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in earlier work [10,11]. By "coherent" we refer to the
case where the probability of spontaneous emission is very
low.

We consider a J=l J'=1 transition and choose the
quantization axis parallel to the magnetic field direction,
i.e., along the z axis. The population can be optically
pumped into the ~gp) ground state. For light propagating
along the quantization axis hmJ =0 transitions are absent
and the level scheme reduces to a V system [Fig. 1(b)].
The magnetic interaction energy is H~ = —p 8, where

p gJpg J. The magnetic field is assumed to be
homogeneous. The atom-laser interaction energy in the
electric dipole approximation is given by Hg
= —d Re[E(r)e ' 'j, where d is the electric dipole
operator and E(r) the laser field:

0

W

(a)

(b)

XJ4 42 3iV4

E(r) =Ep(x,y) [(e„cosP+ea sing)e'"'+e„e '"'l .

(I)
This field is produced by two counterpropagating linearly
polarized laser beams with k vector along the z axis, with
one polarization in the x direction (e„) and one tilted by
an angle p in the xy plane. The spatial dependence of
the field amplitude Ep(x,y) on y can, in the moving
frame of the atom, be written as an explicit time depen-
dence t =y/v~, where v~ is the group velocity of the
atoms, which propagate in the y direction (Fig. 1). For
simplicity we assume that the field is uniform along x.

The three eigenvalues of the interaction Hamiltonian in

the rotating wave approximation and for zero laser detun-

ing 6 (i.e., the laser frequency co is equal to the unper-
turbed transition frequency) are given by

1/2

8 =2h 8
J

1 c 2z
cos —arccos

3&
+ j48 3

(2)

where 28=2coL+cott(I+cosgcos2kz), C=coLcottsintt
x sin2k„and j=1,2, 3. Here the one beam Rabi fre-
quency is defined as coR(t) =&e+ ~d e+ ~gp)&p(v~t)/h
and AcoL =gJpgB is the Zeeman splitting of the excited
state levels ~e ~). e~ are unit vectors for o ~ polarized
light.

For a particular ratio between the Rabi and the Lar-
mor frequency (given by coR =2coL/sing), the dressed lev-

els show a degeneracy at positions of o+ polarized light.
This leads to an approximately triangular shape for the
magneto-optical potential of the central eigenstate

~j=2)
(see thicker line in Fig. 2). The energy level structures
for tt =90' and cott = 2coL and for p =45' and co~
=242coL are shown in Figs. 2(a) and 2(b), respectively.
By changing the sign of p or the magnetic field 8 the
symmetry is reversed.

In the experiment the interaction region is defined by
the Gaussian laser profile. For coR»1/t;„, where t;„t is
the interaction time, the switch-on time of the interaction
is slow compared to the characteristic time scale of the
magneto-optical process (cot. ' or cott ') and the evolution

POSITION IN POLARIZATION GRADIENT

FIG. 2. Spatial dependence of the atomic eigenenergy levels
of a V system for (a) p =90' and co& =2coz, and (b) p =45' and
coR =2~2coc.

of the atomic internal state is predominantly adiabatic.
Hence, an atom entering the interaction region in the
ground state ~gp) evolves into the dressed eigenstate

~j=2), interacts with the triangular potential, and evolves
back to the ground state.

A second consequence of the Gaussian laser profile and
the homogeneous magnetic field is that the magneto-
optical matching condition is only met at certain positions
in the Gaussian profile. The integrated phase shift shows
the best triangular modulation for cog =2.3coL. A
schematic representation of the diA'raction of an incoming
plane wave from the optical potential is shown in Fig.
1(a).

In the Raman-Nath approximation an incoming atom-
ic plane wave in ~gp) accumulates a spatially varying
phase shift 8(z) =I82(t)dt/h, The moment. um distribu-
tion is then given by p(p) cx: ~9 [e' ' ] ~, where V denotes
the Fourier transform with respect to z. In the experi-
ment the far-field real space distribution rather than the
momentum distribution was measured. Thus the finite
velocity distribution and the finite collimation must be in-
cluded.

The experiment was performed on an atomic beam
machine designed for use with metastable rare gas atoms
[12]. A supersonic expansion nozzle at room temperature
produced a beam of He atoms, which then were excited
into the two metastable states 2'So and 2 S ~ by electron
impact at an energy of about 50 eV. A quench lamp was
used to pump more than 99% of the metastable singlet
atoms to the electronic ground state. The metastable
atoms were detected by a channeltron detector. The
metastable triplet beam had an average velocity v~

=2000 m/s and a standard deviation of Av =280 m/s.
The incoming beam was collimated by two slits of

width 20 and 10 pm placed 85 and 1.5 cm upstream from
the interaction region, respectively (see Fig. 3). The
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FIG. 3. Experimental configuration for the diA'raction of
atoms from a magneto-optical grating.

transverse beam profile was measured, 85 cm downstream
from the interaction region, using a 20 pm scanning slit
in front of the detector. The spatial resolution in the
detector plane was equivalent to 0.76k. The dark count
rate was below I/min. All slits were 3 mm high and were
aligned parallel to one another using an optical dif-
fraction technique. A transverse magnetic field was pro-
duced by a pair of Helmholtz coils.

The triplet He* atoms interacted with a light field at a
wavelength of 1.083 pm resonant with the 2 Sl to 2 P
transition. The light was obtained from a Ti-sapphire
ring laser. For the diffraction from the magneto-optical
grating the laser was stabilized on the 2 Sl to 2 Pl tran-
sition using saturation spectroscopy in a dc helium
discharge. The atoms were optically pumped into the
~gti) state by a light beam with x polarization incident
just before the interaction region (not shown in Fig. 3).
An electro-optical modulator was used to compensate for
the Zeeman shift of the z transitions.

The laser beam was brought to the experiment using a
single mode optical fiber. The light was passed through a
polarizer and expanded by a telescope to produce a paral-
lel Gaussian beam with a diameter of 4 mm. It was then
focused in the y direction by a cylindrical lens to a waist
of ~~ =21 pm in the plane of the atomic beam. A cylin-
drical mirror was used to retroreAect the light. The po-
larization was controlled by double pass through a k/4
plate in front of the mirror (see Fig. 3). The overlap of
the two counterpropagating beams was optimized by
monitoring the feedback into the fiber. For the mean ve-

locity in the beam of v~=2000 m/s, the light-atom in-

teraction time was 2ivti/v~ =21 ns, i.e. , significantly short-
er than the 2 Pl 2 state natural lifetime of 99.5 ns. The
probability of spontaneous emission therefore was less
than 10%. The laser power at the atomic beam was 40
m W corresponding to a one beam Rabi frequency
cog/2n =340 MHz.

In Fig. 4(a) the diffraction pattern in the detector
plane for a fixed angle +=90 is displayed. It was ob-
tained using a magnetic field of 8=6.7 mT, correspond-
ing to a Larmor frequency of 141 MHz. Therefore the
optimum ratio between mR and coL was confirmed. For
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FIG. 4. (a) Atomic intensity in the detector plane for the
magneto-optical beam splitter with p=90', 8=6.7 mT, and
8/2+=0 MHz. (b) Atomic intensity in the detector plane for
standing wave diffraction, h/2m= —120 MHz and 8 =0 mT.

these parameters the calculated number of nonadiabatic
transitions was less than 0.07, confirming the validity of
the adiabatic approximation [11].

As optical pumping leads to a momentum diffusion of
&26k, the individual diffraction orders are not resolved.
The distribution is clearly two peaked with a spatial split-
ting of 1.5 mm, corresponding to a momentum splitting
of 42Ak. Because of the finite velocity distribution, the
peaks of the real space distribution are significantly
broader than the expected distribution for a mono-
chromatic atomic beam [dashed line in Fig. 4(a)].
Effects of minor importance like imperfect optical pump-
ing, residual nonadiabatic transitions, and spontaneous
emission also aff'ect the shape of the momentum distribu-
tion.

For comparison we show a standing wave diffraction
pattern in Fig. 4(b) (p=0'). For this result the laser
was stabilized on the 2 Sl to 2 P2 transition with a de-
tuning of 8/2m= —120 MHz. The detuning guarantees
adiabatic evolution of the internal atomic state. The
magnetic field was turned off' and no optical pumping was
performed. The J=1 to J=2 transition behaves like an
effective two-level system, because for linearly polarized
light, the coupling strengths of the magnetic sublevels to
the respective exc|ted state sublevels differ by only 15%.
In the center of the distribution a well-resolved 26k
structure was obtained, which disappears for high
diffraction orders as a consequence of the finite velocity
distribution of the beam.

The effect of rotating the linear polarization of the
retroreAected laser beam to angles p= ~45 is shown in

Fig. 5. The ratio of Rabi and Larmor frequency was 340
MHz/92 MHz=3. 7. This ratio is larger than the match-
ing condition coR =242coL, but the optical potential still
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FIG. 5. Atomic intensity in the detector plane for the asym-
metric magneto-optical configuration with B =4.4 mT, 8/2&v=0
MHz for (a) io =+45' and (b) p= —45', respectively.

displays an asymmetry [see Fig. 2(b)], leading to an
asymmetric diffraction pattern [11]. The dashed line in

Fig. 5 shows the expected distribution for a mono-
chromatic atomic beam. This result shows the same sym-
metry behavior as demonstrated for the unidirectional
magneto-optical force [13]. Our results demonstrate the
coherent regime of this force.

The atoms emerge from the interaction in the ground
state. The magneto-optical beam splitter is nonpolarizing
in contrast to, e.g. , a Stern-Gerlach beam splitter [71,
where the two split parts of the atomic wave function are
in orthogonal internal states. The splitting process is
coherent as long as at least one period of the phase grat-
ing is illuminated coherently. The transverse momentum
splitting reaches a principal limit when the Raman-Nath
approximation is no longer valid [14]. For the experi-
mental configuration described here this limit corresponds
to a symmetric splitting of 100hk. However, for p =45',
the limit is only 256k in one direction, as the length of
the steep gradient of the central eigenvalue P,j8; see Fig.
2(b)] is reduced by a factor of 2 compared to the sym-
metric case io =90' [see Fig. 2(a)]. The observed
discrepancy from the calculated distribution (dashed line
in Fig. 5) on the side of larger deflection (see arrow in

Fig. 5) is due to the breakdown of the Raman-Nath ap-
proximation, which was used for the calculation.

I n conclusion, we have presented an experimental
demonstration of the diA'raction of atoms from a
magneto-optical potential ~ For the expected ratio be-
tween the Larmor and Rabi frequencies and orthogonal
linear polarizations a symmetric splitting of the atomic
wave function was observed. The splitting angle corre-
sponds to a momentum splitting of 426k. The result was

compared directly to the diffraction of two-level atoms
from a standing wave light field. In contrast to the stand-
ing wave diFraction the magneto-optical grating produces
an eScient splitting into high order momentum states.
For nonorthogonal polarizations (p=45') a mirror im-

age of the distribution was observed for the sign changes
of Borg.

In order to demonstrate the coherence of the splitting
process, the two parts have to be recombined to observe
an interference pattern. The visibility of the interference
fringes gives a direct measure of the coherence. In order
to observe a reasonable fringe contrast in our case one
would have to avoid the optical pumping in front of the
magneto-optical interaction region. The need for optical
pumping is eliminated by using an atom with a J=0 to
J=1 transition such as Ca or Mg. In the near field of
the magneto-optical grating the triangular phase plate
acts as an array of Fresnel biprisms. The interference
pattern produced by them would lead to a very narrow
spatial feature which could be of interest for lithographic
applications.
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