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We report the construction and characterization of an experimental setup for producing a cold gas of 4°Ca
atoms and excite them to high Rydberg states with a resonant three-photon-excitation scheme. The apparatus
comprises four stages, each designed in-house. An oven heated to ~ 500°C generates an atomic beam that is
collimated by a capillary stack. The beam is sent into a passive, permanent-magnet-based Zeeman slower that
reduces the atomic velocity to 30 m/s. The slow atoms are captured in a magneto-optical trap (MOT) and
cooled to 1.0(3) mK with a trapping time of 16(2) ms. Ground-state atoms in the cold gas are excited to high
Rydberg states via resonant excitation through the intermediate 4s4p!P; and 4s4d ' Dy states. The MOT is
operated at the center of an electrode stack, which serves to apply continuous and pulsed electric fields and
field-ionize the Rydberg atoms for detection. We benchmark our MOT against previous implementations and
find its performance consistent with state-of-the-art results in terms of temperature and trapping lifetime.
Finally, we demonstrate Rydberg spectroscopy of calcium, confirming the system’s suitability for ultracold

Rydberg physics experiments.

I. INTRODUCTION

Magneto-optical traps (MOTSs) have become an es-
sential part of a large variety of experiments in
atomic physics that require cold atoms for, e.g.,
high-precision spectroscopy', Bose-Einstein condensate?,
atomic clocks®*, quantum simulation®, and the study
of highly excited atoms® and molecules’”. While many
atomic species have already been laser cooled in a
MOT® 13, recent efforts have focused on alkaline-earth
atoms. Because they possess two valence electrons, such
atoms exhibit an energy-level structure that is both rela-
tively simple compared to most atomic species, yet more
complex than that of the widely used alkali atoms. This
gives access to a broader range of physical phenomena
and ways to control and manipulate the atoms. For ex-
ample, the coupling between the spins of the two valence
electrons, together with the Pauli exclusion principle,
leads to the formation of singlet and triplet states. These
states give rise to metastable excited levels that are cru-
cial for metrological applications such as optical atomic
clocks'15.  Additionally, the presence of narrow inter-
combination lines allows the atoms to reach much lower
temperatures'®. Finally, the presence of two electrons
allows one to manipulate!” 2%, directly laser cool?':22, or
interrogate?® Rydberg atoms in a nondestructive man-
ner.

The calcium atom is an advantageous candidate for ex-
ploring the applications in Rydberg physics given above,
in particular because the autoionization rates of its dou-
bly excited Rydberg states are low?*. Ultracold Ca Ry-
dberg gases have been much less explored than those of
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heavier species (Sr?223, Yb*1719) " despite their energy
level scheme being well suited for laser cooling and Ry-
dberg excitation (see Fig. 1). The frequency of the pri-
mary cooling transition Ca(4s% 1Sy — 4s4p 1 Py) lies in the
visible range (423 nm), which is conveniently accessed
with standard external cavity diode lasers, as used in
our setup. Moreover, the broad linewidth of this transi-
tion (34 MHz) makes it ideal for scattering a large num-
ber of photons and cooling down the atoms efficiently.
In addition 4°Ca, the most abundant isotope of Ca with
96.64(16)% abundance®®, has zero total nuclear spin, and
hence no hyperfine structure, which further simplifies the
cooling scheme.
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FIG. 1. Relevant energy levels and transitions of “°Ca. Tran-
sition wavelengths were taken from Ref.?®. Einstein A coeffi-
cients were taken from Ref.?"%8,

Calcium laser cooling was first reported in 1991, when
one-dimensional optical molasses were used to deflect the



slow atoms coming out of a Zeeman slower?. A few
years later, the first calcium MOT was demonstrated by
the same group'. Since then, a number of Ca MOTs
have been constructed3’ 3%, achieving typical number of
atoms of 106 — 102, and temperatures between 1.3 mK"
and 9 mK?2. The most pronounced differences among re-
ported Ca MOTs lie in their trapping times, which span
from 16 ms3* to 2.5 s3°. This large variability is primar-
ily due to whether repumping systems are employed or
not. The upper cooling state 4s4p ' P; can leak through
453d 1D, to the triplet states P, and Py (see Fig. 1),
with a branching ratio of 1 : 10535, Although the ratio
is sufficiently favourable for the atoms to be laser cooled,
this decay pathway represents the main limiting factor to
the MOT lifetime. Without any repumping, the trapping
time is limited to ~ 16 ms®*. Adding a 672 nm repump
laser to drive the Ca(4s3d Dy — 4s5p 1 P;) transition in-
creases the lifetime by a factor of three?*. Further exten-
sion of the trapping time can be achieved either by choos-
ing alternative repump wavelengths?”-337 or by adding
a second repump laser®*. Other parameters, such as
beam size, available laser power, laser detuning, and opti-
cal alignment, can also influence the trapping time, num-
ber of trapped atoms, and/or final temperature®”:32:33,

In the last years, more advanced cooling schemes have
been developed to bring the Ca MOT temperature well
below its Doppler limit of 0.8 mK. One example is the
two-color MOT16:27:31 " wwhere the trap is first loaded us-
ing the broad 423-nm transition to capture a large num-
ber of atoms even with relatively large velocities, and a
second, narrower-linewidth transition is used in a second
stage to cool the atoms to lower temperatures.

The present paper reports the construction and charac-
terization of a magneto-optical trap setup using the 423-
nm laser cooling transition without any repumper. The
magneto-optical trap is loaded with slow atoms coming
out of a Zeeman slower, itself loaded with atoms from
a Calcium oven. Each system is described in detail in
Sec. II (ITA-ITE). The cold atoms in the MOT are then
excited to high Rydberg states using the three-photon
excitation scheme shown in Fig. 1. The scheme was used
with thermal beams®3Y but not in Ca MOTs, which
focused on two-photon schemes?®. The Rydberg atoms
are then detected using a segmented electrode stack de-
scribed in Sec. IIF. The setup is characterized in Sec.
ITI, with particular emphasis on the performances of the
trap. We are finally discussing Rydberg excitation of the
cold atomic cloud in the MOT, demonstrating the possi-
bility of using the present setup to investigate ultracold
gases of Ca Rydberg atoms.

Il. EXPERIMENTAL SETUP
A. Overview of the experiment

Figure 2 presents a sectional view of the experimental
setup 3D model. A single 423 nm external cavity diode

laser (ECDL), frequency-locked to the Ca(4s>'S, —
4s4p'P)) atomic transition, is employed for slowing,
cooling, and trapping calcium atoms under ultra-high
vacuum conditions (< 1078 mbar). The atoms are ther-
mally emitted from a custom-built oven (Fig. 2(1)) op-
erating at 500°C, initially traveling at approximately 650
m/s. They are decelerated by a counter-propagating
laser beam within a permanent-magnet Zeeman slower
(Fig. 2(2)) to velocities below the capture velocity of
the magneto-optical trap. The slowed atoms then en-
ter the central region of the MOT chamber (Fig. 2(3)),
where three orthogonal pairs of circularly polarized laser
beams intersect. A pair of electromagnetic coils in anti-
Helmholtz configuration on the top and bottom of the
MOT chamber generates the required magnetic field gra-
dient at the center of the trap. The cold atom cloud is
observed via fluorescence using a CMOS camera and a
photomultiplier tube.

B. Calcium oven

The oven was built based on the design presented in
Ref.*!. It consists of a cylindrical chamber with a 0.25-
mm-diameter tantalum wire acting as the heating ele-
ment, arranged around the lateral surface (Fig. 3). Cal-
cium, in the form of small granules, is loaded into a cylin-
drical cartridge that is then inserted into the oven. The
oven output is passing through capillary tubes with a
radius of R = 0.15 mm and a length of L = 15 mm.
The aspect ratio of the capillaries, L/R, determines the
divergence of the atomic beam and, together with the
temperature, the atomic flux. A resonant laser beam at
423 nm was shone perpendicularly to the atomic beam
while scanning its frequency to measure the Doppler-
broadened line profile. The Gaussian fitting of the line
profile yielded a value for the half width at half maxi-
mum (HWHM) of 140 MHz. From the Doppler broaden-
ing, we inferred the transverse velocity spread (HWHM)
of the atoms to be Av ~ 60 m/s, assuming a normal
distribution. The divergence angle of the beam was then
estimated using®!.

Av

Ubeam

0:

~0.11rad, (1)

with vpeam the most probable velocity of the atoms in
the beam (545 m/s). It is larger than the divergence that
would be expected for a single capillary with L/R = 100
in the long-channel limit, which is ~ 0.022 rad using
the theoretical angular distribution given in Ref.#2. This
is most likely because of the imperfect alignment of the
capillaries within the stack. The oven is mounted on a
CF40 flange attached to the experiment’s vacuum cham-
ber and is surrounded by a thermal shield that reduces
energy losses, enabling temperatures of approximately
500°C necessary to evaporate sufficient calcium atoms?*?
with an input electrical power of 20 W. The atomic flux is
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FIG. 2. Sectional view of the experimental setup, where (1) is the Ca oven, (2) is the permanent-magnet-based Zeeman slower,

and (3) is the magneto-optical trap.

estimated, from the resonant absorption of 423-nm light,
to be 10'* em™2s7 1.
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FIG. 3. Sectional view of the Ca oven. (1) is the cartridge
where the Ca granules are loaded, (2) are the capillary tubes,
and (3) is the tantalum wire.

C. Light production and control

Figure 4 shows a schematic view of the optical path.
The Ca cooling and trapping is driven by a single external
cavity diode laser (ECDL) at 423 nm**, delivering a to-
tal optical power of 84 mW. This output is split into four
optical paths, with the relative power in each path con-
trolled by half-wave plates (HWPs) and polarizing beam
splitters (PBSs).

The beam reflected from PBSI1 is expanded with a
Galilean telescope to a waist of 1.5 mm. This path (1)
delivers 32 mW of optical power and serves as the Zee-
man slowing beam.

The beam transmitted through PBS2 is sent through
a 300-MHz acousto-optic modulator (AOM1). The
first diffraction order is retroreflected in a cat’s-eye
configuration®®, resulting in a double pass through the
modulator and a net frequency upshift of 600 MHz. This
beam, sent into (2), carries 1 mW, and is used for fre-

quency stabilization. The zeroth diffraction order from
AOMI constitutes beam (3), with 4 mW power, and is
used for diagnostic purposes.

The beam reflected on PBS2 is directed to the acousto-
optic modulator AOM2, also operated in a double-pass
cat’s-eye configuration with a tunable drive frequency.
The resulting output (4) is upshifted by 600 + Avyor
MHz, where Avyior = —36 MHz is the MOT detuning.
This path (4) is provided with 8 mW of optical power.
The beam is subsequently split into three paths to form
the MOT beams, each expanded to 2 mm waist with a
telescope.
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FIG. 4. Optical path schematics. HWP: half-wave plate.
QWP: quarter-wave plate. PBS: polarizing beam splitter.
PCX: plano-convex lens. PCC: plano-concave lens. AOM:
acousto-optic modulator. M: mirror. I: iris. The optical
paths 1 — 4 correspond to the slowing beam, frequency stabi-
lization, beam diagnosis, and MOT beam, respectively.

D. Zeeman slower

Zeeman slowers utilize the Zeeman effect to compen-
sate for the decreasing Doppler shift as the atoms decel-
erate, maintaining resonance between the atoms and the
slowing laser along the entire length of the slower. The
ideal field profile along the atomic beam axis is given by*%
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where 7) is a design parameter, k is the light wavenumber,
g is the Bohr magneton, gr, = 1 is the Landé factor of
the upper state (the ground state is not Zeeman shifted),
L is the Zeeman slower’s length, ¢ is the laser detun-
ing, and vy and vy are the maximal velocity that can be
slowed and the exit velocity, respectively.

Conventional Zeeman slowers often employ solenoidal
coils to generate the required magnetic field profile®.
Such systems require power supplies and water cooling
due to the ohmic heating. To overcome that issue, we
implemented a passive Zeeman slower based on perma-
nent magnets?.

In solenoid-based Zeeman slowers, the magnetic field
is oriented along the direction of the atomic beam. Cir-
cularly polarized light (o7 or ¢7) is required to drive
the transition between the ground-state magnetic sub-
level m = 0 and the excited-state sublevels m = +1. In
contrast, in typical permanent-magnet designs, the mag-
netic field is oriented perpendicularly to the atomic beam.
Driving the same transitions in this scheme is only pos-
sible with light linearly polarized perpendicular to the
magnetic field. Since the magnetic sublevels m = +1
and m = —1 are equally coupled, only 50% of the total
laser power is used to drive the right slowing transition.

Figure 5 shows the Zeeman slower 3D model. The
design comprises nine segments, each containing eight
NdFeB cuboid magnets. The first segment uses small
magnets (10 x 3 x 2 mm)*”, and the rest use larger ones
(50 x 6 x 5 mm)*®. The magnets are radially arranged in
Halbach configuration*®, which produces a homogeneous
field in the transverse section (fig. 6a) while generating
the required longitudinal profile (fig. 6b). A custom-
made 3D-printed structure holds the magnets in posi-
tion and ensures precise alignment of the slower with the
atomic beam. The 3D-printed structure, fabricated from
polylactic acid (PLA), can be printed within a day on
regular printers, and it is sufficiently rigid to hold the
magnets in place for over, at least, 2 years, which is the
current time for which the slower has been operational.
Moreover, the structure was designed such that magnet
positioning is accurate to within 1 mm in the radial and
longitudinal positions, and 0.5° in angle, ensuring that
the actual configuration matches well the simulated one.
With this design, the Zeeman slower can be assembled
within a few hours and at a very small cost compared
to solenoid-based designs. In this scheme, the atomic
beam, magnetic field, and laser polarization are mutu-
ally orthogonal, as can be seen in fig. 6a.

The magnetic field, ranging from 800 G at the entrance
of the slower to —250 G at the exit, along with the laser
detuning (§ = —600 MHz), allows the slowing of atoms
moving at up to 720 m/s, corresponding to 64% of the

FIG. 5. Zeeman slower 3D model.

The red and blue seg-
ments represent the north and south poles of the magnets,
respectively. The black elements are the 3D-printed holding
structure.
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FIG. 6. a) Radial arrangement of the magnets in Halbach
configuration. The black, blue, and red arrows represent the
magnetic moment of the magnets m, the homogeneous trans-
verse magnetic field, and the laser polarization, respectively.
b) Longitudinal magnetic field profile. The field was calcu-
lated from the field generated by each magnet using the for-
mulas given in®. The contribution due to each segment of
magnets is represented by gray solid lines, and the total field is
represented by the black solid line. The red, filled circles and
shaded area correspond to the experimental measurement of
the magnetic field and its uncertainty, estimated as the stan-
dard deviation of three different measurements. The arrow in
the bottom-left corner indicates the direction of propagation
of the atomic beam.

thermal distribution at 500 °C. The magnetic field was
measured experimentally twice, one year apart, yielding
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the same results within a 2% error bar, without any ad-
justment of the 3D-printed structure (Fig. 6b, red solid
circles).

The length of the Zeeman slower is set to ensure that
the atoms are decelerated to a velocity of ~ 35 m/s,
without being completely stopped at its end. The accel-
eration considered to calculate the length of the slower
is scaled by 7 so that a = 1 - amax, where 7 = 0.5 and
max = Lhk/ 2m*0 is the maximal acceleration exerted by
the light onto the atoms. Simulations of the trajectories
of the atoms for different laser parameters indicated that
a beam radius of 1.5 mm (at 32 mW total laser power)
maximizes the number of atoms effectively slowed (Fig.
7). At low initial velocities (vp < 60 m/s), slowing in
the final stages of the slower yields exit velocities below
35 m/s outside of the slower. The off-resonant radiation
pressure of the 600-MHz red-detuned beam (~ 7% of
the resonant force for the trajectories shown in Fig. 7),
combined with the low velocity, is sufficient to further de-
celerate the atoms by a significant amount as they travel
toward the MOT region. The fraction of atoms exiting
the oven with such low velocities is however less than
0.1% of the total.
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FIG. 7. Red lines: calculated trajectories of the atoms in
the phase space of longitudinal position (z) and longitudinal
velocity (v) as they travel across the Zeeman slower. Orange
line: y component of the magnetic field on the axis of the
Zeeman slower.

On the one hand, the present, permanent-magnet-
based, passive design offers less flexibility than the
solenoid-based counterpart, since it does not permit field
adjustment via current tuning. Furthermore, only 50% of
the laser power is effectively used for slowing the atoms.
On the other hand, it eliminates any power consumption
and thus, it avoids the necessity of any cooling system to
prevent overheating. In addition, the simulation shows a
rapid decay of the magnetic-field magnitude outside the
Zeeman slower, reaching a value well below the Earth’s
magnetic field (~ 0.5 G) at the center of the MOT region
located further downstream.

E. Magneto-optical trap

Magneto-optical traps combine Doppler cooling and
the Zeeman effect to cool and trap neutral atoms'®. They
consist of three orthogonal pairs of counter-propagating
laser beams with opposite circular polarizations intersect-
ing at the center of a quadrupole magnetic field generated
by two coils in anti-Helmholtz configuration.

In our setup, the center of the MOT is located approx-
imately 12 cm downstream from the end of the Zeeman
slower. We operate the MOT using a 423-nm laser red-
detuned by —36 MHz from resonance. The beam is split
into three using polarizing beam splitters and half-wave
plates, which allow independent control of the power de-
livered to each arm. A quarter-wave plate is placed on
each arm before entering the MOT chamber to convert
the polarization of the beams from linear to circular.
After the chamber, each beam is retroreflected using a
mirror and an additional quarter-wave plate, which re-
verses the direction of the circular polarization and cre-
ates standing waves along all three spatial axes.

The quadrupole magnetic field required for confine-
ment is generated by a pair of coils in a quasi-anti-
Helmholtz configuration, positioned above and below the
MOT chamber. The coils were custom-built in-house
from a copper ribbon (20 mm wide, 0.7 mm thick). Each
coil consists of two vertically stacked spirals with 15 turns
each, having internal and external diameters of 118 mm
and 168 mm, respectively (Fig. 8). The turns are spaced
by 0.5 mm with pieces of electric tape, and the two spirals
are separated by 10 mm. With a current of 150 A (6 V),
the coils produce a magnetic field gradient of 30(1) G/cm
along the axial direction and 15.3(3) G/cm in the radial
directions. The magnetic field experimentally measured
along both the radial and the axial directions of the coils
falls in very good agreement with the prediction built
from the theoretical field of circular current loops®®, as
shown in Fig. 9

To dissipate the heat produced by the high current cir-
culating in the copper ribbon (~ 1 kW), the coils were
enclosed in custom-designed, watertight housings fabri-
cated in-house from polyvinyl chloride (PVC) (see Fig.
8). Deionized water circulates in the 0.5-mm spacing be-
tween the coil windings, which is left free apart from a few
spacing elements, ensuring an efficient heat dissipation
due to the large contact area between water and copper,
thanks to the ribbon shape of the conductor. These hous-
ings are connected in parallel via 6 mm diameter water
pipes to a water chiller, which continuously circulates the
deionized water through them to maintain the tempera-
ture at 25°C. The present design does not require hollow
conductors in which water is passed through a hole in the
center of the wire. The conductance of the cooling sys-
tem is large, such that the pressure drop across the coils
is small, and water chillers with relatively small pumps
can be used. The simplicity of the setup means it can
be wound manually, which makes it attractive for coils
that require a small number of windings, and its high
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FIG. 8. Top-view (a) and cut-half side-view (b) of the MOT
coils. The blue arrows on (b) represent the water flow for
cooling the coils.
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FIG. 9. Magnetic field along the axial a) and radial b) di-
rections of the coils for a current of 150 A. The blue line
represents the calculated field, and the orange solid circles,
the experimental measurements.

heat dissipation capabilities mean the coils can be oper-

ated at large currents. We have operated on a regular
basis the coils up to 220 A, the limit of our power sup-
ply, while being able to keep the water flow at a constant
temperature of 25°C.

To ensure that the MOT laser beams cross at the po-
sition where the magnetic field is zero, we used the di-
rectional Hanle effect following the approach detailed in
Ref.%'. One of the horizontal MOT beams was converted
to linear polarization and scanned both horizontally and
vertically across the MOT region while being kept on res-
onance with the 452 'Sy — 4s4p ' P; transition. Its linear
polarization was set parallel to the imaging camera, such
that in the absence of any magnetic field, only a negligible
amount of fluorescence light was emitted in the direction
of the camera because of the sin(f) emission diagram of
the J =1,M; =0 —- J = 0, M; = 0 fluorescing tran-
sition. When the magnetic field gradient of the MOT is
switched on, the nonzero magnetic field washes out this
effect, and fluorescent light is detected by the camera,
with the exception of the region where the magnetic field
is zero, which then appears as a dark spot in the im-
age, as shown in Fig. 10. This allows to easily locate the
zero-magnetic-field region in the vacuum chamber and to
align the MOT beams accordingly.

/s

FIG. 10. Zero magnetic field position (dark area) inside the
MOT observed by using the directional Hanle effect. The
image was generated by combining the frames of a video
recorded while sweeping a 423-nm laser across the MOT re-
gion, and subsequently editing it to visualize only the bright-
est pixels, which gives the laser beam the rhombus-like shape
observed in the picture. The edges of the 63-CF laser window
placed on top of the MOT chamber are also visible.

The experimental parameters used to operate the
MOT are summarized in Table I.

F. Electrode stack

To apply electric fields of arbitrary direction in the
MOT region, we designed and constructed an electrode-
stack assembly consisting of two split rings made of stain-
less steel 316 with internal and external diameters of 20
and 40 mm, respectively. A schematic of the electrodes is
presented in Fig. 11a. The rings, vertically stacked with
16 mm separation, are each segmented into four indepen-
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Oven temperature 723 K Pressure in the MOT chamber 109 mbar
MOT detuning —36 MHz Zeeman detuning —600 MHz
ﬁg:cﬁc;":zf 2.13, 2.30, 0.687 mW Zeeman power 32 mW
MOT waist 2 mm Zeeman waist 1.5 mm
Saturation pasmeter 300,225,007 Saturaion paramote E
VEMOT axial 30 G cm™! VEMOT radial 15 G em ™!

TABLE I. MOT and Zeeman slower operation parameters.

dently addressable electrodes, allowing precise control of
the electric-field orientation according to experimental
requirements.

The electrodes generate electric fields that enable the
pulsed-field ionization®? of Rydberg atoms and the guid-
ing of the resulting ions toward a channel electron multi-
plier (CEM, also called channeltron) for their detection.
Pulsed voltages of up to 3 kV can be applied to the elec-
trodes, which allows the field ionization of Rydberg states
down to n ~ 26. Figure 11b shows a simulation of ion
trajectories when voltages of +2 kV are applied on the
four electrodes opposite to the CEM (1, 2, 5, 6), corre-
sponding to an electric field magnitude of 559 V cm™! in
the MOT region. All ions are efficiently steered onto the
CEM.

A further application of the electrodes is the compensa-
tion of stray electric fields within the MOT region, since
the polarizability of the Rydberg atoms, scaling as n” %2,
makes them extremely sensitive to even weak residual
fields. The segmentation of the electrodes means that
stray fields can be compensated in all three directions of
space.

Finally, the electric fields generated by the electrodes
may also be used for coupling the different states within a
Stark manifold, enabling the excitation of high-¢ Rydberg

states via the Stark switching technique®3.

Ill. RESULTS

The velocity distribution of the atoms was measured
after the Zeeman slower, both with and without the slow-
ing laser, by shining a second 423-nm probe laser in the
MOT region at a ~ 45° angle with respect to the atomic
beam. The intensity of the atomic fluorescence, recorded
with a photomultiplier tube (PMT) while scanning the
probe-laser frequency, is presented in Fig. 12.

When the slowing laser beam is switched on, the
atomic velocity distribution is modified in two ways.
First, a sharp peak around 35 m/s demonstrates the Zee-
man slowing. The maximum entrance velocity at which
the atoms are slowed is 720 m/s, in accordance with the

a)

FIG. 11. a) 3D model of the electrode stack and the CEM.
Each electrode is numbered from 1 to 8. The electrodes 1,
2, 5, and 6 generate the extraction field that directs the ions
toward the CEM. b) Simulation on SIMION®* of the trajec-
tories of the ions generated inside the MOT when applying
an extraction field to steer them into the CEM.

simulated trajectories shown in Fig. 7. The final ve-
locity of the atoms is in good agreement with the design
and calculated exit velocities, and well below the capture
velocity of the MOT of ~ 60 m/s.

The slowing-beam diameter (2wg = 3 mm) is signif-
icantly smaller than the diameter of the Zeeman-slower
vacuum tube (15 mm). The atomic-beam divergence and
transverse-velocity spread are much larger than the geo-
metrical acceptance of the Zeeman slower tube, therefore
the atomic-beam size in the MOT chamber is geometri-
cally limited by the Zeeman-slower vacuum tube. The
probe laser beam intersects the atoms regardless of their
velocity along its line of sight (beam waist ~ 1 mm).
Because its waist size is smaller than the radius of the
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atomic beam in the MOT chamber, it does not intersect
with all atoms within a section of the atomic beam, but
only with those along its line of sight. The relative frac-
tion of slowed atoms, obtained by integrating the area
of the Zeeman peak and comparing it to the total area
of the velocity distribution below the cut-off velocity, is
approximately 20%, in agreement with the ratio between
the slowing-laser and atomic-beam radii, which is also
20%. The fact that not all observed atoms are slowed
can then be explained by the geometrical overlap between
the laser beam and the atomic beam, A larger fraction
of atoms could be slowed by increasing the laser beam
diameter and its power accordingly.

Second, a depletion around 250 m/s is observed, ac-
companied by a redistribution of the population toward
adjacent lower velocities. This indicates that the atoms
initially on resonance with the slowing beam are partially
slowed before entering the Zeeman slower until they even-
tually fall out of resonance, which is consistent with a
slowing process without magnetic compensation. This
effect arises because the sizes of the oven output and the
slowing beam are comparable; therefore, all atoms emerg-
ing from the oven at that velocity are slightly slowed
before reaching the Zeeman slower. However, due to
the transverse velocity spread and the resulting size mis-
match between the atomic and slowing beams along the
Zeeman slower, only a fraction of these atoms remain
within the slowing beam and are decelerated to the final
velocity of 35 m/s (see Fig. 7, trajectories between 200
and 300 m/s). The remaining atoms leave the slowing
beam and continue propagating along the Zeeman slower
without further deceleration.
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FIG. 12. Velocity distribution of the atoms measured after the
Zeeman slower without the slowing beam (orange full circles),
and with the slowing beam (blue full circles).

The slow atoms exiting the Zeeman slower are then
captured in the MOT. The atomic cloud size, the MOT
trapping time, and the number and density of trapped
atoms were determined by monitoring the 423-nm flu-

orescence of the cold atoms with both CMOS cameras
and a PMT. A typical fluorescence image of the MOT is
shown in Fig. 13. The fluorescence intensity distribution
closely resembles a Gaussian distribution, and the MOT
size defined as the full width at half maximum (FWHM)
of the Gaussian fit to the measured intensity profile, is
0.83(1) mm and 1.90(3) mm along the X and Y axes, re-
spectively. The elongated shape in the vertical direction,
rather than a spherical distribution, arises from the lower
optical power in the corresponding vertical MOT beams
(see Table I).

To determine the number of trapped atoms, the optical
power of the fluorescence light emitted through the solid
angle defined by the surface of the imaging viewport was
measured using a calibrated, high-sensitivity photodiode.
From the measured power of 4 nW, we estimate the atom
number to be approximately 108, corresponding to a den-
sity of 108 em™3. This value represents a lower bound to
the real atom number since the atoms in the metastable
453d ' Dy and 4s4p 3 P; do not fluoresce rapidly nor at the
423-nm wavelength of our detection system, and there-
fore did not contribute to the measured signal.

Previous studies have shown that adding lasers at 672
or 405 nm increases the number of trapped atoms inside
the MOT by a factor of approximately 1334 and 2027,
respectively. These wavelengths repump the population
from the 4s3d ' D state to the 4s5p ' P, and the 4s8p ' P;
states, respectively, thereby preventing decay into the
long-lived 4s4p 3P, metastable state, which, with a life-
time of 118 min®®, constitutes the main loss channel of
the MOT. Such repumpers not only increase the number
of atoms but also extend the MOT trapping time, by a
factor of three to nearly six in the case of the 672-nm
laser, as reported in343°. Alternative repump schemes
have also been investigated in Ref.?, identifying 453 nm
as the optimal wavelength for maximizing both the num-
ber of trapped atoms and the trapping time, with values
up to 2.5 s reported. Experimental realization of the
453 nm repump scheme was carried out in Ref.3”, where
the MOT lifetime for even calcium isotopes was extended
from 20 ms to 1.9 s. The implementation of any of these
repump schemes in future iterations of the experiment is
considered.

The temperature of the Ca atoms in the MOT was
determined from the ballistic expansion of the atomic
cloud. First, the MOT was loaded for 140 ms. The MOT
beams were then switched off for a certain delay time,
after which an image of the atomic cloud was acquired
using the side-view camera with a given exposure time
tezp- The camera was synchronized with the reactiva-
tion of the MOT beams in order to illuminate the cloud.
However, reactivating the MOT beams induces partial
recompression of the cloud, the extent of which depends
on the duration for which the beams are switched on,
and therefore, on the camera exposure time. As a result,
longer exposure times lead to increased recompression
and a smaller observed cloud size. To track the expan-
sion of the cloud over time, the MOT was reloaded for
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FIG. 13. False-color fluorescence image of the MOT captured
with the side-view camera, showing the signal projections in-
tegrated along the X and Y axes (blue solid lines) and the
Gaussian fitting curves (orange solid lines).

each measurement, with the images acquired at progres-
sively longer delay times while keeping the exposure time
fixed. The experiment was repeated four times using four
different camera exposure times: 0.25 ms (blue solid cir-
cles), 0.5 ms (orange solid circles), 0.75 ms (green solid
circles), and 1 ms (red solid circles).

The experimental data were fit to an equation describ-
ing the increase of the RMS radius of the atomic cloud r
throughout the duration of the ballistic expansion ¢ (see
e.g. Ref.%%). To account for the recompression, an addi-
tional factor was added to the kgTt?/m term to account
for the overdamped motion of the atoms when the MOT
beams are switched back on during the exposure time
texp Necessary to acquire the image. The formula is then

kT . _(tezp
r(t) = \/rg—&—i t2e~ (T )2, (3)

where ry denotes the initial radius of the atomic cloud,
defined as the standard deviation of the spatial fluores-
cence distribution before ballistic expansion; kg is the
Boltzmann constant; 7' is the MOT temperature; m is
the mass of 4°Ca; t is the delay time between switch-
ing off the MOT and triggering the camera; t.;p is the
camera exposure time; and 74 is the characteristic damp-
ing time of the MOT. The latter was calculating using
T4 = 2FMOT/W12\/[OT» with I'yjor the MOT damping rate
(~ 43 kHz in the present case) and wyor the MOT trap-
ping frequency (~ 7 kHz). Both can be calculated from
standard formulas®” using the experimental parameters
we measured and listed in table I.

The temperature obtained from fitting the different
data sets is 1.0(3) mK, in agreement with the value re-
ported in?” and consistent with the Doppler limit of 0.8
mK. Small variations in the initial MOT radius, rqg, of
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FIG. 14. Ballistic expansion of the MOT cloud (solid circles)
and fits to Eq. 3 (solid lines). The data recorded at 0.25, 0.5,
0.75, and 1 ms exposure time is represented in blue, orange,
green, and red, respectively.

about 50 um can be observed. The fits were repeated af-
ter averaging and fixing the value of ry, leaving only the
temperature as a free parameter, and yielded the same
result, demonstrating that these small fluctuations rep-
resent drifts of the MOT cloud size over long periods of
time, and not fluctuations of the temperature.

Finally, the loading time of the MOT was measured
by rapidly switching on the MOT laser beams with an
acousto-optic modulator and monitoring the increase of
fluorescence in time with the PMT. With a constant flux
of atoms arriving in the MOT chamber from the Zeeman
slower, turning on the MOT laser beams causes the slow
atoms entering the trapping region to be cooled and con-
fined. As a result, the MOT fluorescence increases as the
atomic density grows. The evolution of the population
trapped in the MOT over time is given by®®

O = R—N(1) - AN, (4)
where R is the loading rate of the MOT, v = 7.0 +
Ymet 1S the rate of one-atom loss events, which includes
collisions with the background gas (yco1) and decay to
metastable states (ymet). N denotes the atom number,
B is the two-body loss rate corresponding to inelastic
collisions between trapped atoms, and n is the average
atomic density within the MOT.
At relatively low optical power and atomic density, typ-
ically v > pn and the evolution of the number of atoms
N when loading the MOT is

N(t) = Noo(l — exp —t/7), (5)

with N, ~ 10° and 7 being the loading time of the MOT.
In the low-power, low-density limit, the loading time and
trapping (decay) times are identical.
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Figure 15 shows the difference between the steady state
fluorescence signal (x N ) and the fluorescence signal
at different times after switching on the MOT beams
(x N(t)). A fit to the function Ae~%/7 yields a load-
ing time of 16(2) ms. This value is consistent with pre-
vious reports for calcium MOTs operated under similar
conditions without a repumping system?3234, and it cor-
responds to the limit set by the decay into the metastable
state 4sdp3P,.
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FIG. 15. Difference between the MOT steady-state fluores-
cence and the MOT fluorescence at a given time during load-
ing on a logarithmic scale. The solid circles represent the
experimental measurements, and the solid line, the exponen-
tial fitting yielding a trapping time of 16(2) ms.

The ground-state Ca atoms in the MOT can then be
excited to high Rydberg states by means of resonant
three-photon excitation. The first transition (4s21S
— 4s4p'Py) is driven by the MOT beams. The sec-
ond (4sdp! Py - 4s4d ' Do, 732 nm) and third transitions
(4s4d* Dy - 4snp ! Py or 4snf 1 F3, 835 nm) are driven by
commercial external-cavity diode lasers whose frequen-
cies are stabilized to an accurate wavemeter. Figure 16
shows a typical excitation spectrum to the 4s54p ' P, Ry-
dberg level, recorded after letting the second and third
lasers interact with the atoms in the MOT for ~ 100 us.
An electric field of 2 kV is then applied with a fast high-
voltage switch to the four electrodes on the side opposite
to the CEM. The electric field ionizes the Rydberg atoms
and accelerates the Ca™ onto the CEM, where they are
detected and counted with fast electronics. With this
setup, we have recorded 4snp and 4snf Rydberg states
from n ~ 26 up to n > 150, at excitation frequencies in
excellent agreement with Ref.38.

IV. CONCLUSIONS

We have presented an experimental apparatus for laser
cooling and trapping Ca atoms in an ultra-high-vacuum
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FIG. 16. Rydberg spectrum obtained by pulsed-field ioniza-
tion of the 4s54p, ' P Rydberg state while scanning the 835-
nm laser frequency. The blue solid circles and the orange line
correspond to the experimental values and the Gaussian fit-
ting, respectively.

environment using the Ca(4s2,} Sy — 4s4p,* P;) transition
at 423 nm. Ground-state atoms are then excited to high
Rydberg states with a three-photon resonant-excitation
scheme, and an electrode-stack system surrounding the
trapping volume enables the application of electric fields,
the field ionization of the Rydberg atoms, and the detec-
tion of the resulting positive ions. In the first stage of
the experiment, the Ca atoms are evaporated in an oven,
and emitted in a beam with 0.11 rad divergence at a most
probable velocity of 650 m/s. The atoms are then slowed
down to a velocity of 35 m/s by means of a permanent-
magnet-based Zeeman slower. Subsequently, the slow
atoms are captured in a magneto-optical trap, where
they remain confined for 16 ms on average, while they
lose energy until reaching temperatures around 1 mK
with a density of approximately 108 cm=3. These results
are consistent with previous reports of magneto-optical
traps of similar characteristics?”323*, Once the atoms
are cooled and trapped in the MOT, the electrode stack
can be used to apply electric fields to, e.g., control Ryd-
berg excitation via Stark switching, as well as for pulsed-
field ionization and detection of the Rydberg states. The
results discussed above confirm that the setup described
in the present paper provides a robust platform for exper-
iments with ultracold Ca Rydberg atoms. As a next step,
this setup will be used to perform high-resolution spec-
troscopy of the Rydberg Stark states of Ca. Following
excitation of the atoms to Rydberg states, the ion-core
transition [4sy/5]nf — [4py/2.3/2]nf will be driven to pro-
duce doubly excited Rydberg states. This will enable a
direct investigation of the autoionization rates predicted
in Ref.?4. Finally, we aim to experimentally implement
the scheme proposed in Ref.?! for the direct laser cooling
of Rydberg atoms.
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