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ABSTRACT We report on a simple scheme to efficiently load an
on-axis magneto-optical trap (MOT) from a decelerated atomic
beam, which avoids perturbation by radiation pressure from the
decelerating laser. This has been tightly focused near the MOT
center, with a waist size much smaller than the atomic cloud.
For comparison, and in order to test the efficiency of this non-
optimum deceleration geometry we have employed a second,
independent decelerating laser, with a profile mode matched to
the atomic beam. Using a Calcium MOT, good performance has
been achieved and for an oven temperature of 580 °C we loaded
1.2(2) x 107 atoms in 16 (1) ms. The technique described here
has been essential for the sensitive detection of cold colli-
sions, which represent minor losses in MOTs of alkaline-earth
metal elements (R.L. Cavasso-Filho, A. Scalabrin, D. Pereira,
F.C. Cruz: Phys. Rev. A, 67, 021402(R) (2003)).

PACS 32.80.Pj, 39.25.+k, 39.10.4j

1 Introduction

Laser cooling and trapping of alkaline-earth atoms
has been receiving increasing attention in the past years due
for example to interest in optical frequency standards and
clocks, investigation of cold collisions, or the possibility of
extending the quantum degenerate regime to these elements,
perhaps by all-optical means. Because of two electrons in the
outer shell, these elements have series of singlet and triplet
levels giving rise to strong transitions within these series
and weak transitions between them. For example, the almost
closed Sy— ! P, resonant transition, between the ground state
and the first singlet state, has a large natural width (34.6 MHz
for Ca), which makes it excellent for laser manipulation by
radiation pressure. On the other hand, the spin forbidden
1Sy—3P; intercombination transition, also departing from the
ground state, has a low transition rate and consequently a nar-
row linewidth (408 Hz for Ca) [1].

In this paper we characterize an alternative technique to
load an on-axis calcium MOT, operating on the 'Sy—'P; tran-
sition at 423 nm. This element has been shown to be very
attractive for experiments in high resolution and precision
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spectroscopy [2], atomic interferometry [3], optical frequency
standards and clocks [4, 5], cold collisions [6], and new laser
cooling and trapping strategies [7, 8]. In Sect. 2 we describe
the experimental apparatus for the MOT loaded with a fo-
cused decelerating laser. This technique, which avoids per-
turbation of the atomic cloud by the decelerating laser, has
been essential for the recent observation of cold collisions
in a calcium MOT [9], where optical pumping effects domi-
nate the trap losses. In fact, for alkaline-earth-metal elements
cold collisions are difficult to observe because they represent
only a small fraction of the total trap losses [10]. In Sect. 3
we explain how the number of trapped atoms is estimated
when the atomic cloud is comparable to the laser waist sizes.
An analysis of the number of trapped atoms when decelerat-
ing and trapping with the same laser, and when decelerating
with a second, independent laser, is presented in Sect. 4. Tem-
perature measurements are also included in this section. The
conclusions are summarized in Sect. 5.

2 Experimental apparatus

Figure 1 shows a schematic diagram of the experi-
mental apparatus. The atomic beam is produced in a stainless
steel cylindrical oven with an exit aperture of 2 mm [11]. The
oven chamber is connected to a 240 ¢/s turbo pump and has
two sapphire optical windows which allow saturation absorp-
tion spectroscopy in the high atomic flux environment near
the oven. The atomic beam collimation is defined by another
2 mm aperture, 15 cm apart from the oven one. It connects the
oven chamber with an all-glass chamber for the atomic beam
and MOT.
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FIGURE 1 Schematic diagram of the atomic beam and MOT experimen-

tal apparatus. It shows, from left to right: the oven chamber, the slower and
MOT glass chamber with 14 AR coated windows and one Sapphire win-
dow at the right end. Also shown is the 18 section Zeeman magnet and the
anti-Helmholtz trap coils
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The atomic beam slower and MOT chamber consist
of a 90cm long PIREX glass tube with AR coated win-
dows for 423 nm and 657 nm, plus a Sapphire window at
the tube end, for coupling the decelerating laser beam. The
22 cm-long Zeeman magnet produces a maximum magnetic
field of 780 G. This allows deceleration of all atoms with
velocities lower than 460 m/s, which corresponds to 13%
of the velocity distribution when the oven is at 480 °C.
After the Zeeman magnet, 47 cm downstream from the
oven chamber collimation aperture, there are two pairs of
windows that can be used for either 2-D optical molasses
or spectroscopy. After these windows, we have the MOT
chamber, 60 cm downstream from the collimation aperture.
Two air-cooled anti-Helmholtz coils produce vertical and
horizontal field gradients of 63 and 32G/cm. At 13cm
from the MOT center we have an additional horizontal
pair of AR coated windows, which can also be used for
spectroscopy. After this, there is a connection to another
turbo pump. At the tube end, we have a sapphire window,
which is heated up to 250 °C to minimize deposition of
calcium atoms from the atomic beam [12]. Typical back-
ground pressure in the MOT chamber is 5 x 1078 mbar, when
the oven is switched-off and 10~7 mbar when the atomic
beam is on.

To generate coherent radiation at 423 nm, for deceleration,
cooling and trapping, we are using a homemade frequency
doubled and stabilized Ti:Sapphire laser [13]. The second har-
monic beam is split into four beams of the same power. One
of them is used for Zeeman deceleration and the other three
are used in the standard retroreflected o — o_ 3D MOT con-
figuration [14]. The six trap beams have equal waist sizes
w = 1.40 (5) mm, where the transverse intensity is given by
I(r) = Ipexp (—rz/wQ).

We have implemented an on-axis trap, where the MOT
is located within the atomic beam, which has a diameter
of 2cm at the MOT position. Several configurations have
been tested with similar results, with the MOT more or less
centered with respect to the atomic beam. One of the prob-
lems of an on-axis trap, loaded from an atomic beam de-
celerated with the same laser, is that this very much dis-
turbs the trapped atomic cloud and causes atom loss. One
solution to this problem is to shift the slowing laser fre-
quency far from resonance, for example with an acousto-
optical modulator. An adjustment of the Zeeman slower mag-
netic field is then required to bring the outcome velocity of
the decelerated atoms to the same value [15]. Another so-
lution uses a slower laser with a central “dark spot” [16].
Both share the problem of laser power consumption. We have
employed another approach, which consists of focusing the
counterpropagating slower laser beam at the trap position,
about 2 mm away in the transverse plane. The slower laser
is focused by a telescope to a spot size of 20 um at the
MOT position. Therefore it has no effect in atomic clouds
of nearly 1 mm diameter. This has been an essential fea-
ture for the recent observation of cold collisions in a cal-
cium MOT operating without a repump laser [9]. In this case,
atom losses are dominated by optical pumping mechanisms
which also typically limit the lifetime to < 20 ms. Cold col-
lisions thus represent only a small fraction of the total trap
loss.

3 Number of trapped atoms

The number of trapped atoms was estimated by the
scattered light power in the following way. In the presence of
six laser beams of same intensity /, the scattered power by one
atom is given simply by the product of the photon energy and
the scattering rate [17]:

4 61/Is
P] =hy = s
2 [1+61/Is+4682/y2
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where £ is the Planck constant, v is the photon frequency,
y is the angular natural linewidth, Ig is the saturation in-
tensity and § is the laser detuning. For the calcium resonant
transition 'So—'P;, v =710 THz, y =27 x 34.6 MHz, and
Is = 59.9mW/cm? [18]. Assuming that all atoms are sub-
jected to the same total laser intensity 61, then the total scat-
tered power is simply NP;. This holds only when the laser
waist size is large in comparison with the atomic cloud ex-
tension, in which case I = Iy. In a more realistic situation,
the atoms spatial extent is not negligible with respect to the
laser waist sizes and we have to take into account the Gaus-
sian laser profile over the atomic density distribution n(r). In
other words, we have to consider an effective intensity as an
ensemble average:

Lot = L f 1(r) n(r) d°r. 2)
N

In the case of alkaline-earth elements, for densities below
10" cm—3, the spatial distribution of the atomic cloud is Gaus-
sian [19]. The MOT “‘spring constant” depends directly on the
magnetic field gradient [18]. Therefore the cloud is smaller
in the direction of the higher magnetic field gradient, z, and
larger in the plane where the gradient is lower, plane xy. For
moderated densities we can thus write:

n(r) = noexp (—z%/a;) exp[—(x* +y*) /a*] , 3)
where ng is the peak density, a, is the width of the atomic
cloud in the vertical direction and « is the width in the ho-
rizontal plane. In our case, we typically have a vertical field
gradient of 63 G/cm and half of this value in the horizontal
plane. Integration of (3) in an infinite volume give us the total
number of atoms as N = nom*/2a,a®>. Assuming that all six
laser beams have the same intensity and waist, we get from (1)
the following effective total intensity:

1 2
, 4
<\/1+a2/w2+\/1+a§/w2) @

which for small atomic clouds goes to 61y, as expected.
The ensemble average power scattered per atom is then
given by (2) by just replacing the term 6/ by the effective
intensity, lef.

20
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4 Focused decelerating laser

To measure the number of trapped atoms, we
used a calibrated photodiode and took into account the pre-
vious considerations. To get rid of the background signal
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due to the atomic beam fluorescence, we modulated the
slower laser beam with a mechanical shutter. A peak num-
ber of 9 (1) x 10° atoms was measured for a red detuning
of 97 (5) MHz, or 2.8 (1) atomic linewidths. The uncertainty
in atom number comes mainly from the uncertainty in the
solid angle covered by the detection system. For a given
laser power, the optimum detuning that maximizes the num-
ber does not change significantly with the field gradient,
although the maximum atom number does, as can be seen
in Fig. 2.

Keeping the power of the trapping beams constant, at
10 mW per beam, for a vertical field gradient of 63 G/cm,
we changed the power of the slower beam and measured the
variation in the number of trapped atoms, as shown in Fig. 3.
The gain in trapped atom numbers from a slowing power of
2.5mW to SmW is more than 100% while the gain from
5mW to 10 mW is just 30%. Therefore it is not necessary to
have large laser powers in the Zeeman slowing beam when
using low oven temperatures and consequently a lower num-
ber of atoms.

In order to test the efficiency of the focused slower
laser technique we employed an independent laser to de-
celerate the atomic beam. This laser source is a frequency
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FIGURE 2 Number of trapped atoms as a function of gradient of the verti-
cal MOT field, for an oven temperature of 480 °C. Horizontal gradient is half
of the vertical
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FIGURE 3 Atom number as a function of slower laser power, for the same
conditions of Fig. 2

Number of Atoms x 10°

doubled diode laser in an alternative extended cavity, de-
scribed elsewhere [20]. To measure the doubled diode laser
detuning we beat its first harmonic with the Ti:Sapphire
laser in a fast photodetector. The thermal drift of the diode
laser was determined to be less than 5 MHz per minute,
which enabled us to perform a series of measurements in
a few minutes. The 8.5 mW 2nd harmonic output of the
diode laser is beam shaped in a telescope to approximately
match the atomic beam spreading. Keeping the detuning of
the MOT beams constant, at —84 (10) MHz, and also the
magnetic field of the Zeeman slower constant, we scan the
slower frequency and the result is shown in Fig. 4. The max-
imum number of atoms occurs for a slower detuning of
—438 (15) MHz. We note that the number of trapped atoms
varies very little when the power in each MOT beam is
changed from 1 to 11 mW, keeping the power and detun-
ing of the slower laser. Therefore, relatively low power is
needed to decelerate a calcium beam and trap the slowed
atoms. Ten milliwatts at 423 nm is more than sufficient,
with most of the power in the slower beam to assure adia-
batic following during deceleration [15]. This is important
for a practical and compact atomic clock based on cold
atoms.

By raising the MOT field gradient, the ratio between the
optimum number of trapped atoms, when slowing indepen-
dently or with the focused laser beam, increases as shown in
Fig. 5. For gradients below 80 G/cm, the ratio is about 25%.
For a field gradient of 110 G/cm and an oven temperature of
580 °C we obtain a number of 1.2 (2) x 107 atoms in our trap.
The maximum field gradient is limited by heating of our air-
cooled anti-Helmholtz coils.

Finally, we have measured the temperature of the trapped
atoms by the size of the atomic cloud [18, 21]. InaMOT, when
the Doppler and Zeeman shifts are small compared to the de-
tuning, the radiation pressure force acting on the atoms are in
good harmonic approximation [18]. The equipartition of en-
ergy implies that the velocity spread and the position spread
are related by muv? 2 where k is the MOT spring con-

A rms = Krrms’
stant, given by:

5 11
K = 8hk = /15

(2ragA) ,
Y (1+1/Is+482/y2)

&)

0.8
0.6
0.4

0.2 4

Number of Atoms x 10°

0.0
-100

200 300 400 500 -600
Slower Laser Detuning (MHz)

FIGURE 4 Number of atoms for MOT beams detuning of —84 (10) MHz
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FIGURE 5 Ratio between the number of trapped atoms when decelerating
the atomic beam with an independent laser (diode laser) or with the same
laser (Ti:sapphire) used for the MOT
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where [ is the intensity of the MOT laser beam in the direc-
tion considered, o is the Zeeman splitting of the excited level
and A is the magnetic field gradient. Although the number and
the lifetime are not critically dependent on the precise MOT
alignment, this temperature determination by the cloud size
s 1S. With careful alignment of the MOT beams, we esti-
mate for the horizontal Gaussian spread of the atomic cloud,
a root mean square velocity of 136 (12) cm/s, corresponding
to a temperature of 9 (2) mK. As already observed for stron-
tium [21], this is much higher than the limit given by Doppler
cooling theory (831 nK). The observed trap lifetime of 16 ms
is consistent with the loss mechanism of optical pumping into
the metastable 'D; level.

5 Conclusion

We characterize an on-axis magneto-optical trap
for calcium atoms loaded from a decelerated atomic beam.
The decelerating laser is tightly focused near the trap region,
so that the trap is perturbed as little as possible. This has
been an essential feature of a recently demonstrated tech-
nique, where small cold collision effects in a calcium MOT
have been observed by comparing the trap load and de-
cay curves [9]. Independently decelerating the atomic beam
with another laser shows that the focused slower laser tech-

nique has an efficiency very close to optimum. From our
atom number measurements, we also conclude that a total
power of 10 mW at 423 nm, generated by a single laser, is
enough to implement a calcium MOT loaded from a decel-
erated atomic beam. This is an important practical feature,
relevant for a compact optical clock based on cold calcium
atoms.
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