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Experimental Demonstration of the Optical Stern4 erlach Eff'ect
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We report the observation of the splitting of an atomic beam by the optical Stern-Gerlach effect. A
beam of metastable He atoms interacts with a nearly or exactly resonant laser field with a well-defined
intensity gradient perpendicular to the atomic beam. The coherent splitting of the atomic beam is pro-
duced in the case of exact resonance. For the nonresonant case, a deflection of the atomic beam is ob-
served. %'e have studied the splitting and deAection of the atomic beam as a function of laser detuning
from resonance. Our results are in good agreement with theoretical predictions.

PACS numbers: 32.80.—t, 4l.85.—p, 42.50.Vk

Resonance light pressure on atoms is a field of intense
research activity [1]. In particular, much work has been
carried out on the dipole or gradient force. Such a force
involves the interaction of an optical field gradient with

the induced electric dipole moment of an atom. It was

pointed out in 1975 [2] that the trajectory of a two level-
atom interacting with an optical field gradient can under
certain circumstances be split into two paths, each path
containing atoms in one of the two orthogonal dressed
states. Because of the state-selective deflection in a field

gradient, this effect is often referred to as the Stern-
Gerlach effect [3] in the optical domain ("optical Stern-
Gerlach effect"). Although the theory of the optical
Stern-Gerlach effect has been discussed extensively
[2,4,5], it has not been observed so far [6].

The goal of our experiment was to demonstrate the op-
tical Stern-Gerlach effect and to study its dependence on

the laser frequency. In our experiments we used a col-
limated beam of metastable helium atoms interacting
with a light field having a well-defined intensity gradient.
This field was produced by bouncing a laser beam at a

glancing angle off a glass surface, thereby producing a

standing wave with period much larger than the width of
the atomic beam (see inset of Fig. 1).

First, we briefly describe the theory of the optical
Stern-Gerlach effect [2,4,5]. A two-level atom with tran-
sition frequency mo interacts with a light field given by
E(r, t) =Re[iEp(r)exp(irot)], where Eo(r) is the spatial-

ly varying electric field amplitude and i is the polariza-
tion vector. We model the field produced in our experi-
ment by

Eo(r) =Eo„„.„cos(k,x)e""e

This describes a standing wave with period 2n/k„ in the x
direction, a traveling wave in the y direction, and a

Gaussian beam profile with diameter ~0 in the z direc-
tion, which is the direction of the atomic beam. We as-
sume that the atom enters the light field in the ground
state ~g) and that the interaction time of the atom with

the field is much shorter than the atomic natural lifetime
of the excited state ~e). The velocity i of the atoms along
the beam axis (z axis) is suSciently large that the spatial
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FIG. 1. Schematic diagram of the experimental setup as
viewed from above. By the interaction with the standing light
wave the atoms in the triplet state '5 are split into the two

eigenstates ~+) and
~

—). Inset: View along the atomic beam
axis of the optical standing wave.

dependence of Eo(r) along z can be replaced with the ex-
plicit time dependence t =z/v in the atom's moving
frame. We therefore replace the factor exp( —z /wo) in

Eq. (I) with exp( —t'/to), where ro=wo/v. We ignore
(for the moment) the y dependence of Eo, which is re-
sponsible for the Doppler shift and any momentum
transfer along the y direction. With the above assump-
tions, the behavior of the atom in a light field can be de-
scribed by a one-dimensional Schrodinger equation with
the interaction Hamiltonian Hi = —d E(x, t), where d is

the atomic dipole-moment operator. With the rotating
wave approximation, the Schrodinger equation in the in-

teraction representation is

By,. tt'- B'-y,, gp hru, (x, r)
I 6 ~ Ilfe+

Bt 2m Bx-' 2 2
(2)

Bys Q
2 B ys Qg hru~(x, t)

Br 2m Bx-' 2 2

where the total wave function is ~y) =y, ~e)+ys~g) and
the spatially dependent Rabi frequency is ro~(x, t)
=(e~d. gg)Eo(x, t)/6 and the detuning A=coo —rn. Di-

1996



VOLUME 68, NUMBER 13 PHYSICAL REVIEW LETTERS 30 MARcH 1992

sin8(x, t) =ni( (x,t)/[a'+ to('(x, t)] '~'.

The corresponding eigenvalues are

U+ (x, t) = ~ (h/2)[h +co~'(x, t)]'~' (4)

The behavior of the atomic center of mass depends on
the internal state of the atom as it traverses the field,

which in turn depends strongly on the detuning h, . We
consider the following three cases.

(i) When A=O, the eigenstates [+&=(~g&+~e&)/J2
and

~

—
& =(~g& —~e&)/J2 in Eq. (3) are time independent

and Eqs. (2) can be decoupled by writing (y& =y+(+&
+y-~ —

&. The states y+ and y- propagate indepen-

dently of one another, and experience potentials
hto~(x, t)/2 equal in magnitude but opposite in sign.

A beam of atoms entering in the ground state (g&

=(~+&+
~

—&)/J2 will split into two distinct beams in

the presence of a gradient in co~. It is this splitting that is
referred to as the optical Stern-Gerlach effect. The
momentum transfer to one atom is hp+ =+ (h/
2)fVmt(x, t)Ct, where x represents the position where

the atom enters the standing wave. We have assumed
that the deflection of the atoms is suIIicientiy small that
their transverse displacement during the interaction time
is much smaller than the standing-wave period. This con-
dition is strongly satisfied in our experiments.

(ii) If the magnitude of the detuning ~h~ is much larger
than a critical value 6, then the atom, which before
entering the field is in state

~

—
& if 4&0 or ~+& if & &0,

will remain in this initial eigenstate throughout the in-

teraction with the field, due to adiabatic following. The
value of 6„/2ir depends on the rate that the optical field

turns on, and for our experimental conditions was about
30 MHz. Again, Eqs. (2) can be decoupled by the sub-
stitution (y&=@+)+&+y (

—
&. The atom, being in ei-

ther state ~+& or
~

—
&, and not in a su rposition, sees a

unique potential (hh/2) [I + (to~/6) ] ' and is therefore
simply deflected.

(iii) When 0 & (A( & A„on the other hand, the situa-
tion is considerably more complicated. The atom, which
before entering the laser field is in either state )

—
& if

6)0 or ~+& if 6 & 0, does not remain in this eigenstate,
but has the possibility to undergo transitions to the other
eigenstate as it enters the laser field because of nonadia-
batic coupling. Therefore, after entering the field, the
atom is in a superposition of the eigenstates )+& and

Once the value of r0~ is much greater than )A(,
there are no more transitions between (+& and

~

—
&, and

agonalizing the interaction Hamiltonian yields two time-
dependent eigenvectors,

~+& =sin(-,' 8) ~g&+cos(-,' 8) ~e&,

(3)
j
—

& =cos( —,
' 8) [g&

—sin( —,
' 8) ~e&,

with

cos8(x, t) =A/[a'+ co('(x, t)]'t'
and

the populations of these states remain fixed with y~ and

y —being deflected in opposite directions according to the
potential in Eq. (4). For nonzero values of 6, one expects
two distinct peaks with different intensities.

The experiments were carried out in an atomic beam
machine [7] designed for metastable rare gas atoms. A
supersonic expansion nozzle at room temperature pro-
duced a beam of He atoms, which were then excited into
a metastable state by copropagating electrons at an ener-

gy of about 31 eV. Both singlet (2'So) and triplet
(2 S~) metastable states were produced. The result was
a beam of metastable helium atoms (He*) with a veloci-

ty v= 1760 m/s and relative velocity spread hv/v =0.05
full width at half maximum. As shown in Fig. 1, the
atomic beam was collimated with a pair of slits: the first
25 pm wide, and the 'second 2 pm wide placed 2 cm
upstream from the light field. The horizontal (x) posi-
tion of the 2-pm slit could be adjusted by a piezo transla-
tion stage allowing us to set the position of the atomic
beam in the light field. The horizontal deflection of the
atomic beam was measured by scanning a detector
behind a 10-pm-wide slit. The detector, a secondary
electron multiplier, is sensitive to both metastable states
but not to ground-state atoms and had a background
count rate of roughly 6 counts/min.

The triplet He* atoms interact with light at 1.083 pm
through the 2 S~ to 2 P2 transition. This light was pro-
duced by a single-mode Ti-sapphire ring laser (Coherent
899-21) pumped with 27 W from an Ar+ laser. The
laser frequency was locked by saturated absorption tech-
niques to the atomic transition in a dc helium discharge,
and could be adjusted by changing the value of an ap-
plied magnetic field. The laser frequency jitter was less
than 1 MHz.

The laser output first passed through an intensity sta-
bilizer and was then brought into the beam machine via a
single-mode optical fiber. After leaving the fiber output
coupler, the light with the typical power of 8 mW was fo-
cused by two cylindrical lenses and reflected with grazing
incidence off of a glass surface, producing a standing
wave with a period of about 15 pm (inset to Fig. I). This
surface was aligned parallel both to the height of the 2-

pm slit to better than 10 rad and to the atomic beam
axis to about 3&10 rad. The minimum laser beam di-
ameter measured along the atomic beam direction was
~0=39 pm and the minimum diameter in the x direction
was 140 pm. The interaction time between the atoms
and light was roughly 2wa/v =44 ns, significantly less
than the 2 P2 state natural lifetime of 100 ns. We esti-
mate the Doppler spread in 6/2ir due to the vertical ve-

locity spread and laser beam divergence to be about ~ 5
MHz for our experimental conditions.

No optical pumping was performed, so that the 2 S]
metastable state sublevels were equally populated. For
the linearly polarized light used in our experiments, the
ratio of the two dipole matrix elements was (4/3) 't, re-
sulting in a spread in deflection angles of about 15% of
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FIG. 2. Deflection of an atomic beam by a standing wave as
a function of the position of the atomic beam in the standing
wave. The detuning from resonance was 5/2+=160 MHz. The
laser power was about 24 mW. The solid line is a theoretical fit

to the data. Position 0 on the horizontal scale was arbitrarily
chosen to be at a node. Inset: Atomic intensity profile at the
detector for the atomic beam at a position of —

1 l pm in the
standing wave. The peak at zero angle is due to the undeflected
singlet-state atoms.
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FIG. 3. Optical Stern-Gerlach eflect. Atomic intensity
profile for values of the laser detuning close to zero. A/2ir =+4
MHz (a), 0 MHz (h), and —9 MHz (c). The laser power was
about 8 m%'. The central peak at position zero is due to the
undeflected singlet-state atoms.

the total deAection.
To characterize the optical potential and gradient, we

first made a series of scans with a large laser detuning
(&/2tr=160 MHz) for various positions of the atomic
beam in the standing wave. Our estimates of the critical
value of detuning 6,./2tr-30 MHz indicate that, for
6/2tr=160 MHz, the atomic beam should simply be
deflected. This deflection is demonstrated in the inset of
Fig. 2, which shows a plot of the atomic intensity profile
at the detector. The narrow peak at 0 is produced by the
undeflected atoms in the singlet metastable state. Notice
that there is some broadening in the deAected part of the
atomic beam. We attribute this broadening to arising
primarily from the fact that the gradient of the field is
not uniform across the width of the 2-pm slit, and that
the metastable state sublevels (J= 1 ) of the unpolarized
atomic beam have a different coupling with the light field.
Figure 2 shows a plot of the measured deflection as a
function of atomic beam position in the standing wave.
The solid line shows a theoretical fit to these data ob-
tained from the time integral of VU(x, t) with ru~(x, t)
=to~ „,;,„cos(k,-x)exp( —t '-/to ) in Eq. (4). With 6/2tr
held fixed at 160 MHz, the value of ru~ „.„/2tr obtained
from this fit is 1.4 6Hz, which corresponds to a satura-
tion parameter of 3X10, which is in reasonable agree-
ment with the measured laser power. The data shown in

Fig. 2 represent the first direct measurement of the dipole
force and thus of the optical potential in a standing wave.

Figure 3 shows the atomic intensity profile at the
detector for detunings less than 10 MHz. The atomic
beam was at about position 11 pm in the standing wave

(Fig. 2), which is near the position of maximum
deflection. Here, we see that there are two distinct peaks

deflected about 200 prad from the central undeflected
singlet peak, which corresponds to a change of transverse
momentum hp of roughly 4 times the photon recoil. It
should be noticed, ho~ever, that the deflection is a con-
tinuous function of the field gradient, as discussed above.
When the detuning was varied over about 20 f'.5Hz, the
relative intensity of the two deflected peaks changed from
being right weighted as in Fig. 3(a) (6/2tr =+4 MHz) to
being left weighted as in Fig. 3(c) (5/2tr = —9 MHz), in

agreement with the theory. Since it was diScult to deter-
mine the absolute frequency of the laser beam to better
than a few MHz, the detuning was determined by the rel-
ative frequency shift from the value resulting in equal in-

tensities of the two deAected peaks. We estimate the un-

certainty in relative frequency shifts for our experiment
to be about 1 MHz. The two deflected peaks shown in

Fig. 3 constitute a demonstration of the transverse optical
Stern-Ger lach effect.

As we have discussed above, the variation in the rela-
tive intensity of the two deAected peaks with A [Figs.
3(a)-3(c)] is due to variations in the degree of adiabatic
following that the atom undergoes as it enters the light
field. To compare these variations with those predicted

by theory, we have plotted in Fig. 4 the normalized
dilference in integrated peak intensities P = (I, —It )/
(I,+It) versus the laser detuning h/2tr; here l„and It
denote the intensities of atoms being deflected to the right
and left, respectively. The solid line shows the result of a

simulation in which we have integrated the Bloch equa-
tions of this problem to determine the populations of the
state i+) and l

—) after the atom has entered the field.
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FIG. 4. Normalized difference in peak intensities (I,
—Il)/(I„+II)vs laser detuning 5/2x. The solid line shows the
result of a simulation based on integration of the Bloch equa-
tions.

In this simulation the atom interacts with a field of con-
stant detuning 6 and amplitude of the form ru~ (t)
=ro~exp( t /tn), w—here we have set to=22 ns and
ro~/2m= I GHz from independent measurements. Al-
though the only free parameter was the absolute frequen-

cy, the simulation is in good agreement with the data.
The theory of the optical Stern-Gerlach effect predicts

that the two resulting beams should be completely
coherent. A coherent beam splitter has potential applica-
tions, e.g. , in atom interferometers [8]. To actually
demonstrate the coherence of the two beams, it would be
necessary to bring them together in an interferometer ar-
rangement, and look for fringes.

For our experimental conditions, the effect of spontane-
ous emission is small, and we have therefore neglected it
in our analysis. Further experiments with longer interac-
tion times could be performed to test the effect of spon-
taneous emission [5]. The amount of splitting achieved in

the current experiment could be increased either with a
higher field intensity, e.g., by producing the standing
wave in a resonator, or with a decreased standing-wave
period, i.e., a larger field gradient.

Our experiments should be contrasted with previous
experiments demonstrating the diffraction of an atomic
beam by an optical standing wave [9]. In those experi-
ments the atomic beam width was much larger than the
standing-wave period and the atomic beam was split by
the periodic potential into momentum states differing by
multiples of 26k. In our experiments, the splitting arises
from the exactly resonant interaction of the atomic beam
with an optical field gradient, and the splitting angle is a
continuous function of this field gradient. In addition, the
fact that the atomic beam width in our experiment (-2

pm) is much smaller than the period (-14 pm) of the
standing wave allows us to distinguish effects involving a
single position in the standing wave from those involving

an average over many periods.
In conclusion, although the transverse optical Stern-

Gerlach effect was discussed as early as 1975 [2], we be-
lieve that our experiments are the first demonstration of
this effect. In addition, we have studied the near resonant
deAection of a beam of atoms in a standing wave as a
function of position in the standing wave. The results of
both the deAection experiments and the optical Stern-
Gerlach effect are in good agreement with the theory.
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