pulse shape, as assumed in the above calculation.

In the far field of the interaction region, 45 cm below the
This matrix contains the kinetic energies of the momentunMOT, the atomic position distribution is observed by excit-
states in the diagonal elements and the light-induced coung the atoms with a resonant laser beam and detecting the
pling between the states in the off-diagonal elements. fluorescence photons. This far-field position distribution rep-
We assume that the light intensity is turned on instantaresents the atomic momentum distribution after the interac-
neously at timet=0, stays constant during the interaction, tion with the standing light wave. As compared to R&0]
and is turned off instantaneously at tirve 7. With the ini-  only a few changes have been made: the width of the colli-
tial condition|(t=0))=|1+An), we can define the ampli- mation slit was enlarged to 45@m; in order to improve the
tude coefficients; andcg for transmission and reflection by position resolution, the horizontal waist of the detection laser
beam was reduced ®©=50 um, and a second collimation
|h(t=7)y=cq|1+An)+cg|—1+An). (7)  slit with a width of 100 um was added 1 cm below the
MOT. The standing light wave has a vertical waist of
They fulfill |cr|>+|cg|?=1. Using the Hamiltonian in Eq. =10 mm. This gives rise to an angular uncertainty in the
(6), the Schrdinger equation can easily be solved, yielding direction of the photongl] of 12 urad, which is negligible.

the reflection probability Figure 1 shows the atomic far-field position distribution
after Bragg reflection from the standing light wave. Atoms in
) 1 the right half of the figure have been transmitted, atoms in
|cRl :T the left half have been Bragg reflected. The dashed line
1+|2 X A ) shows an envelope that consists of two broad peaks. The

shape of the right peak is determined by the collimation slits.
1 It is the measured distribution of atoms without Bragg reflec-

Xi[l—COS{T\/(2X)Z+(4wrecAn)2}]- (8)  tion. The left peak is a Bragg-reflected image of the right

peak. The system is aligned so that the Bragg resonance,

For An=0, Eq.(8) predicts a sinusoidal oscillation ¢6g|2 An=0, is found in the middle of each peak. The momentum

as a function ofr (or x), which is calledPendellsung[16]. ~ Width of the incoming atomic beam corresponds Am

For fixed y and r,|cg|2 also oscillates as a function afn. ~ ~0-5(FWHM). The data were recorded fgf w.ec=1.0, 0.5,

The first factor in Eq(8) is a Lorentzian envelope for this 0-3, and 0.15 in partsa), (b), (c), and (d), respectively

oscillation, describing the finite acceptance angle for Bragd @rec= 27 % 3.8 kH2. Here, we are not primarily interested

reflection. The full width at half maximurtFWHM) of this N observing thePendellsung oscillations. Hence we keep
Lorentzian is the probability of reflection ahn=0 fixed by tuning the

interaction timer in such a way that 2= . Each solid
An, = x/ wyec- 9 line in Fig. 1 shows a fit to the theoretical expectation based
on Eg.(8). The shapes of the fit curves are in good agree-
This width is proportional to the light intensity, but indepen- ment with the experimental data. Fo 2=, the oscilla-
dent of the interaction time, so that the behavior is more tion of the reflection probability as a function dn is
similar to power broadening than to interaction time broad-strongly suppressed by the Lorentzian envelope and, there-
ening. The number of oscillation periods withikn, in-  fore, hardly visible. Note that an angular deviation of, e.g.,

creases with increasingr. A¥=1 mrad corresponds thn=0.33 and to a displacement
Similar calculations have been performed for the so-of Az=0.55 mm in the detector plane.
called Laue case in Bragg reflection of x rgy$] or neu- Figure 2 shows the best-fit values for the width of the

trons[17] from solid-state crystals. In these cases the typicalLorentzian envelopén, , which determines the acceptance
Bragg angles are large, so that the Fresnel approximatioangle for Bragg reflection. The solid line in Fig. 2 shows the
cannot be performed, and the calculations are more complitheoretical expectation from E€P), which is in good agree-
cated. However, similar features have been predictednent with the experimental data. Only for very small values
namely, a Lorentzian envelope and an oscillation for angulaof y the measured value &n, is limited by the position
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FIG. 2. Acceptance angle for Bragg reflection. The width of the
Lorentzian envelope\n, is shown as a function of the ac-Stark
shift parametey. Each data point is obtained from a fit to a data set
like those shown in Fig. 1. The solid line is the theoretical expec-
tation from Eq.(9).
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alignment of the system was changed, so that the middle of
the peak now corresponds ton~0.25. The data were re-
corded withy=0.6w,.. In parts(a), (b), and(c) we chose
=105 us, 210us, and 33Qus yielding 2ym~,27, and 3,
respectively. Hence the reflection probability An=0
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FIG. 1. Far-field position distribution of atoms after Bragg re-
flection from a standing light wave. Atoms on the left have been
first-order Bragg reflected, while atoms on the right have been
transmitted. The dashed line shows the envelope, as explained in
the text. Each solid line is a fit to the theoretical expectation based
on Eq.(8). The acceptance angle for Bragg reflection is tuned by
varying the intensity of the standing light wave. In pags (b), (c),
and(d) the ac-Stark shift parametgris tuned toy/w.=1.0, 0.5,

0.3, and 0.15, respectively. In all these measurements=2r.
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resolution of the apparatus. Both axes in Figure 2 have been
calibrated by independent measurements. Measurements for
x! w1 would not be useful, because the two-beam ap-
proximation would not be justified in this regime.

~ We now turn to the oscillatory behavior for angular de- g 3. piffraction pattern of atoms after Bragg reflection from
viations from the exact Bragg resonance. Fig. 3 shows thg sianding light wave. Only reflected atoms are shown, correspond-
far-field position distribution of reflected atoms. Only re- jng o the left peak in Fig. 1. The reflection probability oscillates as
flected atoms are shown, corresponding to the left half of function of the deviatiomn of the transverse momentum from
Fig. 1. On the horizontal axis, the labels give the transversene exact Bragg resonance. P4 (b), and(c) were recorded with
momentumAn, which corresponds to the far-field position. 2y r=x,27 and 3, respectively, whiley was set to 0.6,,.. The
The dashed lines show the same envelope as in Fig. 1. Th®lid line shows the theoretical expectati@ee text
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Rabi frequencyR/2, and the difference between the diagonal
elements 4, An corresponds to the atom-light detuning
For a two-level atom the effective Rabi frequency is
JR?+AZ, which should be compared with tfRendellsung
frequencyy/(2x)°+ (4w, AN)?, see Eq(8).

Figure 4 displays the reflection probabiliticg|?, as a
function of = for y=0.6w,.. and three different angles, cor-
responding taAn=0.1, 0.25, and 0.4 in part®), (b), and
(c), respectively. The solid lines show the theoretical expec-
tation based on Eq@8). The increase of th®endellsung
frequency with increasing\n is in quantitative agreement

wlbs] with the theory. ThéPendellsungis damped with increasing
34 b) 7, because an increase efcreates narrower fringes in Fig.
3, which are washed out due to the finite position resolution.
The solid lines in Fig. 4 take this effect into account. Finally,
the decreasing amplitude of thiendellsungwith increas-
ing An is due to the Lorentzian envelope in E§).

We point out that theAn dependence of the reflection
probability in Eq. (8) depends critically on the temporal
shape of the light pulse. In particular, for a smooth pulse
shape, a different envelope is obtained, and oscillations as a
function of An do not occuf{11]. For such a smooth pulse,

c) E{ the width of the envelope is interaction-time broadened, i.e.,

7 proportional to 1#, but independent of the light intensity.

(] In conclusion, we have investigated the finite acceptance

angle for Bragg reflection of atoms and the oscillation of the

o+——1—7——7— reflection probability for small angular deviations from the

100 200 300 400 500 exact resonance. The scheme discussed here can be general-

* [ps] ized to the case where the standing light wave is created by

two traveling waves at slightly different frequencies. This

FIG. 4. Pendellsungas a function of the interaction timefor shifts the Bragg resonance in momentum space, because the
a constant value of=0.6wr... The Pendellsungfrequency de- ifference between the photon energies must now be com-
pends onAn. Parts(a), (b), and(c) are recorded aAn=0.1, 0.25,  pensated by a difference between the kinetic energies of the
a.md 0.4, respectively. The solid line shows the theoretical expectapitial and the final momentum stafié,21]. Such a technique
tion (see text makes possible to address arbitrary momentum classes at

will. The width of the addressed momentum class is deter-
should be one in part®) and(c), and zero in parth). The  mined by the acceptance angle for Bragg reflection. This
solid lines show the theoretical expectation, which is basedechnique finds applications in the preparation and diagnos-
on Eq.(8). We also take into account that the finite positiontics of atomic beams, as has already been demonstrated, e.g.,
resolution of the apparatus reduces the fringe visibility. in Raman-cooling experimenf82).

We now give a physical interpretation for this oscillation.
For that purpose, we return to E@). This equation shows
the Hamiltonian of a two-level system. Hence the behavior
of the system is analogous to that of a two-level atom with- The authors acknowledge help from Axel Kuhn, Stefan
out spontaneous emission driven by a light field. The off-Kunze, and Thomas Nonn. This work was supported by the
diagonal elementg correspond to half the on-resonance Deutsche Forschungsgemeinschatt.
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