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Laser cooling of a sodium atomic beam using the Stark effect
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A method of slowing and cooling a thermal sodium atomic beam using the Stark effect to hold the
atoms in resonance during the slowing is described. A deceleration of the atoms down to 17 m/s could
be experimentally achieved.

PACS number(s): 32.80.Pj

Up to now, four techniques for slowing down the ve-
locity of the atoms in thermal beams have mainly been
used: the chirped-laser-method [1—3], Zeeman-tuned
slowing [4—6], cooling with broadband lasers [7—9], and
the angle-tuned method [10]. In all techniques two main
problems have to be solved: (a) to hold the frequency of
the cooling laser in resonance with the absorption fre-
quency of the atoms to be decelerated and (b) to avoid un-
desired optical-pumping processes which trap atoms in
ground states that cannot be excited by the cooling-laser
light.

In our experiment we use an electric field, slowly vary-
ing along the deceleration path (about 65 cm long), in or-
der to hold the atoms in resonance with the cooling-laser
light whose frequency is fixed (Fig. 1). The changing
Doppler shift during slowing is compensated for by an
equal but opposite stark shift of the cooling transition.
Suggestions concerning a similar inethod for the cooling
of cesium atoms were discussed by Knize and Yeh [11].

In contrast to a magnetic field (where we have a sym-
metric splitting of the sublevels), the direction of the fre-
quency shift due to the electric field is given by properties
of the atom (the signs of scalar and tensor polarizabili-
ties). In the case of sodium, one observes a shift of the D
lines to lower frequencies [12,13]. Therefore, we have to
start slowing (high atomic velocities, —1000 m/s) in zero
field and to end (small velocities, —10 m/s) in a high elec-
tric field (-260 kV/cin).

For sodium atoms in an electric field it is not possible
to create a two-level system that avoids optical pumping
during the cooling cycles. So we have to repump atoms
from the second hyperfine ground state by shining in a
second laser frequency. One of the properties of the
Stark effect is that the sodium ground state 3 S,&2 is
shifted in energy but its hyperfine splitting (F= 1 F=2)-
is independent of the field strength. We can excite the

atoms from both ground states in the whole cooling re-
gion by means of two laser frequencies with fixed frequen-
cy spacing easily produced using an electro-optical modu-
lator [14,15].

The Stark shift hvE of the cooling transition can be
written as

hv =—E2
E

where E is the electric-field strength and

Mq —J(J+1)
J(2J —1)

Q = Qo+Q2 —
Qo

The scalar polarizability of the 3 P3/2 atomic state is

a0=88.98 kHz/(kV/cm)

(Ref. [13]). The ground-state polarizability (3 S&&2) for
sod1um 1s

ao g
=39.7 kHz/(kV/cm)

(Ref. [16]). Earlier measured values for tzo and a2 can be
found in [17,18]. J is the total angular momentum quan-
tum number; MJ is the magnetic quantum number. In
our experiment we use laser light polarized parallel (m ) to
the direction of the electric field; therefore, we excite the
transitions 3 P3/2( ~Mz ~

=
—,
'

)—3 S,&2 for cooling (the
transition probabilities for the components with ~MJ ~

=
—,

and m polarization of the exciting laser light vanish in
high electric fields [13])so that we get for u:

(Ref. [13]). The tensor polarizability of the 3 P3&2 state
1s

u2= —21.97 kHz/(kV/cin)
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FIG. 1. Principal setup.

(in comparison: for cesium the value of a for the
equivalent transition is about three times higher [19]).

The varying Doppler shift hvD along the deceleration
path s reads

1050-2947/94/49(2)/1119(3)/$06. 00 49 1119 1994 The American Physical Society



1120 R. GAGGL, L. WINDHOLZ, C. UMFER, AND C. NEUREITER 49

1
Av =—~ v +2asD g

~ 0

A, is the wavelength of the cooling transition, vo is the ini-
tial velocity of the fastest velocity group to be cooled, and
a (0 is the deceleration.

The laser detuning AvL from the atomic resonance can
be written in relative units b of the maximum Doppler
shift:
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(b & 0: laser detuning opposite to the Doppler shift).
To hold the atoms in resonance during the whole cool-

ing process, the sum of the Stark shift, the Doppler shift,
and the laser detuning has to be zero. Assuming constant
deceleration, this condition leads to an expression for the
variation of the electric field along path s

1/2
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FIG. 2. Experimental arrangement: L1; slowing laser; EOM,
electro-optical modulator; FPI1 and FPI2, scanning etalons;
FP, field plates; HV, high-voltage supplies; 0, sodium oven; L2,
probe laser; and PD, photodetection.

to two stabilized high-voltage supplies that were able to
produce voltages up to +20 kV.

The cooling-laser beam was produced by a commercial
actively stabilized dye ring laser (Coherent Model 899)
tuned to the D2 line. Usually about 500 mW of linear po-

A value of b = —1 means that the atoms with a velocity
vp start deceleration at zero field at the entrance of the
cooling zone; for b & —l (laser detuning larger than the
Doppler shift of atoms with the velocity Uo), a field

strength E(s =0) & 0 has to be applied at the entrance of
the deceleration zone to get the atoms in resonance with
the laser field. In our case, b = —1.04 was chosen.

The shape of the field plates was approximately deter-
rnined by

d(s) = U

E(s)

Qj

Ql

0

(a)

(M)

I 1

(4) .
L

(2)
198 MHz

velocity

where U is the voltage between the field plates and d the
distance between them.

The deceleration a appearing in Eq. (5) was chosen
somewhat smaller than the maximum deceleration a„,
corresponding to a fully saturated cooling transition (see

[2j) so that small divergences between the calculated field
distribution and the real one (due to the above approxi-
mation and inaccuracies in manufacturing the field
plates) cannot make the atoms drop out of resonance.

The scheme of our experimental setup can be seen in
Fig. 2. It consists of a thermal sodium beam, a counter-
propagating cooling-laser beam (Ll), the field plates (FP)
connected to two high-voltage supplies (HV), and a diag-
nostic laser beam (L2) to probe the velocity distribution
of the atoms in the beam.

The atomic beam emerges from an oven (0) at a tem-
perature of 350'C through a 1-mm hole and is collimated
before entering the deceleration section by a 1-mm aper-
ture. Oven and aperture are made adjustable using vacu-
urn bellows and micrometer mountings. The oven and
the cooling zone are separated by a 4-mm aperture to
limit the gas load from the relatively poor vacuum in the
oven chamber to the cooling chamber.

The field plates to generate the Stark field were milled
from blocks of stainless steel; their distance was made ad-
justable by two micrometer screws. They were connected

198 MHz
143 m/s

(4) .

n~

QJ

Vi

velocity

(M
(3)

198 M5-lz
143 m/s

(c)

velocity

FIG. 3. Velocity distribution in the atomic beam for different
cooling-laser detunings (hvL). Mean velocity of the slowed
atoms: (a) 210, (b) 28 and (c) 17 m/s. For the meaning of the
figures, see the text.
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larized light were available. To generate the two laser
frequencies, we built an electro-optical modulator (EOM)
using a LiTa03 crystal in a microwave cavity[14, 15]. The
two first-order sidebands have a frequency spacing equal
to the hyperfine splitting of the ground state and were
used to slow down the atoms. The modulation of the
laser frequency was controlled by a spectrum analyzer
(FPI2). To determine the detuning b, vL of the cooling
laser, its beam was first sent in orthogonally to the atomic
beam and tuned in resonance with a known transition
(with the electro-optical modulator switched off). Then,
by monitoring the laser spectrum on a scanning etalon
(FPI1) with a free spectral range of 150 MHz, the laser
detuning could be set with an accuracy of about 20 MHz.

A second tunable dye ring laser tuned to the D, line
(Coherent Model 699) was used to probe the velocity dis-
tribution in the atomic beam. The laser beam crossed the
atomic beam under an angle of 35' and is reflected into it-
self. The velocity distribution was observed by measuring
the Doppler shift of the velocity groups in the beam
(compressed by a factor of cos35'). The measurement of
the fluorescence light has to be done by means of a lock-
in technique because of a high fluorescence noise in the
detection region that is produced from fast velocity
groups interacting with second-order sidebands in the
cooling-laser frequency spectrum.

In Fig. 3 the flux of atoms in different velocity groups
for varying detunings of the cooling laser can be seen.
Peaks (1) and (2) belong to the fluorescence generated by
the counterpropagating probe beam, peaks (3) and (4) to
that generated by the copropagating one. The frequency
difference between copropagating and counterpropagat-
ing signals gives us via Doppler shift two times the veloc-
ity of the atoms in the beam. Signal (M) gives us a fre-
quency scale —and via Doppler shift, a velocity scale-
and is generated by the transmission signal of a marker
etalon with a free spectral range of 198 MHz linked to
the probe-laser beam. As one can see in Fig. 3, there is
only a very low fluorescence signal coming from uncooled

atoms, so we emphasize that almost all atoms in the beam
are slowed. Furthermore, it can be seen that the cold
atoms are polarized in the 3 St&z (F=1) ground state
[the fluorescence signal from the 3 S,&z (F=2)—3 P, zz
transition that should appear 1772 MHz shifted to the
left side of the peaks described above is missing]. This is
due to the fact that an optical-pumping process at the
exit of the cooling zone occurs. At the end of the field
plates, the electric field declines rapidly and due to the
decreasing Stark shift, the transitions 3 S~rz(F
=2)—3 P, &z, comes into resonance with the central laser
frequency that pumps the atoms into the 3 St&z (F =1)
state.

Using an electric field to hold the atoms in resonance
could offer some advantages in contrast to other cooling
methods. Due to the high conductivity of some metals
compared with the limited permeability of p metals, an
electric field can be shielded much more effectively from
an experimental zone following the cooling region than a
magnetic field can.

Another property is the simplicity of the generation of
a static electric field; there are no high-current magnetic
coils to fabricate, and a change of the field geometry can
simply be obtained by changing the field plates or adjust-
ing their relative spacing and angle by two micrometer
holders.

In conclusion, we have applied an electric field in order
to hold the atoms in resonance with the laser field during
cooling of an atomic beam. Further, we were able to pro-
duce a steady, highly polarized beam of slow atoms at ve-
locities that are low enough for direct filling of a
magneto-optical trap.
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