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Interaction of atoms with a magneto-optical potential 
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A theoretical study of the coherent interaction of multilevel atoms with a magneto-optical potential is 
presented. The potential is formed by counterpropagating linearly polarized laser beams whose polariza­
tion vectors intersect at an angle q:> and a static magnetic field applied parallel to the laser propagation 
direction. For a particular ratio of the light and magnetic field amplitudes, the light shift at positions of 
purely circularly polarized light is equal to the Zeeman splitting. In this case, for a three-level atom, one 
of the eigenvalues has a triangular spatial form. The diffraction of atoms from this triangular phase grat­
ing is an efficient beam splitter. The splitting is symmetric for q:>= 90' and asymmetric for q:> < 90'. In ad­
dition we show that at well-defined positions in the light field, the atom undergoes nonadiabatic transi­
tions and thus by using state-selective detection, one could observe an interference pattern produced by 
an array of double slits. 

PACS number(s): 32.90.+a, 32.80.-t, 42.50.-p 

I. INTRODUCTION 

The diffraction of two-level atoms from a standing­
wave light field is interesting both in the context of our 
general understanding of light-matter interactions and 
because of possible applications as coherent beam 
splitters, which are a key component in the realization of 
atom interferometers. The first convincing demonstra­
tion of the transfer of individual photon momenta be­
tween light and atoms was reported by Moskowitz et af. 
in 1983 [1]. Improved results were reported in 1986 [2]. 
The coherent diffraction process (i.e., no spontaneous 
emission) can be described either in terms of discrete 
momentum transfer caused by the scattering of photons, 
or by refraction of a matter wave from an optical phase 
grating (or optical potential) arising from the spatial 
modulation of the light shift. If the transverse motion of 
the atom is small compared to the optical wavelength, 
then the wave function accumulates a position-dependent 
phase shift proportional to the energy of the populated 
eigenstate. The final momentum distribution is given by 
the Fourier transform of the phase-shifted wave function. 
For a standing wave, the eigenvalues are sinusoidal func­
tions of position, i.e., the atom is diffracted by a 
sinusoidal phase grating, and the final momentum distri­
bution is given by a Bessel-function distribution [3]. For 
a small phase modulation, e.g., one absorption-stimulated 
emISSIon cycle, standing-wave diffraction produces 
efficient scattering into states with ±2fzk. However, for a 
large phase modulation (many absorption-stimulated 
emission cycles) a large number of diffraction orders are 
populated and there is broad spreading rather than a 
clear splitting of the beam. For this reason, standing­
wave diffraction is far from being the ideal beam splitter 
with just two outputs and a large splitting in momentum 
space. 

In this paper we show that by introducing a further de­
gree of freedom in the light-atom interaction (namely, 
polarization-selective absorption and emission), it is pos-
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sible to gain more control of the momentum-transfer pro­
cess, and for example create an effective scheme for an 
atomic beam splitter [4]. Two extensions of the normal 
standing-wave interaction are proposed. First, we allow 
the atom to distinguish between the counterpropagating 
laser beams which form the standing wave. This can be 
achieved using beams with different polarizations and a 
multilevel atom where the transitions are polarization 
selective. Second, we introduce a magnetic field in order 
to switch the atomic coupling from one beam to the oth­
er. 

To illustrate the momentum-transfer process in this 
magneto-optical interaction, consider a J=O to J' = 1 
transition. The quantization axis is chosen parallel to the 
magnetic field. The level scheme is shown in Fig. l(a). 
The excitation of the atom by linearly polarized light in­
duces an equal superposition of the m J' = ± 1 levels 
known as an alignment [depicted schematically by an el­
lipsoid in Fig. l(b)]. The direction of the alignment is 
parallel to the polarization direction. The alignment 
states does not couple to light polarized perpendicular to 
the alignment direction. A magnetic field induces a mix­
ing of the excited-state sublevel coherences leading to a 
precession of the alignment. 

Consider an interaction formed by counterpropagating, 
linearly polarized beams, whose polarization vectors in­
tersect at an angle cp [as shown in Fig. l(b)]. The preces­
sion of the alignment changes probability of absorbing or 
emitting photons from one beam or the other. If the fre­
quency of the absorption and emission processes is 
matched to the precession frequency, the atom repeats 
cycles of absorption from one beam and emission into the 
other, or vice versa. In this case, the direction of momen­
tum transfer (determined by the first absorption process) 
is preserved. For orthogonally polarized laser beams, a 
symmetric splitting of the beam is expected from the 
symmetry of the laser fields. 

The physical mechanism of this effect is analogous to 
the magneto-optical force proposed and demonstrated by 
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(a) 
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(b) 

FIG. 1. (a) Level scheme for a J=Q to J'= I transition with 
the quantization axis chosen parallel to the magnetic field. (b) 
The configuration of the laser fields Ex and E"" and the magnet­
ic field Bz> relative to the atomic beam direction (y). The 
momentum-transfer process is controlled by the Larmor preces­
sion of the excited-state alignment (shown schematically as an 
ellipsoid) and the polarization-dependent selection rules for 
transitions to the excited state. 

Grimm et al. [5]. However, the unidirectional magneto­
optical force occurs in the regime where the interaction 
time is much longer than the spontaneous-decay time. In 
this case the transverse motion of the atom through the 
potential becomes significant, and the atom experiences 
an averaged dipole force. The combined effect of spon­
taneous emission and linearly polarized beams with po­
larization vectors at an angle <p=45° breaks the trans­
verse symmetry between emission and absorption cycles, 
and there is a net unidirectional force on the atom. In 
contrast, in this paper we consider the regime where the 
interaction time is short compared to the spontaneous 
lifetime (i.e., coherent diffraction), and the change in the 
transverse motion of the atom induced by the interaction 
is negligible (Le., the Raman-Nath approximation). In 
this regime, the magneto-optical interaction produces a 
beam splitting. 

We present quantum-mechanical calculations of the 
coherent diffraction of multilevel atoms from a magneto­
optical grating. For a particular ratio of the laser intensi­
ty and magnetic field strength, we show that one of the 
eigenstates of the interaction experiences an approxi­
mately triangular potential resulting in a large, clearly 
two-peaked splitting in the momentum state of the atom. 
For this eigenstate the optical potential changes from a 
symmetric triangular function for <p=90°, to an asym­
metric or sawtooth function for <p=45°. The gradient of 

the potential, which determines the splitting angle, is pro­
portional to the laser and magnetic field amplitudes. For 
a J=O to J'= 1 transition, under experimentally realistic 
conditions, the ground state evolves adiabatically into the 
split eigenstate and then back to the ground state [6]. 
For a J = 1 to J' = 0 transition, the atom must be 
prepared in the excited state to observe an efficient split­
ting. As this is more difficult to achieve experimentally, 
the J = 0 to J' = 1 transition will be the main focus of this 
paper. The extension of the magneto-optical interaction 
to a J = 1 to J' = 2 transition is considered. This example 
demonstrates the influence of different light couplings be­
tween substates. 

The influence of nonadiabatic processes in the 
magneto-optical interaction was considered by solving 
the Schrodinger equation for the internal motion of the 
atom as a function of position in the light field. For a 
Gaussian laser profile and an interaction involving many 
absorption and emission cycles, the probability for an 
atom to make a nonadiabatic transition is less than a few 
percent, therefore adiabatic evolution is a good approxi­
mation. Nonadiabatic transitions mainly occur near po­
sitions of u + or u _ polarization, when the light shift is 
equal to the Zeeman splitting. For an incident plane 
matter wave, this leads to a spatially dependent excitation 
probability with the form of an array of double slits. 
Diffraction effects resulting from nonadiabatic passage 
will be discussed. 

The paper is organized as follows: In Sec. II the theory 
of the magneto-optical interaction is discussed in terms of 
the eigenvalues of the interaction Hamiltonian. In Sec. 
III the momentum distribution produced by diffraction 
from a magneto-optical potential is calculated. The cal­
culations are simplified by assuming adiabatic evolution. 
In this case the interaction can be treated as a phase grat­
ing. The validity of the adiabatic approximation and the 
effect of nonadiabatic transitions are discussed in Sec. IV. 
The paper concludes with a brief summary (Sec. V). 

II. MAGNETO·OPTICAL EIGENV ALVES 
AND EIGENSTATES 

The precessing alignment model of the magneto-optical 
interaction described in the. introduction is an 
oversimplification as the alignment does not evolve freely 
and the absorption and emission processes do not occur 
instantaneously, i.e., the time evolution of the magnetic 
and light interaction are coupled and cannot be treated 
separately. A more accurate physical insight into the 
role of the magnetic and laser fields is provided by con­
sidering the eigenstates of the interaction in position rep­
resentation. Again we stress that spontaneous emission is 
neglected. 

We consider a J=O~J'= 1 transition and choose the 
quantization axis parallel to the magnetic field direction 
[i.e., along z in Fig. 1(b)]. In this basis the leo) sublevel 
does not interact with the laser or the magnetic field, and 
the level scheme reduces to a three-level system [Fig. 
1(a)]. 

The wave function of the atom in the position repre· 
sentation may be written as 
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Iw)= ~ I 1fi(r,t)Ii)lr)dr, (1) 
i 

where i = {go,e _ ,e + J is the internal state and r is the 
center of mass position. 

For this problem the total Hamiltonian is the sum of 
the atomic Hamiltonian H atom , the magnetic field interac­
tion H B , and the atom-laser coupling H a - I • The atomic 
Hamiltonian is a sum of the kinetic energy of the atom, 
and the internal energy given by the population of the ex­
cited levels: 

-L H atom - 2m + liwo( Ie + ) ( e + I + I L ) ( L I) , (2) 

where Wo is the unperturbed atomic transition frequency. 
The calculations are greatly simplified, if the kinetic ener­
gy term in H atom can be neglected, i.e., if the change in 
the kinetic energy of the atom induced by the interaction 
is negligible. This is known as the Raman-Nath approxi­
mation. In the position representation the Raman-Nath 
regime can be interpreted as the limit where the change 
in the trajectory of the atom induced by the interaction is 
small compared to the wavelength of the light. The 
Raman-Nath assumption places an upper limit on the 
maximum momentum splitting we are able to predict us­
ing our model. 

The magnetic interaction is given by 

(3) 

where JL= -gJJLBJ is the magnetic moment. The mag­
netic field is parallel to the quantization axis, therefore 
H B has only diagonal elements corresponding to the Zee­
man shift. The atom-laser interaction in the electric di­
pole approximation is given by 

-iliJ t 
H a - I = -d·Re{E(r)e laser J , (4) 

where d is the electric dipole operator and the laser am­
plitude E(r) is 

E(r)=Eo(x,y )[(Excos!p+Eysin!p)eikz+Exe -ikz] , (5) 

where !p is the angle between the polarization vectors of 
the two beams. The atomic beam propagates in the y 
direction [see Fig. l(b)]. The spatial dependence of 
Eo(x ,y) along y, in the moving frame of the atom, can be 
written as an explicit time dependence t = y Iv where v is 
the velocity of the atom. For simplicity we assume that 
the field is uniform along x. To simplify, the light cou­
plings in the chosen basis of magnetic substates, the elec­
tric field is rewritten in terms of the a + and a _ polariza­
tion components, i.e., 

E( vt) =v2Eo( vt )[E +e -icp/2cos(kz -!p12) 

+E_eiCP/2cos(kz+!p12)j. (6) 

It follows from (6) that the polarization gradient is 
equivalent to the superposition of a a + and a a_ 
standing-wave field with a spatial displacement of !pA/21/" 
[5]. By making the rotating-wave approximation and for 
a laser detuning o6.=Wlaser-Wo where Wo is the unper­
turbed transition frequency, the Hamiltonian in the in­
teraction representation reduces to the sum of the mag­
netic interaction and the atom-light coupling. From Eqs. 
(1)-(6) it follows that the interaction Hamiltonian for the 
state vector {go,e_,e+ J is 

a G_ G+ 

Hint=1i G~ -WL 0 

o 

where G± =(wR (t)lv2)e±iCP/2cos(kz±!p12), 
frequency W R (t) is defined as [7] 

(e± Id·E±lgo ) 
wR(t)= - Ii Eo(vt) 

and IiwL =gJJLBB is the Zeeman splitting. 

the Rabi 

(8) 

The eigenvalues of the interaction Hamiltonian are 
given by the roots of the characteristic equation as 

=~ 2 112 {-.l _1[27C+206.3 -9o6.(B- 3Wi)] 21/"j}_lio6. 
Aj 3 li(06. + 3B) cos 3 cos 2(06.2+ 3B )3/2 + 3 3' (9) 

where B=wi +(w~12)[I+cos!pcos(2kz)j, C=(wLw~1 
2)sin(!p)sin(2kz) andj=1, 2, or 3. 

The eigenstates can be written as 

Ij}=ajolgo}+aj-IL )+aj+le+} , (10) 

where the non-normalized eigenvector components are 
given by 

ajo=(liwL +Aj)(liwL -Aj ) , 

aj_=IiG~(liwL -Aj ) , 

aj+=-IiG+(liwL +Aj ). 

(11) 

(12) 

(13) 

Similar expressions for a three-level system driven by two 

light fields with arbitrary detunings have been derived 
previously [8]. 

Below the spatial structure of the eigenvalues will be 
discussed with reference to specific examples. In Fig. 2 
the eigenvalues A j for !p = 90· are plotted as a function of 
position in the polarization gradient. First we consider 
the eigenvalues for zero laser detuning, 06.=0 [shown in 
Figs. 2(a) and 2(b)]. In a weak laser field [Fig. 2(a)), the 
eigenstates 11}, 12}, and 13) correspond approximately 
to the magnetic eigenstates, i.e., to the initial states 
Ie _ }, Igo }, and Ie + }, respectively. The separation of the 
eigenvalues is equal to the Zeeman splitting of the excited 
state and their spatial modulation is due to the light shift, 
which is proportional to the intensity of the a + or a _ 
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(a) 
13) 

o 0+ Al4 0_ Al2 0+ 3Al4 0_ A. 

POSITION IN POLARIZATION GRADIENT 

FIG. 2. Spatial dependence of the eigenvalues for a J=O to 
J'=l transition and lp=900: (a) WR=WL, ~=O, (h) wR=2wL' 
~=O, and (c) WR =V6WL' ~=wL/2. 

field component. In the strong laser field (or weak mag­
netic field) case, the eigenstates correspond to mixtures of 
the magnetic sublevels which are separated by the light 
shift and modulated due to the magnetic perturbation. In 
the limit roL _0 (i.e., no magnetic field) the light shift of 
the eigenstates becomes independent of position, because 
the a + and a _ couplings are equal. 

For roR =2roL the light shift on the a ± transition, at 
the position of pure a ± polarized light (indicated below 
in Fig. 2), is exactly sufficient to bring the a += transition 
to resonance, and the level anticrossing shows a degen­
eracy [Fig. 2(b)]. In this case the first-order perturbation 
induced by a small a _ or a + component does not vanish 
(in contrast to the nondegenerate case), and therefore due 
to the linear increase of the a += component on either side 
of the anticrossing, and levels are perturbed linearly 
along z. Thus eigenstate 12) has an eigenvalue with ap­
proximately triangular spatial dependence [shown by the 
thicker line in Fig. 2(b)]. An atom in eigenstate 12) ex­
periences an optical potential with triangular spatial 
dependence which leads to an efficient splitting in the 
momentum state of the atom (the diffraction pattern will 
be calculated in Sec. III). The magnitude of the 
deflecting force is given by the potential gradient. It can 
be seen from Fig. 2(b) that the magnitude of the gradient 
is approximately the Zeeman splitting 2-fzro L divided by 
A/4. Thus the deflecting force is approximately 
±8-fzkroL /2'TT'. The other eigenstates display a more 
sinusoidal spatial dependence and therefore give rise to a 
diffraction pattern similar to that produced by a normal 
standing wave. 

The interaction is relatively insensitive to the atom-

laser detuning: The eigenvalues are not significantly per­
turbed until the detuning becomes comparable to the 
characteristic frequencies roR or roL. In Fig. 2(c) the 
magneto-optical eigenvalues for l:!. = ro L /2 are plotted. 
The effect of the detuning is to shift the energy ofthe cen­
tral eigenstate. The consequence of the asymmetric ener­
gy level spacings is that the degeneracies at the a ± polar­
ization positions occur at different Rabi frequencies. For 
a positive detuning, fir the a + light shift brings eigenval­
ues 12) and 13) to degeneracy, then at a higher laser 
power the a _ transition brings eigenstates 11) and 12) to 
degeneracy. The relationship between the Rabi frequen­
cy, the Larmor frequency, and the detuning, to achieve 
degeneracy at the a ± positions, is 

H2ro~ +(roL±l:!.f]i/2_t!roL±l:!.)=roL =Fl:!. • (14) 

Note that V"ZroR is the Rabi frequency for a ll:!.mJI = 1 
transition at the a ± polarization positions. In Fig. 2(c), 
l:!.=roL /2 and the degeneracy at a_polarization posi­
tions is ro R = v6ro L • 

The effect of changing the angle <p is to slide the spatial 
dependence of the a + light shift relative to the a _ light 
shift. This is illustrated in Fig. 3 where the eigenvalues 
for <p = 45° and <p = - 22.5° are plotted as a function of 
position in the polarization gradient. In Fig. 3 the ratio 
of ro Rand ro L was chosen according to the anticrossing 
degeneracy condition for arbitrary angle <p: 

2 
roR = -. -roL . 

sm<p 
(15) 

It follows from (15) that higher laser intensities are re­
quired to produce degeneracy for smaller angles. For 
<p < 90° the eigenvalue of the adiabatically populated 
eigenstate has a sawtooth structure. Thus an asymmetric 

(a) 

o Al4 Al2 3Al4 

POSITION IN POLARIZATION GRADIENT 

FIG. 3. Spatial dependence of the eigenvalues for a J=O to 
J'= 1 transition and ~=O: (a) lp=45° and (h) lp= -22.5° with 
WR =2WL /sinlp. 
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beam-splitting effect is expected. The sign of the asym­
metry depends on the sign of ((J and the sign of the mag­
netic field. The same symmetry behavior has been ob­
served in connection with the unidirectional magneto­
optical force [4]. 

In order to extend the discussion to more complex 
atoms, we have calculated the magneto-optical eigenval­
ues for atoms with a J = 1 to J' = 2 transition resonant 
(a=O) with the light field. For two linearly polarized 
beams and an axial magnetic field, the level structure can 
be separated into a W system and a V system which are 
uncoupled. The V system behaves as discussed above. 
The level scheme for the W system is depicted 
in Fig. 4(a). The wave function of the W system can be 
written as the state vector in the basis 
(I L 2)' Ig-I)' leo), Ig +1)' le+2) J. The interaction 
Hamiltonian for zero laser detuning is 

3 
G~ 0 0 0 -"2WL 

G_ 1 
0 0 -WL V'6 G + 

Hint =11 0 _I_G· 
V'6 + 0 _I_G· V'6 - 0 

0 
1 

G+ 0 V'6 G - WL 

0 0 0 G~ 
3 

"2WL 

(16) 

(a) 

(b) 

FIG. 4. (a) Level scheme for a J= 1 to J'=2 transition show­
ing the Zeeman shifts of the substates. (b) The influence of a 
strong u + coupling (WR =v'T5WL) is depicted. The light shifts 
of the Ig + I ) ---+ I e +2) transition exactly compensates for the 
Zeeman splitting between Ig + I ) and Ie -2 ). 

where G ± are the light-atom couplings for a Clebsch­
Gordon coefficient of unity, as defined in Eq. (7), and WL 

is the Zeeman splitting in the ground state. Note that the 
ground and excited states have different gJ factors; in this 
example we have assumed a 3S1 to 3P2 transition, for ex­
ample as found in metastable helium. 

The eigenvalues were calculated numerically. The ei­
genvalues for ((J=90· as a function of position in the po­
larization gradient are shown in Fig. 5. The five-level 
system is significantly more complicated that the three­
level case. For example, there are now three degeneracy 
conditions. The relationship between W Land W R corre­
sponding to each degeneracy is easily derived by equating 
the effective level shifts and the appropriate Zeeman 
splitting. Expressions similar to the nonresonant three­
level case [Eq. (14)] are obtained. The first degeneracy 
occurs at positions of a ± polarized light when the com­
bined light shifts of the Ig'f I> -+ leo) and Ig ±I > -+ le±2 > 
transitions exactly compensate for the Zeeman splitting 
between Ig±1 > and leo> [Fig.5(a)]. The degeneracy con­
dition is W R - 1. 499w L' The second degeneracy occurs at 
WR = 3wL where the Ig ±I ) -+ leo> light shift is equal to 
the Zeeman splitting between Ig ±.L > and Ie ±2 ). The 
third degeneracy occurs at wR =V15wL [Fig. 5(b)] when 
the light shifts of the Ig±1 )-+le±2) transition exactly 
compensates for the Zeeman splitting between Ig±1 > and 
Ie 'f 2 ). This is a three-photon process as shown by the 
dashed line in Fig. 4(b). The higher-order nature of this 
process explains the nonlinear divergence of the energy 
levels on either side of the anticrossing [see Fig. 5(b)]. 
For WR »wL the central eigenstate is associated with a 
triangular optical potential [Fig. 5(c)]. The triangular 

(0) 

ffiL 

CIl 0 ...l 
~ -ffiL >-
~ 
...l 

(b) >-
" ~ ~ 

2ffiL Z 
~ 
~ 0 
E-
;:; -2ffiL 
ct,l 
0 
~ 
CIl 
CIl 
~ 
~ 
0 

4ffiL 

0 

o o. Al4 0_ Al2 o. 3Al4 0_ "­

POSITION IN POLARIZATION GRADIENT 

FIG. 5. The spatial dependence of the eigenvalues for the W 
system in a J= 1 to J'=2 transition with orthogonal polariza­
tions cp=90· and (a) WR -1.499wL, (b) WR =v'15wL, and (c) 
wR=9wL' 
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POSITION IN POLARIZATION GRADIENT 

FIG. 6. The spatial dependence of the eigenvalues for the W 
system in a J=l to J'=2 transition with cp=45° and (a) 
IiJR -1.499V 2IiJL, (b) IiJR =4V2IiJL, and (c) IiJR =9V2IiJL' 

form is maintained for a large range of the ratio between 
the Rabi frequency and the Larmor frequency. This may 
be convenient in relation to an experimental realization 
of a magneto-optical beam splitter. However, in contrast 
to the three-level system, the split state cannot be popu­
lated by adiabatic evolution (see Sec. III) due to the re­
peated occurrence of degeneracy points causing nonadia­
batic transitions. Finally we note that the transitions 
from Ig -I) or Ig + I) to the excited state have unequal 
Clebsch-Gordon coefficients, i.e., unequal u ± coupling 
strengths. This asymmetric coupling leads to structure in 
the optical potential with a periodicity smaller than A/2 
[Fig. 5(c)] and is also responsible for a nonvanishing po­
tential when the magnetic field is turned off(roL =0). 

The eigenvalues in the case of tp=45° are illustrated in 
Fig. 6. Again there are three degeneracy conditions. 
Two examples are shown in Figs. 6(a) and 6(b). For 
strong light coupling the central eigenvalue shows the 
same sawtooth structure [Fig. 6(c)] as in the case of a 
three-level atom. This similarity of the structure of the 
optical potential in the three- and five-level examples in­
dicates that in the regime where spontaneous emission 
plays a significant role, we would expect a unidirectional 
force with similar properties as discussed previously [4]. 

III. DIFFRACTION OF ATOMS FROM 
A MAGNETO-OPTICAL POTENTIAL 

The diffraction of atoms from a magneto-optical grat­
ing in the Raman-Nath regime may be calculated by in­
tegrating the Schrodinger equation in position represen­
tation using the interaction Hamiltonian given by (7). 
For simplicity we return to the three-level V system. As 

the Raman-Nath limit is specific to a particular atomic 
system, we choose to make the calculations using param­
eters corresponding to a supersonic beam of metastable 
helium atoms and a light field resonant with the 2 3S 1 to 
23PI transition. We assume that the atoms are prepared 
in the mJ =0 ground-state level, in which case the prob­
lem is identical to the J=O to J'= I transition discussed 
in Sec. II. In order to remain in the Raman-Nath regime 
we limit the maximum transverse displacement of the 
atom to one-tenth of the period of the optical potential. 

Before solving the Schrodinger equation, we note that 
if the switching times of the interaction are slow com­
pared to the characteristic time scale of the magneto­
optical process (ro L or ro R)' then the ground state Igo) 
evolves adiabatically into eigenstate 12). In this case the 
momentum distribution may be calculated by considering 
the eigenvalue potential as a phase grating. The momen­
tum distribution for an incident plane matter wave is 
given by the Fourier transform of exp[iJA2(Z,t)dt/li] 
where A2 is the nearly triangular shaped eigenvalue. The 
momentum distribution produced by diffraction from a 
triangular phase grating for J ro R (t )dt = 207T is shown in 
Fig. 7(a). In this example, the magneto-optical interac­
tion behaves as an extremely efficient beam splitter with a 
momentum splitting of approximately ±401ik. There is a 
small amount of scattering into adjacent momentum 

1.0 (a) 

0.5 
~ 

.-= .: ::s 
~ 0.0 

(b) ~ 1.0 
>< 
t:: 
'" 
~ 0.5 

~ ~ 0.0 
u 
~ 1.0 

(c) 

0.5 

0.0 1-_~ .............. ..wiWL&.-II.......-_----j 

-40 -20 o 20 40 

MOMENTUM TRANSFER (units offlk) 

FIG. 7. The final momentum distribution for an atom 
diffracted by a magneto-optical potential with cp=90° and a 
modulation J IiJ R (t )dt = 201T for (a) uniform laser and magnetic 
fields and perfect adiabatic evolution, (b) a Gaussian laser field 
calculated by integrating the Schrodinger equation; and (e) for 
comparison, the momentum distribution produced by 
diffraction of a two-level atom from a standing-wave light field 
for the same modulation. 
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. states due to the finite width of the linear regions of the 
optical potential. The application of the magneto-optical 
interaction to realize a beam splitter for atom inter­
ferometry has been discussed in [4]. The split atomic 
beam leaves the interaction region in the ground state, 
i.e., the interaction behaves as a non polarizing beam 
splitter, which is ideal for applications in atom inter­
ferometry and an advantage over other beam-splitting 
effects where the outgoing states are orthogonal. 

The example discussed above, where the laser and 
magnetic fields remain constant throughout the interac­
tion, is difficult to realize experimentally. An experimen­
tally more realistic configuration consists of a Gaussian­
profile light field and an approximately uniform magnetic 
field. The expected momentum distribution for this case, 
calculated by integrating the Schrodinger equation is 
shown in Fig. 7(b). The light field and interaction time 
are again chosen such that I W R (t )dt = 207T and the Rabi 
frequency at the center of the laser beam is given by 
WR =2.1wL> such that the degeneracy condition [Eq. (15)] 
is satisfied twice during the interaction. As the degenera­
cy condition is not maintained throughout the interaction 
there is an increase in the population of the lower-order 
momentum states. If an atom undergoes a nonadiabatic 
transition it emerges in the excited state. Thus the im­
portance of nonadiabatic processes is indicated by the 
population of the excited states, i.e., the odd momentum 
orders in the diffraction pattern. For the parameters 
used in this example the population of the odd momen­
tum orders and hence the probability of nonadiabatic 
processes is a few percent [see Fig. 7(b)]. 

For comparison, the diffraction pattern from a normal 
standing wave with zero laser detuning, and the corre­
sponding optical potential amplitude is shown in Fig. 
7(c). In this case the final momentum distribution is not 
strongly dependent on the laser profile because the shape 
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FIG. 8. The final momentum distribution in the adiabatic 
limit for an atom diffracted by a magneto-optical potential with 
(a) q:>=45° and (b) q:>= -22.5° for an interaction time 
I CUR U)dt=201T. 

of the optical potential does not change significantly with 
the light intensity. The envelope of the diffraction pat­
tern is the square of a Bessel function. Thus after many 
Rabi periods there is a broad spread in momentum rather 
than a clear splitting into high-order momentum states. 
In contrast, the magneto-optical interaction produces a 
clearly two-peaked envelope, i.e., it leads to an efficient 
beam splitting into high-order momentum states. 

The calculated momentum distributions to qJ=45° and 
cp= - 22.5° assuming adiabatic evolution and constant 
fields are shown in Fig. 8. The diffraction pattern is 
asymmetric with the majority of the atoms being 
diffracted in one direction and a smaller amount being 
diffracted to a larger momentum in the other direction. 
The asymmetry in the momentum distribution is inverted 
when qJ changes sign. For small qJ, a small fraction of the 
atoms are diffracted to very high momentum states. The 
net force exerted by the interaction is always zero be­
cause the phase grating is periodic, i.e., the center-of­
mass momentum is conserved. 

IV. NONADIABATIC EFFECTS 

The influence of nonadiabatic effects was calculated by 
integrating the Schrodinger equation for the internal 
motion as a function position in the polarization gra­
dient. For all calculations discussed in this section, the 
two laser beams were orthogonally polarized, the magnet­
ic field was uniform, and a Gaussian laser profile was as­
sumed. The total interaction time and the laser intensity 
were the same as the qJ=90° example of Sec. III, i.e., 
I W R (t )dt = 207T. The resonance condition was satisfied 
at the center of the .laser beam, i.e., W Rmax = 2w L' 

We assume an incident plane matter wave in the 
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FIG. 9. The excited-state intensity as a function of position 
in the polarization gradient for an interaction time 
I CUR (t)dt=201T. The eigenvalues are shown inset. The le+) 
and le- ) state populations and their corresponding eigenvalues 
are shown as solid and dashed lines, respectively. 
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ground state and calculate the probability for the atom to 
leave the interaction in one of the excited states as a func­
tion of the position in the polarization gradient. The re­
sult is shown in Fig. 9. It can be seen that nonadiabatic 
transitions are only possible in the vicinity of the level an­
ticrossings. Thus by observing excited atoms, the 
magneto-optical interaction provides a technique to 
prepare well-localized atomic wave packets. 

Near the a _ polarization positions, the atomic under­
goes a transition from state 12) to 13) (shown as a dashed 
line in Fig. 9) and consequently emerges from the interac­
tion in Ie _ ). Similarly near the a + polarization posi­
tions, the atom makes a transition from state 12) to 11) 
and consequently emerges from the interaction in Ie + ). 
At exactly the anticrossing position even though the two 
eigenstates are degenerate (i.e., the laser is exactly reso­
nant with the transition frequency between the levels) 
there are no transitions because there is no light com­
ponent with the correct polarization to drive the transi­
tion. The laser field is purely circularly polarized with 
the opposite polarity to that required to couple the de­
generate levels. Thus the spatial probability for nonadia­
batic transitions has the form of an array of closely 
spaced double slits. In this example the width of each 
"slit" was approximately 0.0151.. and the maximum inten­
sity of the excited-state component was -0.55. The total 
probability for an atom to make a nonadiabatic transition 
was 6%. This value justifies the validity of the adiabatic 
approximation used in Sec. III. If the laser intensity and 
the magnetic field are reduced but the width of the 
Gaussian beam is kept constant, the rate of absorption 
and emission decreases and becomes closer to the rate of 
change of the optical potential. In this case the regions 
of nonadiabatic behavior become broader. For 
f OJR (t)dt =41T the probability for nonadiabatic transi­
tion increases to 20%. 
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FIG. 10. The momentum distribution for atoms emerging in 
the excited state. The interference pattern correspond to 
diffraction from the array of double slits shown in Fig. 9. 

By observing only atoms emerging in the excited state, 
it should be possible to observe the diffraction pattern 
from the array of double slits shown in Fig. 9. The 
momentum distribution of the excited-state atoms is plot­
ted in Fig. 10. The envelope of the diffraction pattern 
consists of the convolution of the single-slit diffraction 
pattern and the interference pattern due to the double 
slits. The individual peaks are separated by 2fzk due to 
the 1../2 periodicity of the grating (the grating consists of 
a Ie _) and a Ie +) component offset by 1../4, however, 
the components do not interfere and thus a 1../2 periodi­
city is observed). There is not a central maximum in the 
interference pattern because the excited-state component 
in the initial eigenstate 12), given by Eqs. (12) and (13) 
changes sign on either side of the anticrossing. 

This example illustrates the possibility offered by the 
magneto-optical interaction to control the spatial proba­
bility of nonadiabatic transitions. In a resonant light­
atom interaction the eigenenergy levels are normally de­
generate and repel inside the interaction region. There­
fore nonadiabatic effects occur as the light field turns on 
and again when it turns off. In contrast, for the 
magneto-optical interaction the eigenenergy levels are 
nondegenerate due to the magnetic field and are brought 
to degeneracy by the light interaction, i.e., the levels 
effectively attract within the interaction region. 

V. CONCLUSION 

We have presented a theoretical study of the coherent 
scattering of atoms from a magneto-optical potential. 
For an atom with a J=O to J'= 1 transition resonant 
with a light field and for a particular ratio of the laser in­
tensity and the magnetic field strength, there is a degen­
eracy in the eigenvalues leading to a triangular optical 
potential. Diffraction from this potential leads to a large 
splitting in the momentum state of the atom. In contrast 
to diffraction from a normal standing wave, the 
magneto-optical interaction produces an efficient splitting 
to high-order momentum states. The splitting is sym­
metric when the linearly polarized beams are orthogonal 
qJ= 90· and asymmetric for qJ < 90·. For experimental pa­
rameters applicable to helium, we predict a splitting of 
±40fzk. 

The generalization to other transitions was discussed. 
For a J = 1 to J' = 2 transition the level scheme can be 
separated into a five-level Wand three-level V systems. 
The first-level energy eigenvalues have a similar structure 
to the three-level case. However, the adiabatic evolution 
of the atom is complicated due to the occurrence of three 
degeneracy points as the light coupling is increased. 
Thus in contrast to the three-level system an efficient 
beam-splitting effect is not observed. 

Finally the influence of nonadiabatic effects was con­
sidered. It was shown that for a Gaussian laser beam and 
an interaction involving many absorption-emission cy­
cles, the number of atoms making nonadiabatic transi­
tions is less than a few percent. Nonadiabatic transitions 
are restricted to regions of predominantly circularly po­
larized light and thus by detecting only one internal state, 
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it is possible to prepare well-localized atomic wave pack­
ets. Illumination by a plane matter wave produces a 
momentum distribution corresponding to diffraction by 
an array of double slits. This example illustrates the in­
teresting possibility offered by the magneto-optical in­
teraction, to control both the spatial and temporal proba­
bility of nonadiabatic processes. 
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