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Abstract

We present the work carried out in the scope of
making an optical clock with cold strontium atoms
at BNM-SYRTE. To load a magneto-optical trap
(MOT), an atomic beam is slowed with a Zeeman
slower using the cycling transition 1Sy — 1Py at
461nm. We measured a flux of 2.3 x 10! atoms/s
slowed below 50m/s. To generate the 461nm
laser, the frequencies of a Nd:YAG and diodes at
813nm are summed in a KTP crystal. We obtained
115mW of blue light corresponding to an efficiency
of 2.7 x 1073W/W?2. We then present the set up
used to realize a low frequency noise laser at 689 nm.
An extended cavity diode laser is locked to a Fabry-
Perot cavity of high finesse. For long term stabilisa-
tion, a Ramsey-Bordé interferometer will be used.

1 Introduction
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Figure 1: Strontium atomic levels. Except for
1Sy — 3P,, linewidths are specified for the boson
88Gr.

Alkaline earth species are prime candidates for
optical frequency standards because they can be
trapped and cooled on their strong 'Sy — 1P cy-
cling transition and interrogated using the narrow
16, — ®P; intercombination line as the clock tran-
sition. Recently, two groups from NIST and PTB

have achieved a frequency accuracy close to 10714
with calcium [1]. Strontium is a promising candi-
date since it has several potential clock transitions
and can be simply cooled below 1yK [2, 3]. The
cooling process is achieved in two steps: after an
efficient capture and pre-cooling using the cycling
transition at 461 nm atoms are then transferred to
a second trap operating at the intercombination line
(689 nm).

For the boson ®¥Sr, one of the possible clock
transitions is the narrow 'Sy — 2P line with a
linewidth of 7.6kHz. This is the easiest line to in-
vestigate, but other resonances have an even smaller
linewidth (figure 1). For the fermionic isotope 87Sr,
of natural abundance 7%, the 'Sy — 3F; transi-
tion is allowed by hyperfine coupling to the levels
3P, and 'P,. A linewidth of 1mHz has been esti-
mated using the semiempirical perturbation theory
approach by Garstang and constants found in the
literature [4, 5, 6]. Furthermore, it seems possible to
use a dipole trap in which the 1Sy and the 3 P states
experience equal light shifts, thus leaving the atomic
resonance frequency unchanged [7]. Trapped atoms
could then be probed in the Lamb-Dicke regime.
Such a clock would combine the advantages of both
ion and neutral atom clocks.

2 The cold atom source

Figure 2: The cold atom source. From right to left:
oven surrounded by two ion pumps, coils of the Zee-
man slower (magnetic shield removed), capture re-
gion with an other ion pump in a magnetic shield.
The total apparatus is one meter long.

The MOT is loaded from an atomic beam shown
on figure 2. The oven is heated at about 600°.
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Transverse velocity selection is achieved with about
a hundred micro-tubes of 8 mm length and 200 ym
diameter. This atomic source provides a high flux
of atoms: we measured an atomic flux of 2 x 103
atoms/s. Before entering the capture region the
atoms are slowed using a Zeeman slower operating
at the 1Sy — ' P; cycling transition at 461 nm.
The atoms are slowed to below the capture ve-
locity of the blue MOT (estimated at 50m/s) with
a Zeeman slower. Numerical simulations have been
carried out to maximize the number of slowed atoms
in the capture region depending on the magnetic
field, the Zeeman length, the laser waist, and the
laser power. To minimize the effect of transverse
spreading the laser beam is focused with a diver-
gence of 9mrad. As a result, the saturation param-
eter varies as the atoms progress into the Zeeman
slower, and so too the maximum deceleration:

' s
Amaz = _Urecim

(1)
where vec is the recoil velocity, s the saturation pa-
rameter and I' the transition width. Zeeman slowers
are usually designed with a constant deceleration
a4 = 1) Qmq, where n is smaller than one [8, 9]. In
OUr €ase, (g 1S Not constant due to focusing. To
optimize the efficiency of the slowing process we cal-
culated the magnetic field so as to keep n constant.
The obtained magnetic field is show on figure 3.
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Figure 3: Magnetic field of the Zeeman slower. Con-
tinuous line: optimal field computed, m: field mea-
sured without the magnetic shield, i: field measured
with the magnetic shield around the coils.

The slowing region is 30 cm long. The coils of the
Zeeman slower are placed inside a three layer mag-
netic shield. This minimizes the field perturbation
in the MOT region, only 10cm away from the exit
of the Zeeman where the field approaches 30mT.
The shield also provides a sharp field variation at
the exit of the slower, which rapidly detunes the
atoms with respect to the slowing beam.

The atoms are detected by the fluorescence in-
duced by a probe laser sent at 45°. This beam has
a diameter of 2cm. On figure 4a is shown the veloc-
ity distribution of the atom exiting the Zeeman. At
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an oven temperature of 590°C we measured a max-
imum of 2.3 x 10! atoms/s at a velocity lower than
50m/s. Figure 4b shows the dependence of this
number on the power of the Zeeman slower beam.
The optimum power is 35 mW, in good agreement
with the numerical simulations. At a lower power,
only atoms at the center of the gaussian laser beam
experience enough deceleration to stay tuned to the
laser. On the other hand, at a higher power atoms
are slowed to a lower velocity and because of trans-
verse spreading the number of atoms in the capture
region decreases.
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Figure 4: (a) Fluorescence collected in the capture
region while sweeping the probe frequency to scan
the atomic velocities. The mean velocity of the
slowed atoms is 47m/s. The width (FWHM) of the
peak is 17m/s close to the natural linewidth limited
resolution. The power of the beam used for the Zee-
man slowing is 34 mW. (b) Number of atoms slowed
below 50m/s in the capture region versus the laser
power at 461 nm used for the Zeeman slowing (oven
temperature 590°C).

3 Generation of 461 nm light
by sum-frequency mixing

To generate the blue light, one possibility is to fre-
quency double a 922nm laser diode in a KNbOj3
crystal [10]. But these diodes are not so common
and the KNbOj crystal leads to high thermal ef-
fects. To overcome these problems, we use a sum-
frequency mixing of a Nd:YAG at 1064nm and laser
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diodes at 813nm in a KTP crystal [11]. This crystal
is far less sensitive to thermal perturbations. The
Nd:YAG is a commercial high power device (1.2 W),
the power of the 813nm diodes is 150 mW. We sum
the power of two diodes with a 50-50 beam splitter.
The measured intracavity power is then doubled.

The crystal is mounted in a ring cavity which has
a finesse of respectively 35 and 80 for the 813nm
and the Nd:YAG. The lasers are focused within the
crystal with waists of 50um (813nm) and 57upm
(Nd:YAG). The intracavity power is 2.5 W for the
813nm and 29W for the Nd:YAG. With this pa-
rameters, we obtained 115mW of blue power.

On figure 5, right curves show the power reflected
by the cavity when spanned over more than a free
spectral range. The 813nm coupling is almost dou-
bled (40% to 70%) when both wavelength are on res-
onance. This results from an improved impedence
matching due to conversion loss [12]. At the same
time, the 813nm power transmitted by the cavity
decreases by 45% (left curves on figure 5). Almost
70% of the 813 nm photons coupled into the cavity
are converted to blue light.
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Figure 5: Left curves: transmitted power. Right
curves: reflected power.

4 A low frequency noise laser
at 689 nm

4.1 Fabry Perot cavity

To provide the ultra-stable laser light at 689nm an
extended cavity lagser diode is locked to a high fi-
nesse Fabry Perot cavity using the Pound-Drever-
Hall technique [13]. Sidebands are generated with
a 60MHz resonant electro-optic modulator. The
present bandwidth of the servo control is 2.4 MHz.
The cavity, shown in figure 6, has a length L =
10cm. The spacer is made of ULE. It lies inside
a vacuum chamber with three insulations stages to
shield it from environmental perturbations. A fi-
nesse ' = 28000 has been measured using the ring-
down technigque. When the laser frequency is swept
rapidly across a transmission peak, the transmitted
power of the cavity decays exponentially with a time
constant 7 given by [14]: 7 = L F/mc. The curve is
plotted on figure 7.

Figure 6: Zerodur cavity in the vacuum chamber.
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Figure 7: Transmission of the cavity to measure the
finesse by the ring down method (7 = 2,92us).

4.2 Ramsey-Bordé interferometer

For long term stabilisation purpose, the 6893nm
laser will be locked on the atomic transition us-
ing the so-called Ramsey-Bordé interferometer [15].
The atoms experience four #/2 light pulses that
split, deflect, and recombine the atomic wave func-
tion. The optical design of this scheme implemented
on an atomic beam is shown in figure 8. Each n/2
pulse is performed with an elliptic beam in order to
excite the largest possible proportion of the atoms.
It has a waist of 100 pm in the direction of the
atomic propagation and of 6 mm in the other direc-
tion. The first two interaction beams are reflected
by a cat’s eye to provide the second pair. This al-
lows the cancellation of the frequency shift due to
phase fluctuations induced by the mechanical vibra-
tions of the optical supports. This shift is given by:

0P —P1 — Pz + @4 (2)

E-077



EFTF’02 16" European Frequency and Time Forum

[12] J.D. Vance et al., Appl. Opt., 37, 4891 (1998).

Cat’s eye {

[13] R.W.P. Drever ef al., Phys. B, 31, 97 (1983).

. . [14] H.J. Schmitt and H. Zimmer, IEEE Trans.
Atomic beam - MTT, 14, 206 (1966).
A A .
e Gy [15] C.J. Bordé, in Atom Interferometry, Paul R.
Berman ed., (Academic Press, 1997).
i [ |
<« >

2 Cylindrical lenses

689nm laser - [
(ImwW)

Figure 8: Optical scheme of the Ramsey-Bordé in-
terferometer.

Prospects

With a high power 461 nm laser and a well opti-
mized Zeeman slower, we have been able to slow
down more than 2 x 10'" Sr atoms per sccond. We
expect to collect and cool a large number of atoms
in a MOT. This will be a key element of a future
optical clock using Sr atoms.
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