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Abstract
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We present a novel optimised design for a source of cold atomic cadmium, compatible with
continuous operation and potentially quantum degenerate gas production. The design is based
on spatially segmenting the first and second-stages of cooling with the strong dipole-allowed
1So-'P; transition at 229 nm and the 326 nm 'Sy->P; intercombination transition, respectively.

Cooling at 229 nm operates on an effusive atomic beam and takes the form of a compact Zeeman
slower (~5 cm) and two-dimensional magneto-optical trap (MOT), both based on permanent
magnets. This design allows for reduced interaction time with the photoionising 229 nm photons
and produces a slow beam of atoms that can be directly loaded into a three-dimensional MOT
using the intercombination transition. The efficiency of the above process is estimated across a
broad range of experimentally feasible parameters via use of a Monte Carlo simulation, with
loading rates up to 10% atoms s~ into the 326 nm MOT possible with the oven at only 100 °C.
The prospects for further cooling in a far-off-resonance optical-dipole trap and atomic launching
in a moving optical lattice are also analysed, especially with reference to the deployment in a
proposed dual-species cadmium-strontium atom interferometer.

Keywords: cadmium, atom interferometry, laser cooling

(Some figures may appear in colour only in the online journal)

1. Introduction

The production of cold, large and dense samples is an indis-
pensable technique in modern atomic, ionic and molecular
physics [1]. It forms the experimental basis of a diverse range
of fundamental and applied experiments, including frequency
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metrology [2], searches for exotic matter and forces [3], and
atom interferometry [4]. Techniques for the fast and robust
generation of ultracold samples of many species are con-
sequently well established, for example in the atomic domain,
Cs, Rb, Sr, Yb and many others. In other cases, source prepar-
ation remains difficult, especially for molecules, due to com-
plexities of the energy level structure or the availability of suit-
able lasers. In particular, there is growing interest in the laser
cooling and trapping of alkaline-earth-like metals, such as Cd,
Zn and Hg [5-8], whose deployment has been slowed by the
relevant cooling and trapping transitions lying in the challen-
ging ultraviolet regime.

Here we focus on the design and simulation of a high-
flux source of atomic cadmium, which is a transition metal
possessing two valence-shell electrons and a similar trans-
ition structure to alkaline-earth atoms, providing access

© 2023 The Author(s). Published by IOP Publishing Ltd
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to narrow-linewidth intercombination transitions, ideal for
high-precision metrology, such as optical clocks and atom
interferometers [9], and also access to a broad, dipole-allowed
transition suitable for rapid cooling of room-temperature
atoms to the mK regime (figure 1). In comparison to other
alkaline-earth and alkaline-earth-like systems, e.g. Sr and
Yb, which have been extensively utilised in leading optical
clocks [10-13] and which are being utilised in a raft of next-
generation interferometers [14, 15], in Cd these transitions lie
in the UV region, enhancing intrinsic measurement sensitiv-
ity of clocks and interferometers and dramatically reducing
the sensitivity to blackbody radiation, a major systematic error
in clocks [16, 17] and also a factor in high-precision atom
interferometry [18]. The afforded high scattering rate and low
wavelength of 'Sy-'P; dipole-allowed transitions may poten-
tially also benefit single-atom optical tweezer experiments and
related quantum simulators [19].

Despite the increasing interest in Cd due to these proper-
ties, experimental demonstrations of cold Cd available in the
literature are limited to a handful of examples, with demon-
strations of magneto-optical traps (MOTs) on the broadband
1So-'P; transition at 229 nm [20, 21] and, more recently, on
the narrow 326 nm ! Sy->P; transition [5]. Other common tech-
niques such as Zeeman slowers and 2D-MOTs, or the use of
spatially separated regions for optimal vacuum pressure levels,
have not been reported, even though they form the basis of
many experiments optimised for fast atom loading or continu-
ous sources [22]. Similarly, the production of quantum degen-
erate sources of Cd has yet to be reported. All attempts to
cool and trap Cd are hampered by the problematic nature of
the 229 nm light, which is difficult to produce stably at high
continuous-wave powers, damages vacuum components and
causes photoionisation of Cd [20]. Very recently, a system to
trap atoms without using the 'Sy-!P; transition light has been
reported, with atom numbers in an intercombination transition
MOT enhanced by using the 23 MHz wide 3P,-3Dj transition
at 361 nm and two further lasers for optical pumping [23, 24].

In this article, we present the design and simulation of such
an optimised system for Cd to be used as the atomic source
for an atom interferometer [9], and with a focus on the unique
challenges and opportunities of this atom. In particular, we
have designed and extensively simulated a system which uses
only a minimal amount of 229 nm light to generate a slow
beam of atoms which can be trapped directly and efficiently
in a MOT based only on the 326 nm intercombination trans-
ition, the basic idea of which is shown in figure 2. The design is
inspired by recent developments in continuous source produc-
tion [25, 26] and is centred around two recently demonstrated
UV laser systems [27, 28], which have been designed specific-
ally for this purpose, and on a novel effusive atomic beam of
Cd [27].

The structure of this article is the following; in section 2
we discuss the general design requirements for the cold-atom
source apparatus and discuss the relevant properties of Cd in
detail; an overview and the basic idea of the source is given
in section 3; in section 4 we present the atom-light interaction
model used and give details of the numerical simulation; sim-
ulation results of the first two-stages of cooling at 229 nm are

Continuum
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Figure 1. (a) To-scale partial energy level diagram and main
transitions for bosonic Cd. These levels and transitions shown have
previously been used for cooling and trapping Cd. Also shown is the
photoionsiation energy and the energy of a 229 nm photon starting
from the important 'P; and *P; states.

presented in section 5; and likewise the trapping in a 3D MOT
at 326 nm is shown in section 6; section 7 brings these res-
ults together to present a finalised vacuum chamber system and
a numerical simulation of the full system; section 8 presents
the design of optical-dipole-trap systems for the further cool-
ing, spatial transfer and launching of the atoms; finally,
conclusions and the experimental outlook are reported in
section 9.

2. Cadmium characteristics & atomic source
requirements

An ideal cold atom apparatus for quantum experiments should
be able to load large numbers of atoms in a vacuum cham-
ber where background gas collisions are negligible over the
timescales of the experiment to preserve coherence [29]. Large
atom numbers are required to minimise the quantum pro-
jection noise (or standard noise limit) [30], which is often
the limiting sensitivity factor for atom interferometers [31].
Moreover, the cold atom preparation should be as rapid as pos-
sible to enhance sensitivity [32] and minimise frequency ali-
asing problems arising from the Dick effect [33]. Practically,
these requirements often require a high-flux source of atoms
which can be efficiently trapped in a science chamber, which
is spatially segmented from the source. Finally, we note that
the system should be robust, allowing for stable operation over
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Table 1. Relevant properties of the first and second-stage cooling transitions for Cd, Sr and Yb. Values for the wavelength (),
corresponding natural linewidth (I"), saturation intensity (/s) and the Doppler temperature (7p) are reported. Also shown is the stopping

distance (dswp) for atoms at the most probable velocity of a beam (v, =

+/3kpT/m), where the beam temperature (T}) is set to give

approximately the same vapour pressure as Cd at 100 °C (2.5x 10~ mbar).

Atom A (nm) r/2m I; (mW cm™2) Tp T, (°C) vy (ms™h dsiop (M)
1S,-'P, (First-stage)
Cd 228.9 91 MHz 991 2.2mK 100 288 9%1073
Sr 460.9 32 MHz 42.5 0.8 mK 280 397 8x 1072
Yb 398.9 28 MHz 57.7 0.7 mK 240 272 7x1072
1S,-3P, (Second-stage)
Cd 326.1 66.6 kHz 0.252 1.6 uK 100 288 18
Sr 689.4 7.4kHz 0.003 180nK 280 397 513
Yb 555.8 182.2kHz 0.139 4.4 uK 240 272 16

the months and years typically required to perform cold atom
experiments.

A simplified energy level diagram with corresponding
transitions for bosonic cadmium is shown in figure 1 and fur-
ther details on the key 1S4-1P; and 'So-3P; transitions for laser
cooling and trapping are given in table 1, with the values for the
same transitions in the more commonly employed Sr and Yb
also provided for comparison. In this section, we will discuss
these two transitions in detail and highlight how their features
guide our cooling and trapping apparatus design, also consid-
ering the requirements highlighted above.

The dipole-allowed transition 'Sy-'P; has two very notice-
able features: a short wavelength of 229 nm lying in the deep-
ultraviolet (DUV) regime; and a very broad natural linewidth
(27 x91 MHz) [34]. Both these features present technical chal-
lenges in implementing an optimised practical realisation of a
cold Cd atom source. Ideally, the system would be operated
close to the saturation intensity to saturate the cooling and
trapping forces, but given the very high saturation intensity of
the main broad cooling transition (991 mW cm~?2), this would
require high continuous-wave powers at 229 nm which is prob-
lematic for a number of technical and fundamental reasons.

Firstly, the laser sources and the optics in the DUV regime
are still under progress and are relatively less developed
in comparison to visible or infrared regime. Although UV
lasers are constantly improving, the regime below approxim-
ately 240 nm remains highly challenging. For example, recent
advances using CLBO crystals to generate 2 W of stable power
at 261 nm [35] cannot be directly applied due to the phase-
matching properties of CLBO, which has a Type-I SHG cut-
off wavelength at ~237 nm [36]. Instead beta-barium borate
(BBO) crystals have to be used, which exhibit greater DUV-
induced damage [37], and achieving such powers stably over
significant timescales (> hours) has not currently been demon-
strated. Additionally, many optical components are not readily
available at this wavelength. For example, while single-mode
fibres for the UV have been demonstrated, they are not com-
mercially available and require a complex production proced-
ure for a still limited performance [38, 39].

Moreover, even if W-level power at 229 nm were available,
it is not clear that it would be advantageous for a practical

experiment with Cd atoms. One issue is that at this short
wavelength, Cd atoms are prone to photoionisation from both
the 'P; and, potentially, the 3P, states (figure 1), which will
practically limit the number of atoms which can be loaded
into a MOT [20]. For example, the expected loss rate due to
photoionisation can be calculated according to oy = olf/hw,
where [ is the beam intensity, f is the fraction of atoms in
the 'P; state and o = 2 x 10~!0cm? [20], meaning that for
a MOT using six beams with P = 150mW, w = 2mm (I =
2400mW cm~2, s = 2.4) and detuning A = —I', we obtain
a photoionisation loss rate I'j,, =1.2 kHz which represents a
significant loss for the MOT. Furthermore, high-power DUV
light is damaging to optical coatings, especially those under
vacuum, leading to degradation of performance. The com-
plete damage mechanisms are not fully understood, though
there seems to be contributions from both oxygen depletion
of the coating material and from various UV-induced mechan-
isms related to hydrocarbon contamination [40, 41]. Although
research into improving optical coatings under vacuum is
ongoing [41, 42] and fluoride-based coatings seem to per-
form much better [43], this problem is not currently solved.
Excessive use of 229 nm light would therefore require the sys-
tem to be regularly opened or purged to recover the coating
performance.

Also mentioned in table 1 is the large linewidth of the
229 nm transition. For the development of the MOT on this
transition with high scattering rate, high magnetic field gradi-
ents are prescribed. For example, a MOT can be modelled as
a damped harmonic oscillator [44] and we estimate that crit-
ical damping requires a gradient of dB/dz ~ 210G cm™! for
saturation intensity s = 0.2 and detuning A = —TI". Such a
requirement would rule out the usage of water-cooled mag-
netic coils not only due to the sheer blockage of optical access,
but also the possibility of eddy currents arising from switching
the large currents (~100 A).

However, this combination of the short wavelength and
broad natural linewidth does provide significant advantages if
utilised correctly. It allows for a very large deceleration force
on the atom which can, for example, dramatically shorten the
length of the Zeeman slower stage where atoms at room tem-
perature are cooled down to tens of m s~! over a distance
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of cm. For example, the computed minimum stopping dis-
tance for atoms travelling at a speed v = 290ms~! is only
9 mm (table 1). Furthermore, the broad transition means that
the approximate capture velocity of any MOT can potentially
be large at practical values (>50 m s~'), making it easy to cap-
ture atoms from e.g. a relatively fast atomic beam.

The Doppler temperature of the ! So-'P; is, however, higher
than desirable at 2.2 mK, so in any case further cooling is man-
datory. Alkaline-earth and alkaline-earth-like systems typic-
ally achieve cooling to the necessary pK regime by using a
second-stage MOT on the narrow 'S)->P; intercombination
transition, with the laser frequency modulated to enhance its
scattering force [45]. Although this transition is also in the UV
regime for Cd at 326 nm, it is considerably less challenging
and powers approaching the W-level around this wavelength
can be more readily achieved [28, 46, 47].

One intriguing possibility is the direct loading into the
intercombination-transition MOT of an atomic beam of Cd,
something which is routinely performed for Yb with loading
rates of 10% atomss~! [48], but is far more challenging for
Sr though possible in a carefully optimised system [26]. As
shown in table 1 the linewidth of the 'Sy->P; transition of Cd
lies between these two cases, suggesting a difficult but achiev-
able process, as also suggested by the similarity in the stopping
distance of Cd and Yb (table 1). The drawback of this tech-
nique is that the capture velocity of the MOT will be limited
to~5ms~!, soonly a very small fraction of room-temperature
atoms can captured if used on its own.

3. Overview & idea of the system

The basic idea of the system is shown in figure 2, inspired by
previous designs with other species [25, 26]. In brief, the main
guiding principle was to minimise the amount of 229 nm light
required and to separate the cooling based on the broad and
narrow transitions at 229 nm and 326 nm, respectively, prin-
cipally due to the aggressive and problematic nature of 229 nm
light discussed above (see section 2).

Cadmium atoms will be emitted from an oven at 100 °C
to form an effusive atomic beam which is loaded into a 2D
MOT on the broad 'Sy-'P; transition at 229 nm. Unlike a 3D
MOT, this system does not have steady-state trapping of the Cd
atoms and therefore reduces the interaction time of the atoms
with the 229 nm light. The magnetic field for a 2D MOT can
furthermore be generated with a simple arrangement of per-
manent magnets [25], removing the requirement of high elec-
trical currents otherwise necessary for generating the required
large gradients (>200Gcm™'). The loading rate of this 2D
MOT can be optionally enhanced by using a transverse-field
Zeeman slowing beam, without the need for further magnets.

A low-intensity push beam will both plug the 2D MOT in
the non-trapping dimension and direct the atoms from the 2D
MOT vertically downwards towards a chamber, around 35 cm
beneath the 2D MOT, where they will be loaded directly into
a 3D MOT based on the narrow 'So-3P; 326 nm transition.
Separating these two MOTSs spatially, rather than temporally,
is beneficial for improving vacuum quality and potentially

Cd Oven

& Beam
T =100
25

Push Beam Y
229 nm
0.2 mW, A=-3T

z

Slowing Beam
229 nm
30 mW, A=-6.5T
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1 g Molasses
1 P1 e 326 nm
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Figure 2. Cartoon of the basic idea of the cold Cd source, using the
lSo—lPl transition at 229 nm and lSo—3P1 transition at 326 nm in
spatially separated regions. The approximate required power per
beam and frequency detuning of each stage is shown.

allows for a continuous flux of cold atoms [22, 26]. In the spe-
cific case of Cd, there are additional practical benefits to sep-
arating the MOT regions; for example, this design lessens the
problem of photoionisation by reducing the interaction time
with the 229 nm light (see section 5) and protects the weak 3D
MOT from the strong 229 nm photons.

For an atomic beam with a longitudinal velocity below the
capture velocity of ~5m s~!, the acceleration due to gravity
begins to play a non-trivial role. For example, for an estimated
transit distance of ~30cm, atoms with an initial longitudinal
velocity in the horizontal direction of 4m s~! will fall 3cm
off axis. This would therefore require the 3D MOT to be care-
fully placed off the beam-axis and for the vacuum chamber to
incorporate potentially non-trivial geometries. This is a known
complication when trying to load directly on the intercombin-
ation transition of Yb systems [49]. We circumvent this prob-
lem by instead separating the two MOT chambers along the
vertical axis, exploiting the acceleration due to gravity to help
the atoms fall towards the 3D-MOT region [26]. This has the
additional benefit of reducing the required power of the push
beam, helping to protect the intercombination-transition MOT
from the more powerful dipole-transition light.

The loading of the 3D MOT will also be enhanced by
including two additional stages of cooling on the 326 nm
transition: firstly in the transverse direction in optical
molasses; and then using a pair of angled and crossed beams
to slow in the longitudinal (vertical) direction. The com-
bination of the relatively fast transverse velocity due to the
high Doppler temperature of the !Sy-'P; transition with the
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Figure 3. Velocity and position distributions (n = 10%) simulated at the output of our oven at 7 = 100 °C. (a) Positional distribution in the
transverse beam plane (x—z, see figure 4); (b) longitudinal velocity distribution; (c) transverse velocity distribution, compared to the
theoretical distribution. (d) Positional distribution in the transverse beam plane at an axial distance of 75 mm from the oven—the
approximate position of the 2D MOT where most of the atoms are within a ~2 mm radius.

slow longitudinal velocity results in a divergent atomic beam
(~100 mrad). The transverse cooling is therefore required for
collimation of the slow atomic beam coming from the 2D
MOT, without which only a small fraction of the atoms would
be capturable in the 3D MOT. The additional longitudinal
slowing is less critical, but allows for a greater fraction of
atoms to be captured by reducing the vertical component of
the velocity gained during free fall. These beams are so-called
crossed (or angled) slowing beams, a geometry which avoids
interference with the 3D MOT itself and as has been demon-
strated effectively in e.g. Dy, Er and Yb systems [50-52].

4. Numerical simulation of atomic trajectories

We numerically simulate the atomic trajectories of our system
using pseudorandom sampling and the Monte Carlo method,
implementing this process on PYTHON. This technique has
been successfully applied previously to simulate a broad vari-
ety of MOT's and MOT-based atomic beam sources, including
standard 3D and 2D implementations [53—55], to more uncon-
ventional configurations such as pyramidal [56] and Rydberg-
dressed systems [57].

The atomic trajectories are determined for a pseudoran-
domly drawn initial position and velocity and by stepping the
time sequentially and using the calculated acceleration due to
radiation pressure to update the atom’s position and velocity
for the next time step. Although it is possible to perform a
full quantum simulation of MOT dynamics [58], we instead
chose temporal step sizes 7 such that 7 > 1/T" so that the atom-
light interaction can be treated in a semi-classical manner. The
value of 7 is a trade-off between computational speed and
accuracy and is varied depending on the simulation being per-
formed. However, it is typically ~50 us and therefore 7 > 1/T°
for both transitions. The total end time for the simulation is
made longer than generally required (~500 ms), with the sim-
ulation of each atom instead stopped when it fulfils certain
criteria, such as leaving a certain spatial range or becoming
trapped in the MOT.

The starting point of our simulation is an effusive atomic
beam. Collimated sources of Cd have previously been

demonstrated, continuously with a capillary-based oven sys-
tem with a divergence ~40 mrad [27], and in a pulsed man-
ner using laser ablation [24]. Here we model an oven with a
simple single 32 mm long, 1 mm diameter capillary, for which
the Knudsen number Ky >>1 at 100 °C, taking a Van der Waals
radius of 158 pm for Cd [59], meaning intra-atomic collisions
can be ignored. Although the longitudinal and transverse velo-
city distributions from a capillary-based oven are known [60,
61], it is not possible to sample from them independently, due
to the permissible range of transverse velocities for success-
fully exiting the capillaries depending upon the longitudinal
velocity. We instead use the Monte Carlo method to gener-
ate three velocity components using the Maxwell-Boltzmann
distribution and geometrically determine whether these atoms
will exit our oven design. This simulation is performed until
the desired number of atoms have successfully exited the capil-
lary, which is typically 10*. The generated transverse velocity
distributions of this simulation match the theoretical distribu-
tion well [61, 62], as shown in figure 3.

All the laser beams are modelled as perfect Gaussian
beams, with a sharp truncation introduced by the diameter of
the vacuum viewport they will be shone through. We determ-
ine the local light-induced acceleration by these beams at each
position and velocity by considering a model that includes
the vector of the local magnetic field, not just the field mag-
nitude [63]. In this model, the polarisation of the light is
decomposed into its different 0 ~, m and ot components, fol-
lowing the quantisation axis provided by the local magnetic
field direction. This allows for a more accurate determina-
tion of the scattering force at arbitrary 3D fields and positions
within our simulation, for example when the atom is not along
the beam axes. Finally, when simulating the !'Sy-*P; transition,
we typically assume that the laser beam is frequency mod-
ulated. This technique is often used to enhance the trapping
potential of MOTs on intercombination transitions [45]. We
model this by assuming the total power of the laser beam to be
evenly distributed between the j frequency modes.

Following this formalism [63] and adjusting for the pos-
sibility for multiple frequency modes, we can write the
acceleration due to the ith laser beam interacting with the
atomic cloud at a specific position, propagating in the direction
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Figure 4. The Cd atom source. (a) To-scale drawing of the 2D-MOT chamber design and the field generated by the permanent magnets,
where the red arrows represent the direction of the magnetic moment. The contour plot shows the calculated magnetic field magnitude in the
z = 0 plane and the white arrows represent the direction of the field. (b) and (c) Calculated magnetic field components (solid lines) along the
MOT beam axes. For the relevant component along the beam axis, the calculated field gradient (dashed line, units G cm ™! with the same
scale) and the measured magnetic field (black diamonds) are also shown. Contour plots of the simulated capture velocity of the 2D MOT as
a function of (d) beam detuning and beam power (w =2 mm) and as a function of (e) beam power and radius (A = —1.5T") are also shown.
The atoms slowed in the 2D MOT are accelerated vertically downwards by a weak push beam (not shown).

of a unit vector K; with intensity I; = s;/; and operating on a
transition with natural linewidth I'; and vacuum wavelength
)\,’l

B T Jmax, i

ai_m/\,-z Z

j=1n=—1,0,1

nnsi/jmax,ilgi
1+ 10t +4 (Ar,; — kr i) Ki -V — nAgr,ur i |B| ’
(D

where jinqy,i is the number of frequency modes in the ith beam,
Stot = Zisi /Jmax,i 18 the combined saturation parameter from
a single frequency mode of every beam [63, 64], Ar j; is the
detuning of the jth frequency mode in units of linewidth, k1 ; =
1/ (ANLy), pr,i = pe/ (2wT;) with pg the Bohr magneton, and
m is the atomic mass, v the atomic velocity. We concentrate
on the bosonic isotopes of Cd for which Agr, = gfmp, — grpmp
is 1 and 1/6 for the 229 nm and 326 nm MOT transitions,
respectively. The 0, 7w and o components are accounted
for by the summation over n and with n = -1, 0, 1, respect-
ively. The parameter 7, is given by 7o = (1 — (k; - B)?)/2 and
N1 = (1 T ok;-B)?/4, where a = £1 is the handedness of
the circularly polarised light relative to the propagation direc-
tion [63]. We also extend this formalism to account for linear
polarisations, as well as circular. In this case we instead use
no = (E;-B)2and 4, = (1 — (E; - B)?)/2, where E; is the unit
linear polarisation vector of the beam.

The details of the various magnetic field calculations are
given in the relevant sections below, but in all cases we first
calculate a field on a spatial grid across the full experimental
region. These calculations are then linearly interpolated and
saved for computational efficiency, allowing for the determ-
ination of the total magnetic field from all sources at any
spatial points within the simulation region. Combined with
equation (1), this means that the we can simulate the light force
at all points. Earth’s magnetic field is assumed to be consistent
and cancelled and therefore not considered.

In addition to determining the acceleration due to each
beam, we also use equation (1) to estimate the total scattering
rate R. This can then be used to model the heating effect of
spontaneous emission via the addition of a random momentum
kick 71|k|v/RTX, where X is a unit vector chosen pseudoran-
domly from an isotropic distribution [55, 56]. In this way, the
temperature of the atoms is limited to the Doppler temperat-
ure [65] instead of continuing to decrease towards zero, which
is important for correctly understanding the behaviour of the
I'So-'P; transition stages (section 5) where the 2.2 mK Doppler
temperature leads to non-negligible residual velocities.

5. The 2D-MOT, Zeeman slower and push beam at
229 nm

The first-stage of cooling and trapping of our design is to
load atoms from the effusive beam into a 2D MOT. We have
designed a compact chamber with cut-out regions that allow
for permanent magnets to be placed at a minimum distance
of 22mm from the MOT centre, but to remain external to
the vacuum chamber for experimental ease (figure 4). With
two stacks of three permanent bar magnets each (neodymium,
25 x 10 x 3mm?, M~9 x 10° Am™'), we can generate mag-
netic field gradients of ~250 G cm™' which are approximately
uniform across the MOT region. A set of three magnets is
the maximum possible with our chamber design and it pro-
duces a higher capture velocity than a set of one or two [66].
Although analytic solutions for the field produced by bar
magnets exist [67], we find minimal deviations when model-
ling the magnets as point-source dipoles. Figure 4 shows both
the calculated and measured magnetic field profiles, as determ-
ined with a Hall probe, which are in good agreement.

We can use this field to estimate the capture velocity,
to the nearest m s—!, of the 2D MOT using the simulation
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Figure 5. The low-intensity push for generating a slow beam of
atoms. (a) Sample trajectories of atoms interacting with the 2D MOT
and push beam, most interactions happen within a 5 ms time frame.
(b) Mean longitudinal velocity of the atoms exiting the 2D MOT
(50 mm distance) as a function of push beam power and detuning

(w = 3 mm); (c) the mean transverse displacement of the atoms

from the beam axis for the same variables. Only around 150 W of

power is required to produce atoms at the target velocity of 4m s~ !.

method outlined in the previous section. In these simula-
tions we use atoms without transverse velocity and remove
the random heating arising from scattering, effectively there-
fore only considering cooling and trapping in 1D. We per-
form this simulations for a range of beam powers, beam
radii, and frequency detunings, showing that capture velocit-
ies approaching 100ms~! are achievable for this configura-
tion (figure 4). We find that for a reasonable 229 nm power
of just 10 mW per beam and with a beam radius of 2 mm and
a detuning of —1.5T, this configuration can achieve capture
velocities of ~70ms~!. This beam radius is chosen to match
the atomic beam size at the 2D MOT position (figure 3(d)). The
high capture velocity is a positive feature of the 229 nm trans-
ition, arising from the large accelerations achievable due to
the low wavelength and high linewidth (see table 1). Although
increasing the power can improve the performance (figure 4),
we limit the power to 10mW to be comfortable for long-
term production of current laser technology [27] and to pro-
tect the vacuum viewports. Likewise we use a detuning of
—1.5T to be within a region which is immune to frequency and
intensity fluctuations, as the capture velocity drops dramatic-
ally with increasing detuning or declining intensity following
the optimum value. The resulting ~70 ms~! capture velocity
will allow for appreciable atom numbers to be loaded into the
2D MOT directly from an effusive beam or vapour, as studied
later in section 7.

Following trapping in the 2D MOT, we can consider the
case of a low-intensity push beam orthogonal to the 2D-MOT
plane, which serves the purpose to plug the atoms in one
direction and to accelerate them in the other, generating a
slow beam of atoms. This beam is low-intensity to reduce the
229 nm power requirements, to maintain a small velocity of
the output atoms, and to not interfere with the 326 nm MOT
which is placed directly vertically below (see section 6). By

Position

Velocity

After 2D MOT

After Molasses

1.0

After Crossed Slowing

V=05 3
g, 0.0
I,-;*r’%

Figure 6. Simulated evolution of the position (left column) and
velocity (right column) distributions of our slow atomic beam as it
propagates in the vertical direction z. Rows from top to bottom show
the distributions at a distance of 50 mm below the 2D MOT; 100 mm
below the 2D MOT and after transverse cooling at 326 nm; and

300 mm below the 2D MOT and after the crossed slowing beams. A
positive value of v, is in the direction of gravity, the effect of which
is included.

incorporating the push beam, we can simulate the interac-
tion time with the 229 nm light in the 2D MOT and push
beam, finding it to be just a few ms (figure 5(a)). For com-
parison, a steady-state 3D MOT on this transition with similar
beam parameters is loaded for at least 200 ms [5]. The expec-
ted losses due to photoionisation for our system are therefore
around only 2%, given a calculated value of I'j,, = 4 Hz, and
such losses can be considered negligible.

To investigate the output atomic beam we simulate atoms
from our atomic oven which are then slowed and trapped in
the 2D-MOT and exit along the axis of the push beam for a
range of experimental powers and frequency detunings, with
the beam radius fixed at 3 mm to be larger than the size of the
2D MOT. In figure 5 we consider the output velocity and posi-
tional spread of such atoms at a vertical distance of z= 50 mm
from the 2D-MOT centre, with a target axial velocity of around
4m s~!. At this distance, the force from the push beam has
become small and the velocity distribution is largely fixed
(figure 5(a)). The longitudinal velocity of the output atomic
beam is controlled by the intensity of the push beam and its
detuning, as shown in figure 5(b). The advantage of increas-
ing the frequency detuning is that the sensitivity to power
fluctuations is reduced, for example, decreasing the sensitivity
by a factor 2 when increasing the detuning from —21I" to —3T".
Even at A = —3T, however, only ~150 uW is required for
v. = 4m s~!. For the specific case of a push beam power of
170 pW and A = —3T, the simulated distribution is shown in
figure 6, giving an axial velocity centred around 4 m s~! with a
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Figure 7. (a) Blue line shows the ideal field of the Zeeman slower for slowing atoms from 135 m s 'to75ms”

! over 58 mm with A =

—6.5T". The orange line shows the transverse field from the 2D MOT magnets and the black diamonds the data measured with a Hall probe.
(b) The longitudinal velocity of atoms coming from the oven to the 2D MOT when the Zeeman slower beam power is set to 20 mW. Blue
traces are those captured in the 2D MOT. (c) The shaded region shows the oven output velocities captured in the 2D MOT when adding a
Zeeman slowing beam. (d) The corresponding fraction of the oven output at 100 °C. This value peaks for 30 mW of beam power at around
30% of atoms, up from 3% for the case without any slower. Even at lower powers of 5 mW, however, a significant improvement is possible

(factor 6).

transverse spread of 0.5 m s~!, compatible with the Doppler
temperature. With such a velocity distribution, the mean trans-
verse displacement from the vertical axis also remains modest
over short distances (<10 mm at 50 mm displacement), though
subsequent transverse cooling on the narrow 326 nm intercom-
bination transition is mandatory, as discussed later (section 6).

We finally consider the possibility of enhancing the atom
number in the 2D MOT by use of a Zeeman slowing beam.
Generating these fields over the short distances requested
(~60mm) is challenging, even with permanent magnets. For
example, while permanent magnets in Halbach arrays have
been used and studied in detail for Zeeman slowers with e.g.
Rb [67, 68] and Yb [49], the generated fields had gradients
of 3Gem™! [67], 12Gem™! [68] and 20Gcem™! [49], an
order of magnitude lower than what is requested in this case
(~100G cm™"). Such gradients are difficult to design, espe-
cially without affecting the magnetic field in the 2D MOT
region.

However, the negative gradient slope of the 2D MOT
field makes a reasonable approximation of a transverse field
Zeeman slower, as shown in figure 7(a). This field requires lin-
ear polarisation orthogonal to the magnet field direction [69],
which is therefore equally decomposed into o™ and o~ com-
ponents. Only half the input power is therefore available to
drive the o+ needed for our decreasing field configuration,
effectively doubling the power requirements compared to a
longitudinal field Zeeman slower [70], which runs counter to
the design idea of minimizing the required 229 nm power (see
section 3).

Nevertheless, the performance of a Zeeman slower using
this field is shown in figure 7 as a function of the slowing beam
power. The beam waist is 2 mm (focused at the oven output)
and the detuning A = —6.5I" to match the ideal field as closely
as possible. The range of oven output velocities captured by
the 2D MOT is shown, as atoms that are too slow can be pushed
backwards by the Zeeman slower beam, especially at higher
powers (figure 7(c)). This range can be approximately con-
verted into a normalized atom number by integrating the lon-
gitudinal velocity distribution of the oven output (see figure 3)

within the capture velocity range. As can be seen in figure 7(d),
already at ~5 mW of beam power the fraction of potentially
trappable atoms into the 2D MOT is increased to ~18%, a
factor of six improvement from the case without the Zeeman
slower, demonstrating the usefulness of this additional longit-
udinal slowing stage. A maximum increase to around 30% can
be obtained with a much higher power (30 mW) in the slowing
beam.

6. Direct loading of a 3D-MOT at 326 nm

Whilst the broad dipole-allowed !So-'P; transition allows for
efficient slowing of the fast atoms from the longitudinal beam,
the Doppler temperature of 2.2mK is impractical for either
direct performance of atom interferometry or for further cool-
ing in an optical dipole trap (see section 8). Further cool-
ing with the 'Sy->P; transition is therefore required, as dis-
cussed in section 2, and we propose to directly capture the slow
atomic beam exiting the 2D MOT into a MOT based on this
transition.

To understand the feasibility of this approach, we first
numerically determine the capture velocity of a Cd MOT at
326 nm, for a broad range of experimentally realistic paramet-
ers. In simulating this process, we consider copper-wire coils
wound around a standard DN100CF flange (see section 7 for
vacuum system details), and calculate the generated magnetic
field analytically along the axial direction and numerically
otherwise, and perform a linear interpolation between these
points. We assume usable laser powers of up to 100 mW per
beam in a retro-reflected configuration, based on our recently
developed system [28].

We determine the capture velocity for a broad range of para-
meters for atoms travelling along the vertical z direction and
with the MOT beams propagating through the coils along the
x axis and the other beams at 45° to the y and z axes in the
x=0 plane (figure 8(a)). Figures 8(b) and (c) show that the
capture velocity can be >5ms~! for a large range of feas-
ible parameters in terms of magnetic field gradients and fre-
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Figure 8. (a) Schematic of the simulation of the 3D MOT at

326 nm. Atoms downwards along the vertical z axis and interact
with beams propagating along the x axis and at 45° to the y and z
axes (x =0 plane). The magnetic field coils produce an axial field
along the x axis. Frequency modulation of the j modes is simulated
assuming the first mode at A = —2T" with subsequent modes
further detuned by I" and all modes having the same saturation
parameter s. The capture velocity is determined as a function of

(b) the saturation parameter per frequency mode and the number of
modes (VB =30Gcm ™", w = 5 mm), (¢) saturation parameter per
frequency mode and magnetic field gradient (w = 5 mm), and (d)
the beam power and beam waist (VB =30G cm™ !, modes = 100).
For a broad range of feasible experimental parameters, a capture
velocity of around 5ms™! is achievable.

quency modulation given the available power. In the case of
a magnetic field gradient VB = 30Gcm™!, as used previ-
ously for this MOT [5] and 100 frequency modes evenly sep-
arated by I' /27 (6.6 MHz amplitude), we find that beams with
radii >5mm are required to capture atoms at v, = Sm s~
(figure 8(d)).

While the first-stage of cooling produces a beam of atoms
sufficiently slow to be captured by this MOT (see section 5), a
problem arises from the total minimum transfer distance from
the 2D MOT at 229 nm to the 3D MOT at 326 nm, which is
about ~35 cm, based on standard vacuum components and dif-
ferential pumping tube length. To avoid the problem of atom
spreading along this transfer distance arising from the expec-
ted large atomic divergence following the first cooling stage
(see figure 6), we simulated the collimation effect of an addi-
tional 2D transverse cooling stage working on the 'Sy-’P,
transition, placed 85 mm below the 2D MOT source, as cited
earlier. The slow atomic beam after these molasses is shown
in figure 6 for the case of 10 mW per 5 mm radius beam with
100 frequency modes. The transverse velocity spread has been
reduced to <40.05ms™!, an order of magnitude reduction
compared to the output of the 2D MOT. The lack of cooling
in the longitudinal direction does cause some heating, though
this is not seen to be significant.

Furthermore, as shown in figure 9(a), this cooling is effect-
ive for a broad range of beam powers and radii, requir-
ing a beam radius >4 mm and powers >2mW to approach
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Figure 9. Transverse and longitudinal cooling at 326 nm of the slow
atomic beam. (a) Mean transverse velocity of the slow atomic beam
following the 326 nm optical molasses for a range of beam radii and
powers (100 frequency modes). (b) Sample transverse velocity
distribution after the molasses stage (w = Smm, P = 10 mW)
showing that the output approaches the Doppler limit. (c)
Longitudinal deceleration on the atoms due to the crossed slowing
beams angled at 16°, targeting slowing down to 4ms ™. (d)
Fraction of the atoms having a longitudinal velocity less than
4ms~! following the crossed slowing.

optimal transverse cooling. The transverse velocity distribu-
tion approaches the Doppler limit (figure 9(b)) and substan-
tial transverse cooling can be achieved for even low powers.
Moreover, we find that this cooling can occur relatively rapidly
over just 2 ms, with reasonable power levels (10 mW per beam,
radius 5 mm) and frequency modulations (100 modes) [66].
This cooling is also stronger than the contribution of the
229 nm photons scattered from the 2D MOT. To estimate the
effect of this on the atoms, we consider a worst-case scenario
of all the input light being scattered resonantly and isotropic-
ally from the MOT centre. At the molasses position, the force
from this scattered light is two orders of magnitude lower than
the force from a single beam of the molasses and it is therefore
taken to have a negligible effect.

The capture efficiency of the MOT can be further enhanced
by using vertical slowing on this output of the 2D molasses. We
consider a pair of crossed slowing beams aligned with a full
angle of 16° and again on the 326 nm transition. Assuming 100
frequency modes, the acceptance velocity range of the force is
~2ms~! (figure 9(c)), meaning the detuning A must be care-
fully selected in order to slow the desired atoms, also account-
ing for the non-negligible Zeeman shifts arising from the MOT
coils (see equation (1)). In our case this corresponds to a detun-
ing of the first frequency mode A = —6501" (43 MHz) to slow
the atoms to a minimum velocity of 4m s~'. With just a few
mW of power, the crossed slowing of atoms increases the frac-
tion of atoms with a longitudinal velocity v, <4m s~! from
30% to 95% (figure 9(d)). As shown in figure 6, this slowing
process produces only minimal heating in the transverse direc-
tion and the slow atomic beam from the 2D MOT has therefore
been both collimated for efficient transport and further cooled
to below the 3D MOT capture velocity.
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Table 2. Properties of the laser beams in the final simulation of the
system, including optical power (per beam) P, beam waist w,
detuning A, number of frequency modes and the saturation
parameter per mode s.

Beam (number) P(mW) w(mm) AI) Modes s

229 nm — 'Sp-'P,
2D MOT (x4) 10 2 —1.5 1 0.16
Push beam (x 1) 0.17 3 -3 1 107°
Zeeman Slower (x 1) 25 2 —6.5 1 04
326nm - 'Sp-’P;
3D MOT (x6) 50 5 -2 100 5.1
Transverse cooling (x4) 10 5 —1 100 1.0
Crossed slowing (x2) 2.5 3 —650 100 0.71

7. Full vacuum apparatus & MOT loading rates

We utilise the results of the preceding sections to design a
vacuum system capable of generating a cold beam of Cd which
can be loaded into a MOT on the 326 nm !Sy->P; transition.
A to-scale diagram of the design is shown in figure 10. The
2D and 3D MOT regions are each pumped with an ion pump
and non-evaporable getter and are separated by a gate valve
to allow for the replacement of viewports in the case of UV-
induced damaged, without having to open the whole system.
This geometry also provides the finalised distances for the
different cooling stages, namely the molasses cooling 85 mm
below the 2D MOT and the crossed slowing 100 mm above the
3D MOT, which is itself 350 mm below the 2D MOT. With this
finalised design, we are able to simulate the atomic trajectories
throughout the whole system at a range of oven temperatures
and estimate the atomic loading rate into the 3D MOT, a more
useful experimental parameter than e.g. the capture velocity
used above.

Information on all the simulated beam powers, radii, fre-
quency detuning etc is given in table 2. We first attempt to
quantify the effect of the different stages of our design, by
running the simulation at 7 = 100°C (partial pressure of
2.5 x 10~ 7 mbar, flow rate of 1.1 x 10'® atomss—') with and
without the Zeeman slower and the crossed (vertical) and
transverse cooling at 326 nm. We find that the introduction of
the transverse slower increases the capture efficiency by more
than an order of magnitude and with the introduction of ver-
tical slowing it increases by another factor ~3 (table 3), for an
approximate total factor of 40 in the efficiency. As figure 10(b)
shows, with these two cooling stages active, nearly all of the
atoms below the capture velocity of the 2D MOT are captured
by the 3D MOT, showing that the transfer between the MOTs
is highly efficient. Adding the Zeeman slower leads to a sub-
stantial increase in the capture efficiency, by capturing a higher
initial longitudinal velocity class in the 2D MOT, as shown in
figure 10(c).

As shown in table 3, we estimate expected loading rates into
our 3D MOT and find values ~ 107 atoms s~ for an oven tem-
perature of 100 °C, without the Zeeman slower. When adding
the Zeeman slower beam, this increases by approximately a

Table 3. Capture efficiency and loading rates of the 3D MOT at
326 nm for natural ''*Cd and an oven temperature of 100 °C. These
simulations use 10* atoms and the parameters given in table 2.
Efficiency and loading rates are shown for different cooling
configurations—see text for more details. Errors are from the
counting statistics of the simulation.

Efficiency Loading Rate (atoms s ')
2D MOT & 3D MOT 0.02 % 6+4x10°
+ Transverse cooling 0.34 % 1.0£0.2 x 107
+ Crossed slowing 0.85 % 2.6+ 0.3 x 107
+ Zeeman slower 4.13 % 12.6 £ 0.6 x 10’

factor 5 to 108 atomss—!, though at the cost of a substantial
increase in the required 229 nm power. The loading rate is
determined by calculating the expected flow rate of atoms at
the simulated oven temperature and capillary design and then
multiplying this by simulated capture efficiency. We further
scale the loading rate based on the fractional natural abund-
ance of the ''*Cd isotope of 0.29 [71]. Although we have
designed the system to work with a minimal amount of 229 nm
light, we note that the system is scalable should problems such
as stable power production and vacuum viewport damage be
solved (see section 2). In addition to allowing for a Zeeman
slower, this would allow for an increase in the 2D MOT beam
powers, resulting in an approximate threefold increase in load-
ing rate (figure 11).

The parameters presented in table 2 can also be varied
to look for the optimum loading rate, especially the effect
of the 3D MOT beams and the Zeeman slower. Figure 11
shows that the loading rate is robust for a broad range of 3D
MOT beam powers and beam radii (100 frequency modes),
provided the power is >10mW and the beam radius >3 mm.
The Zeeman slower beam shows a maximum loading rate
which differs slightly from what would naively be expected
from looking only at the velocity class addressed by the slow-
ing beam (cf figures 7(d) and 11(c)). This is due to the small
force imbalance the Zeeman slower introduces to the 2D MOT,
which can deflect the slow atomic beam off axis, especially
when the Zeeman slower beam radius exceeds the 2D MOT
beam radius. Substantial increases in loading rates are avail-
able (factor 5), even for powers down to around 10 mW with
a focused beam (w <2 mm).

It should be noted that these loading rates represent the
upper bound for the loading rate as our single-atom simula-
tion does not consider losses such as collisions with back-
ground gases or other cold Cd atoms, as well as photoionisa-
tion losses. Nevertheless, they suggest that significant num-
bers of atoms can be quickly loaded into an intercombina-
tion transition MOT without the need for significant powers or
interaction times with the problematic 229 nm 1S0-'P; trans-
ition. The loading rates presented can also be enhanced by
increasing the oven temperature above the modest 100 °C used
here, and by an approximate factor 3 by using enriched cad-
mium sources, as have been employed previously elsewhere
[5, 72].
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Figure 10. (a) To-scale drawing of the vacuum chamber design overlaid with a sample of simulated atomic trajectories. Some features, such
as vacuum pumps, have been removed for clarity. The colours of the trajectories represent different outcomes: grey lines are always lost,
green lines are captured with just the 2D and 3D MOTs active, cyan lines are captured when the transverse cooling is also activated, and red
lines when the crossed slowing beams are active. See text for details. (b) Atoms captured for different cooling configurations based on
velocity output from the oven, with the same colour scheme as (a). (c) Atoms captured with (blue diamonds) and without the (red squares)

the Zeeman slower stage being active.
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Figure 11. Simulated loading rate of 14Cd into the 3D MOT. (a) Loading rate as a function of 2D MOT beam power. (b) Loading rate as a
function of 3D MOT beam power and radius (100 frequency modes). (c) Loading rate as a function of Zeeman slower beam power and
radius. All simulations with 10* atoms and non-variable parameters as shown in table 2, except the Zeeman slower which is only used in (c).

8. Trapping, transfer & launching at 1064 nm

Although the micro-Kelvin temperatures achieved in the
326 nm MOT [5] are sufficient for many applications, pro-
ducing quantum degenerate sources requires further cooling
towards the nK level. This is typically achieved by performing
evaporative cooling in an optical dipole trap [73, 74], neither

1

of which techniques have been demonstrated with Cd yet. In
this section we consider the feasibility and prospects of this
approach and also the discuss the transfer and launching of Cd
atoms using related techniques, with particular reference to a
dual-species interferometer with Sr [9].

We consider bosonic Cd atoms in the ground state and con-
sider the two-level system made with the 'P; level. In this
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Figure 12. Prospects for dipole trapping and lattice launching at 1064 nm. Calculated depth of the optical dipole trap in the (a) horizontal
and (b) vertical directions as a function of single-beam power and waist. Depths significantly larger than the 3D MOT Doppler temperature
are available. (c) Proposed launch scheme in which atoms are accelerated in a moving lattice over a distance of 10 cm and released with
velocity v;. (d) Estimated launch efficiencies for different launch heights for various lattice beam powers (beam waist w = 0.5 mm).

(e) Estimated launch efficiencies (height = 1 m) as a function of single lattice beam power and waist.

approximation the optical dipole potential U (r) can be cal-
culated according to [75],
)i,

(

where w and I(r) are, respectively, the angular frequency
and intensity profile of the trap light, and I" and wy are the
natural linewidth and angular frequency of the two-level sys-
tem, respectively, in this case the 1§,-1P; transition.

As is clear from equation (2), Cd is not especially suited to
trapping in this manner due to the reduced trap depth com-
ing from the necessarily large values of wy —w and espe-
cially wy®. Nevertheless, for a optical dipole trap formed from
two focused beams at 1064 nm crossing at an angle of 60°
in the horizontal plane, trap depths in excess of 30 uK can
be achieved with reasonable powers and waists (figures 12(a)
and (b)). Commercial lasers at this wavelength can readily pro-
duce powers >40 W and with M? <1.1. This means that effi-
cient loading into a dipole trap from the 3D MOT (7 ~ uK)
will be available. Due to the lack of known cold collisional
properties of Cd, however, it remains to be seen which isotopes
or isotope mixture will be suitable for evaporative cooling. In
any case, the optical dipole trap can also serve as the initial
stage in transferring the prepared atoms ~40 cm into the sci-
ence chamber of a dual-species interferometer [9]. This trans-
fer can also be performed using a 1064 nm laser, with a single
shifting focus beam using an optically compensated zoom
lens [76], for which similar waists and powers are needed.

2

=53
2wy

r
Wy —w

r
wo +w

2

U(r)

The free evolution time T of the atom interferometer can
be enhanced by launching the atoms in a fountain config-
uration. A dual-species launch requires that an accelerating
lattice be used with sufficient trap depth for both atom spe-
cies, if the atoms are to be simultaneously launched with the
along the same spatial trajectory and with the same velo-
city, a key requirement for minimising systematic errors,
although the difference in mass of the two species will res-
ult in different trajectories following the application of the
interferometry beams. A standing wave based on a high-
power 1064 nm laser is well-suited to this task and we cal-
culate the expected launch efficiencies for both Cd and Sr
(figure 12(c)). Our model considers losses from both spon-
taneous single-photon scattering, which is low due to the
large detunings and launch times, and the considerably lar-
ger losses due to Landau—Zener tunnelling [77]. To estimate
the losses due to Landau—Zener tunnelling, we consider the
launch as a sequence of Bloch oscillations and first estimate
the trap depth using equation (2), considering a retro-reflected
standing-wave configuration [78]. The computed trap depth
can be used to determine the band gap energies by numerically
solving the Schrodinger equation [79]. For a launch velocity
vy, the fraction of surviving atoms f is then given by [80],

(o]

where 72 is the band gap energy, « is the chirp rate of

the lattice frequency, and N = 57 is the number of avoided
L

crossings that the atoms pass through and k; is the lattice

2

=)

3
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wavenumber. Equation (3) shows that large trap depths and
slow chirp rates minimise tunnelling losses.

Figures 12(d) and (e) shows the expected losses for both Cd
and Sr as a function of the laser beam power for a final launch
height of 1 m and with a lattice acceleration distance of 10 cm.
For the used waist of 0.5 mm, the Rayleigh length is 0.7 m and
so larger than the launch region. Here the losses from Cd are
clearly considerable unless high powers are used due to the
reduced depth from the 1/w* dependence of equation (2). This
is a more serious issue than for the crossed optical dipole trap,
though the required powers for a launch of 1 m with reason-
able levels of atom losses (e.g. <50%) are still experimentally
feasible (~15 W).

The above considerations have assumed that the launch
velocity is continuous, whereas in reality it is quantised
according to the 2/k;, momentum imparted by the Bloch oscil-
lations of the lattice undergoing an acceleration a, [77, 79].
There will therefore be a small difference in the launch velo-
city for different Cd and Sr isotopes arising from their mass
difference. Furthermore, as the Bloch oscillation period also
depends upon the mass (75 = 2%k, /may), different isotopes
will not in general undergo an equal number of oscillations
during the launch and isotopes will be launched in super-
positions of momentum states. However, careful selection of
the launch characteristics can help suppress these effects, by
selecting oscillations close to the ratio of the masses. For
example, when considering the two most abundant isotopes,
114Cd and ®Sr a launch with a duration and acceleration such
that Ncg = 631 oscillations exactly, Ng, ~ 487. In this case the
atoms will be launched to 98 cm and the difference in launch
velocities will be Av; = 0.2 mm s~ and the difference in apo-
gees just 0.08 mm.

9. Conclusion & outlook

We have presented the design and thorough simulation of a
state-of-the-art apparatus for producing ultracold Cd samples.
The design is cognisant of the unique challenges of this
atomic species, especially the broadband dipole-allowed 'So-
P, transition at 229 nm. Specifically, we have simulated
that it is possible to efficiently load Cd atoms directly into
an intercombination-transition MOT starting from an atomic
oven, by first using the 229 nm to generate a slow atomic beam,
overcoming problems associated with photoionisation. Such
a segmented architecture may be useful for other alkaline-
earth-like elements, especially Zn whose relevant transitions
are similar to Cd (214 nm, I' = 2w x71 MHz and 308 nm, I
= 2w x4 kHz) and whose laser cooling and trapping is in its
infancy [7].

The design is to be used as a basis for atom interfero-
metry [9], where the intercombination transitions of Cd make
it a good candidate for both Bragg interferometry [81] and
single-photon clock-transition atom interferometry [14, 47].
Longer term, the device seems compatible with continuous
atom laser systems [82] if differential pumping is introduced
on the vertical axis, which is currently left free for interfer-
ometry beams. Additionally and conversely, it may be noted

that the device can also be operated in a pulsed configuration,
with the 229 nm only turned on intermittently for bursts last-
ing the Sms or so required to cool and trap in the 2D MOT,
whilst the 3D MOT remains on for the whole duration. This
may be beneficial for protecting the vacuum windows and the
BBO crystal, for which the damage mechanisms are related to
sustained exposure to continuous-wave 229 nm. A similar idea
has very recently been shown to be highly effective in prevent-
ing degradation in an evacuated optical cavity at 244 nm [83].
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