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Optical Stern-Gerlach effect from the Zeeman-like ac Stark shift
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~Received 17 September 2001; published 20 February 2002!

We report a different type of optical Stern-Gerlach effect, where a magnetic-field gradient is replaced with
a light-intensity gradient and a paramagnetic atom is deflected according to its magnetic quantum number. The
laser light is detuned between theD1 andD2 frequencies, with the size of the detuning from theD2 resonance
being twice that from theD1 resonance, and it is circularly polarized to produce an ac Stark shift that takes the
form of a pure Zeeman shift. Slow rubidium atoms are extracted from a magneto-optical trap and then spin
polarized. The atoms traversing the laser-intensity gradient on one side of the Gaussian beam profile show
deflections that depend on the atomic spin state and the laser polarization. When the laser-beam axis is aligned
with the slit that defines the atomic beam, we observe focusing and defocusing of the atomic beam.
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I. INTRODUCTION

In their landmark experiment of 1922, Stern and Gerla
demonstrated quantization of angular momentum of sil
atoms by observing their deflection through a magnetic-fi
gradient@1#. A similar experiment for a two-level atom with
the gradient of a light intensity replacing that of a magne
field was proposed in the seventies@2#. The experiment was
carried out using metastable He atoms in 1992@3#. The pro-
posal and the experiment were based on a dressed atom
ture, where a two-level atom interacting with near-reson
light field forms a pair of atomic eigenstates dressed w
photons. Energy eigenvalues of the dressed pair depen
the light intensity in such a way that atoms in orthogon
dressed states experience opposite dipole forces when
ing through a light-intensity gradient. Consequent splitting
atomic paths is called the optical Stern-Gerlach effect@4#,
because it can be thought of as a splitting of a fictitio
spin-1/2 system associated with the pair of dressed state

In this paper we report on an optical Stern-Gerlach eff
of a different type. In our work a rubidium atom, which
paramagnetic, passes through a light-intensity gradient,
experiences a deflection proportional to its magnetic qu
tum number. The experimental situation and interpretation
its result are identical to the original Stern-Gerlach expe
ment, except that the magnetic field is replaced with a la
field.

The effect is based on the optical dipole force from t
Zeeman-like ac Stark shift@5#. The ac Stark shift of an
alkali-metal atom in its ground state has contributions fr
two components, the scalar and vector polarizabilities. It
been known since 1972 that when the light is circularly p
larized, the vector-part results in an energy shift analogou
a Zeeman shift@6#. In spite of the widespread use of th
dipole force in the field of cooling and trapping of atoms a
atom optics, the dipole force from the Zeeman-like ac St
shift has rarely been used. It may be due to the fact that
vector polarizability is much smaller than the scalar one
most cases of previous studies. We pointed out, however,
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when the laser light is detuned between theD1 and D2
transitions of an alkali-metal atom, the contributions to t
vector polarizability from theD1 andD2 couplings add con-
structively, while those to the scalar polarizability canc
each other@7#. The magnitude of the vector polarizability i
this detuning range is either larger than or comparable to
of the scalar polarizability. There even exists a detun
where the scalar polarizability vanishes and the ac Stark s
becomes identical to the Zeeman shift in its form. For hea
alkali-metal atoms such as rubidium and cesium the fi
structure splitting is large enough to allow the detuning to
far-off resonance from both theD1 andD2 resonances. This
situation was exploited to construct an optical trap that
haved similar to a magnetic trap and held a spin-polari
sample of rubidium atoms@8#. Spin precession of lithium
atoms was also demonstrated using a detuning betweenD1
andD2 transitions@9#.

II. THEORY

The theory of the Zeeman-like ac Stark shift is given
detail in Ref.@7#, and here we will summarize the main re
sults only. Suppose an alkali-metal atom in its ground st
unS1/2,F,mF &, whereF is the total angular momentum of
hyperfine level, is irradiated by a laser field,E(t)5E 0e2 ivt

1E0* eivt, propagating along thez axis. Its ac Stark shift is

U~nS1/2,F,mF!5@a1 ibgFmF~ «̂* 3 «̂ !• ẑ#uE0u2,
~2.1!

where a and b are the scalar and vector polarizabilitie
respectively,gF is the Landeg factor, and«̂ is a unit vector
representing the laser polarization. When the laser is tu
near the alkali-metalD transitions, the scalar and vector p
larizabilities take the approximate forms of

a~v!.
u^nS1/2uerunP1/2&u2

9 F 1

D1/2
1

2

D3/2
G , ~2.2!

b~v!.
u^nS1/2uerunP1/2&u2

9 F 1

D1/2
2

1

D3/2
G . ~2.3!
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Here D1/25\v2(EnP1/2
2EnS1/2

) and D3/25\v2(EnP3/2

2EnS1/2
). Figure 1 showsa and b for rubidium in atomic

units between theD1 andD2 resonances. We note that whe
D3/2522D1/2 (l5790 nm) a vanishes. When the laser
right circularly polarized,

U~nS1/2,F,mF!52b~v!uE0u2gFmF , ~2.4!

i.e., the ac Stark shift takes the form of a pure Zeeman s
The effective magnetic field is along the direction of the la
propagation and its magnitude isbuE0u2/mB with mB being
the Bohr magneton. The effective field can be either para
or antiparallel to the laser propagation depending on the l
helicity. When 1 W of laser power is focused to a spot size
10 mm, the effective magnetic field at the focus is 250 G

III. APPARATUS

The apparatus is outlined in Fig. 2. It consists of
atomic-beam source, the spin-polarization region (A), the
interaction region (C), where the optical Stern-Gerlach e
fect takes place, and finally the probe region~B! where the
transverse displacement is measured. TheA and C regions
are separated by a vertical slit.

In theC region, a vertically propagating (z axis! Gaussian
laser beam, which we will call the Stern-Gerlach beam
tightly focused right at the exit of the vertical slit. Its min
mum spot size isv0 (e22 intensity radius! and its propaga-

FIG. 1. Scalar polarizabilitya ~dotted line! and vector polariz-
ability b ~solid line! of rubidium in atomic units for wavelength
between theD1 andD2 resonances.

FIG. 2. Outline of the apparatus. The Stern-Gerlach beam
propagating into the page. Its Gaussian intensity profile in thexy
plane is shown as a Gaussian curve.
03341
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tion axis is off from the slit center byyC . An atom traveling
along thex axis through the slit center with the velocityvx
encounters the Stern-Gerlach beam with an impact param
yC , and it experiences an impulse along they axis. After a
free flight of distanceL from the C to B region, it hits the
detector atyB . Using the impulse approximation and E
~2.4! we find the transverse displacementyB to be

yB5A8

p

b~v!gFmFPL

ceov0
2mvx

2
f ~yC /v0!, ~3.1!

whereP is the laser power,m is the atomic mass, andf (x)
5xe22x2

. The function f (x) has a maximum 1/A4e at x
561/2, or when the impact parameter is half the spot si

For a rubidium atom, whena vanishes,b.1.23104. In
the experiment we useP52 W, v0528 mm, and L
50.1 m. The width of the slit is 10mm. If we use an effu-
sive oven source with a typical beam velocity of 300 m
our apparatus parameters would produce the maximum tr
verse displacementyB of less than 1mm. In order to take
advantage of the 1/vx

2 dependence ofyB we employ a slow
atomic beam extracted from a magneto-optical trap~MOT!
through a 2-mm diameter hole on one of its optics. This ty
of beam source was developed by Luet al. @10#, and it is
called a low-velocity intense source~LVIS!. Its longitudinal
beam velocity is around 15 m/s, and the expected maxim
yB is 290 mm. Our LVIS setup uses standard ultrahig
vacuum components with rubidium getters and extern
cavity diode lasers. It is described in Ref.@11#. We operate it
in a pulsed mode at 2 Hz. There are a few times 107 atoms
per pulse.

In the probe region rubidium atoms are detected by s
face ionization on a 50-mm diameter platinum/iridium hot
wire. The resulting ions are collected and multiplied by
channel electron multiplier~CEM!. The detector assembly o
the hot wire and the CEM is translated along they axis by a
stepper motor. The background counting rate is typically l
than 1 kHz. After a few hours of running the beam sour
however, the rubidium vapor pressure in the detector ch
ber goes up, and the background can be as high as 3
The pulsed operation of the LVIS allows us to improve t
signal-to-background ratio; we integrate the digitized CE
output for only 100 ms to detect atoms collected in a MO
during 400 ms.

IV. MEASUREMENT AND RESULT

Spin-polarization method employed in the experiment
lects the atoms in the lower hyperfine level of the 5S1/2 state.
Specifically, the Zeeman states withmF56F are used for
the measurement. For these stretched states,ugF mFu of 85Rb
is 2/3, while that of87Rb is 1/2. Because the transverse d
placement, Eq.~3.1!, is proportional tougFmFu, and 85Rb is
more abundant, we use85Rb for the measurement.

One drawback of the original LVIS is that its beam
rather divergent@10#. With the 10-mm wide slit in place,
there were very few atoms reaching the hot wire, and we
considerable difficulty in detecting them with a high enou
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signal-to-noise ratio. We modified the LVIS design and
troduced an extra push beam whose frequency, inten
mode, and polarization could be controlled independen
from the MOT trapping light. With careful optimization o
the parameters we obtain significant improvement in the
limation at the expense of only a slight increase in the l
gitudinal velocity. A detailed account of the design and
performance is given elsewhere@12#. With the modified
LVIS, when the beam is unobstructed, we detect 104 ions per
LVIS pulse. With the slit in, the ion signal, when the hot wi
is aligned to the slit, is 500. From the time-of-flight measu
ment we estimate the longitudinal velocity to be around
m/s.

When atoms are allowed to fly freely through the slit, t
full width at half maximum of the ion signal for a hot-wir
scan along they axis is 400 mm. It is undesirably large
considering that the expected transverse displacementyB due
to the optical Stern-Gerlach effect is only 140mm for vx
520 m/s. The width is comparable to the size of a MO
and it appears that the scan result represents an image o
MOT through the slit, as in a pin-hole camera. When
replace the 10-mm slit with a 50-mm slit, the signal become
much bigger, but the width remains almost the same. In
dition, the horizontal position of the ion-signal maximum
very sensitive to the LVISB field, which determines the po
sition of the MOT center. We could have reduced the wid
by adding another slit along the beam path, but that wo
have made the signal size prohibitively small.

In theA region, just upstream of the slit, we spin polari
the atoms. Normally one would use optical pumping to p
the atoms in a well-defined hyperfine and Zeeman suble
In our experiment, however, the expected impulse from
optical Stern-Gerlach effect is comparable to that of s
photon recoils. We cannot afford to bombard the atoms w
resonant photons just before the narrow collimating slit. A
result, instead of ‘‘flipping in’’ the atoms to the state of in
terest by optical pumping, we ‘‘flop off’’ the atoms in th
wrong states by ‘‘optical kicking.’’ In our measurement th
state of interest isu5S1/2,F52,mF52&, and the quantization
axis is defined by a magnetic fieldB along thez axis of the
vertical direction. For the optical kicking we employ tw
laser beams propagating along thez axis. One is tuned to the
cycling transition, fromu5S1/2,F53& to u5P3/2,F54&, and
we call it the cycling beam. It has ten times the saturat
intensity and pushes away all the atoms in the upper hy
fine state. The other is tuned to the transition from
u5S1/2,F52& to the u5P3/2,F52& state, and we call it the
Zeeman pumping beam. It is right circularly polarized, a
puts all the atoms in the lower hyperfine state exc
u5S1/2,F52,mF52& via optical pumping intou5S1/2,F53&
state as shown in Fig. 3. Once pumped into theu5S1/2,F
53& state, atoms are pushed away by the cycling beam.
u5S1/2,F52,mF52& state is a dark state for the Zeem
pumping beam, and only the atoms in the state survive
optical kicking.

We first null out the stray field in theA region originating
from the anti-Helmholtz coil for the LVIS by using shim
coils. We then apply an 8 G magnetic fieldB along thez axis.
When the cycling beam is applied in theA region, the ion
03341
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signal from the hot-wire detected atoms drops by only 2
due to the deflection of atoms in the upper hyperfine st
This small value implies that the LVIS beam has a high
nonthermal population distribution. The push beam, tun
close to the cycling transition, optically pumps the atom
into the lower hyperfine state as well as pushing them ou
LVIS. Next we apply the Zeeman pumping beam. We ke
its intensity far below saturation to avoid off-resonant ex
tation from power broadening. The ion signal resulting fro
atoms that survive the optical kicking versus the polarizat
of the Zeeman pumping beam is shown in Fig. 4. We n
that the ion signal exhibits a minimum when the Zeem
pumping beam is linearly polarized (u50), and that it shows
two asymmetric peaks at the right and left circular polariz
tions. The peaks represent the surviving atoms in either
u5S1/2,F52,mF512& state or theu5S1/2,F52,mF522&
state. The asymmetry is also a result of the optical pump
effect of the LVIS push beam, which is circularly polarize
The ion-signal curve obtained with the magnetic fieldB in
the A region reversed is a reflection of the original one w
respect tou50. It implies that the atomic spin follows th
local magnetic-field adiabatically through the beam machi
For the curves in Fig. 4 we tune the Zeeman pumping la
to the resonance of theu5S1/2,F52& to u5P3/2,F52& tran-
sition. Due to the Zeeman shift induced byB, the shape of
the ion-signal curve changes depending on the detunin

FIG. 3. ‘‘Optical-kicking’’ scheme. The cycling beam tuned t
the cycling transition and circularly polarized Zeeman pump
beam can push away all atoms except those in theu5S1/2, F52,
mF52& state. The dashed line is to indicate the transitions driv
by the Zeeman pumping beam.

FIG. 4. Number of atoms surviving the optical kicking vs th
Zeeman pumping-beam polarization.u is the angle of a quarte
wave plate withu50 producing a linear polarization.s is when
the magnetic fieldB is parallel to thez axis andn is whenB is
antiparallel.
0-3
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the Zeeman pumping beam. We use the detuning that
duces the biggest contrast between the two peaks. Whe
laser is 15 MHz blue detuned from the resonance, the c
trast is 6 to 1, and we have 40% of the total atoms in
large peak. However, we do not know the exact populat
distribution of the surviving atoms among the Zeeman s
levels. We only know that the distribution is highly skewe
and that the atoms withmF of one sign is larger than th
other by a factor of the order of the contrast factor.

In theC region, 3 mm downstream of the slit, we focus
2-W Stern-Gerlach beam from a free-running Ti:sapphire
ser to a spot withv0528 mm. Figure 5 shows the results o
hot-wire scans when the laser spot is positioned for ma
mum transverse deflection of atoms. The step size of the
is 40 mm, and for each data point, 30 LVIS pulses are a
eraged. Scan 1 (n) in the figure is when the Stern-Gerlac
beam is blocked, and the atoms travel freely. When
Stern-Gerlach beam at 790 nm is turned on with linear
larization, the scan result is virtually identical to the scan
within measurement error. It is not shown in Fig. 5. Scan
(s) and scan 3 (L) are the results with the Stern-Gerlac
beam right and left circularly polarized, respectively. Th
have peaks shifted from the free one by6125 mm in rea-
sonable agreement with Eq.~3.1!. The skewness of the
curves is the result of both incomplete atomic spin polari
tion and a distribution of impact parameteryC due to the
width of the atomic-beam profile defined by the slit. Fro
the atomic-beam divergence and the slit to spot distance
estimate the beam width at the impact plane to be com
rable tovo . At 790 nm and for the given intensity, atoms
the atomic beam scatter a negligible number of Ste
Gerlach beam photons.

When we reverse the magnetic fieldB in theA region, we

FIG. 5. Hot-wire scan results. Scan 1 (n) is when the Stern-
Gerlach beam is blocked. Scan 2 (s) and 3 (L) are when the
Stern-Gerlach beam is turned on and right and left circularly po
ized, respectively.
ys
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obtain the same result as those in Fig. 5 except that the r
of the right and the left circular polarizations of the Ster
Gerlach beam are interchanged. Finally, we move the St
Gerlach beam alongy direction so that its axis is aligne
with the slit center (yC50 in Fig. 2!. The scan results are
shown in Fig. 6, and again the linear polarization (n) pro-
duces the same result as the free flight. With the right (s)
and the left circular (L) polarizations we clearly see th
focusing and defocusing effects, respectively, of the Ste
Gerlach beam. The focal length can be varied by chang
the laser power. The data in Fig. 6 is taken when the powe
1.42 W.

V. CONCLUSION

While the optical Stern-Gerlach effect in previous stud
can be understood only by invoking a fictitious spin 1/2 a
sociated with a two-level system, the present work dem
strates the Stern-Gerlach effect on a paramagnetic atom
simply using a light field in place of a magnetic field. Sin
a laser beam can be tightly focused with lenses, made in
standing wave, and used for optical pumping, the las
induced Stern-Gerlach force provides a versatile tool in
tically manipulating atomic motion in a spin-dependent wa
As a byproduct we also developed a method of producin
slow atomic beam from a magneto-optical trap with bet
control on its velocity and population distributions.
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FIG. 6. Focusing and defocusing of the atomic beam due to

optical Stern-Gerlach effect. Scan 1 (n) is when the Stern-Gerlach
beam is blocked. Scan 2 (s) and 3 (L) are taken when the Stern
Gerlach beam is aligned with the slit and right and left circula
polarized, respectively.
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