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Abstract

®

CrossMark

We present a high-flux source of cold ytterbium atoms that is robust, lightweight and
low-maintenance. Our apparatus delivers 1 x 10° atoms s~! into a 3D magneto-optical trap

without requiring water cooling or high current power supplies. We achieve this by employing
a Zeeman slower and a 2D magneto-optical trap fully based on permanent magnets in Halbach
configurations. This strategy minimizes mechanical complexity, stray magnetic fields, and heat

production while requiring little to no maintenance, making it applicable to both embedded
systems that seek to minimize electrical power consumption, and large scale experiments to

reduce the complexity of their subsystems.

Keywords: atom cooling and trapping, atomic beams, Zeeman slowing

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

1. Introduction

Neutral alkaline-earth-like cold atoms are a versatile resource
for quantum sensing and metrology. Besides providing the
most stable frequency references [1], the availability of long-
lived metastable states also allows for novel coherent matter-
wave optics [2—4]. However, applications like gravitational
wave detection with atoms [5] or atomic tests of the universal-
ity of free fall [6] require reliable methods for the fast produc-
tion of large cold atomic samples in order to minimize noise
and aliasing effects, and thus maximize the metrological gain
[7].

We present a robust, lightweight, and low-maintenance
source of slow ytterbium atoms that delivers 1 x 10° at
s~! into a three-dimensional magneto-optical trap (3D-MOT),
comparable to state-of-the-art strontium [8] and ytterbium
[9] systems. However, in contrast to the electromagnets
used in these devices, our setup exclusively uses permanent
magnets in Halbach configurations [10, 11] for the gener-
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ation of magnetic fields. This makes our apparatus simple
to assemble, lightweight, and almost maintenance-free while
keeping a minimal power footprint as it requires neither
high-power electrical circuits nor water cooling. Our strat-
egy also suppresses magnetic stray fields by construction and
eliminates hot atoms from the main experimental chamber,
adding up to a beam apparatus suitable for high-accuracy
atom interferometry or other precision experiments with cold
atoms.

Our setup is depicted in figure 1. We describe and character-
ize its four distinct elements in the following sections. First, a
hot atomic beam is produced from metallic ytterbium chunks
in an oven terminated by a microchannel nozzle (section 2).
We carefully study the properties of the atomic beam as they
crucially determine the performance of the subsequent cool-
ing stages and give insights on the scalability of our apparatus.
Next, we present a spin-flip Zeeman slower with permanent
magnets in Halbach configuration which reduces the mean
forward velocity in the atomic beam (section 3). A 2D-MOT
(section 4) follows and serves as a deflection and recollima-
tion stage, preventing the residual fast atoms from entering the
main experimental chamber without introducing in-vacuum
moveable parts. Finally, we capture the slowed atoms in a
3D-MOT, demonstrating the usability and performance of our
apparatus (section 5).

© 2021 The Author(s). Published by IOP Publishing Ltd Printed in the UK
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Figure 1. Overview of our cold ytterbium apparatus. An atomic beam is produced from metallic ytterbium chunks heated in an oven with a
microchannel nozzle. The combination of a Zeeman slower and 2D-MOT slows down, redirects, and recollimates the atomic beam for

delivery in a 3D-MOT.
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Figure 2. Sketch of the ytterbium beam apparatus. Solid ytterbium chunks are heated to Toyen = 490 °C to form partial ytterbium vapor at
2 x 1072 mbar using circular band heaters (depicted in red). A directed beam is extracted by a nozzle made of 104 large length-to-diameter
ratio tubes (inset: photograph of the microchannel stackup with homogeneous backlight). The properties of the atomic beam (flux,
divergence) are measured around 100 mm downstream the nozzle by means of laser absorption spectroscopy near the 'Sy — !P; resonance

at 399 nm.

2. Oven with microchannel nozzle

2.1. Design

Figure 2 shows the design of our ytterbium oven. Solid
metallic chunks (natural isotopic abundance, approximate
chunk volume 10 mm?) are vaporized in a cylindrical vacuum
chamber with 19 mm inner diameter. The atomic beam is
created by a nozzle made of Nyypes = 104 AISI 316L stainless-
steel microchannels with inner diameter 2a = 280 pm and
outer diameter 320 pum cut to length L = 12 mm. The
microchannels are assembled in a quasi-hexagonal lattice
constrained by a triangular holder (inset of figure 2) which
minimizes spurious apertures larger than the microchannel
diameter [12]. The crucible and nozzle are heated using
mineral insulated band heaters fitted to the vacuum chamber
(red elements in figure 2). We require 55 W of electrical
power to maintain a crucible temperature 7gy., = 490 °C
and a nozzle temperature of 530 °C which avoids clog-
ging the microchannels. A pressure of approximately
1 x 107% mbar at the nozzle outlet is maintained by a
30 L s~! ion pump.

2.2. Ytterbium atomic beam

We determine the divergence and flux of the atomic beam using
laser absorption spectroscopy on the 1S0 — 'P, resonance at
399 nm (figure 2, inset figure 3). We use a low saturation
(s = I /I = 0.3) laser probe of 1/¢* diameter 2r, = 7.5 mm
directed perpendicular to the atomic beam, around 10 cm after
the nozzle. Figure 3 shows a typical laser absorption spectrum
do(v). The six main features correspond to nine resonances
in bosonic (17°Yb, 172Yb, 174Yb, 17°Yb) and fermionic (!’'Yb
(F'=1/2,F =3/2),'3Yb(F =3/2,F =5/2,F =17/2))
ytterbium [13]. The stable boson '®®Yb cannot be resolved
due its low natural abundance (0.3%) and signal-to-noise ratio
limitations in this setup.

To obtain quantitative information about the atomic beam,
we adjust the sum of nine Lorentzian profiles of full width at
half maximum I" 4 25 to the absorption spectra. I' = 29 MHz
is the natural width of the 'S, — 'P, electronic transition and
0 quantifies the spectral broadening that results from residual
velocity components along the probe laser beam. We found
a Lorentzian shape to fit the data better than a Gaussian or
Voigt profile. In the adjustment, the spectral positions of the
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Figure 3. Laser absorption spectrum recorded around the 1Sy — 'P;
resonance at 399 nm in atomic ytterbium. The laser probe beam is
perpendicular to the atomic beam (see figure 2), such that the
spectral width results from the natural (I') and transverse Doppler
(o) widths. We identify six main features, corresponding to nine
electronic transitions. For fermions, the number in parentheses
indicates the total atomic angular momentum F in the excited state.
The boson ' Yb is not resolved due to its low natural abundance.
Inset: simplified energy level diagram for bosonic atomic ytterbium.

features as well as their relative amplitudes are fixed, respec-
tively set from tabulated values [14], and calculated from the
isotopic natural abundances and standard L—S coupling the-
ory [15]. For the spectrum in figure 3, we find ¢ = 53 MHz
which corresponds to a transverse velocity o, =21 ms~! ora
half-opening angle 0, 2 = 69 mrad.

We estimate the atomic flux for all isotopes by spectrally
integrating absorption spectra. Normalizing by the spectrally-
integrated scattering cross-section gives the linear density of
atoms along the absorption column. Multiplying the column
density by the absorption surface 772 leads to the instantaneous
number of atoms N yoms in the overlap volume of the laser and
atomic beams:

> dy(v)d
Ooffoo 00(01/) v « 2, 0
v

Nobs =
J= 1+4[@m)/T]

where oo = 3)\° /(27) ~ 0.08 um? is the on-resonance scat-
tering cross section [16]. For a probe beam perpendicular to
the atomic beam, the transit time of atoms with longitudinal
velocity © is on the order of 2r, /v & 25 us. If the probe beam
is large enough to intersect the entire atomic beam, the total
flux of atoms emerging from the oven is

. v
N = Nops X 3 (2)
Iy

where we estimate v by averaging over a Maxwell-Boltzmann
distribution at the crucible temperature 7 oyey-

Figure 4 shows the variation of flux with the crucible tem-
perature T oven. At our typical operation temperature of 490 °C,
the flux of ytterbium atoms passing the spectroscopy zone
exceeds 2 x 10* ats~!.

2.3. Discussion

The fit to the spectrum in figure 3 implies that the atomic
beam diverges with a half-angle 0, /2 & 70 mrad, much larger
than the angle predicted from the collisionless theory for the
microchannelnozzle [17,18] 6, = 1.68a/L =20 mrad. This
suggests a non-negligible influence of interatomic collisions in
the nozzle.

At T gyen =490 °C, the vapor pressure of ytterbium is around
2 x 1072 mbar [19]. Assuming an ideal gas, the correspond-
ing density is ng ~ 2.2 x 10* at m~3 and the mean veloc-
ity © ~ 300 m s~'. Approximating the interatomic scattering
cross-section by the effective atomic diameter of ytterbium
0 ~ 400 pm, we find an average mean free path for atoms
inside the nozzle [17] A = 11 mm at Tgyen, = 490 °C, which is
indeed on the order of the microchannels’ length L = 12 mm.
At Toven = 450 °C however, A = 36 mm and A = 5 mm for
Toven = 520 °C. Since A is a monotonous function of temper-
ature, this indicates a change of regime across the temperature
range in figure 4, from transparent (A >> L) to opaque (A < L)
channels.

Giordmaine and Wang [17] derive atomic beam angular dis-
tributions J(6) for both regimes. The total flux follows by inte-
gration over the forward half solid angle. However, according
to figure 2, the vacuum tubing between the nozzle piece and the
spectroscopy region truncates the atomic beam’s solid angle
at the spectroscopy zone to a polar angle 0,,x = 6.1°. The
prediction for the flux measured by absorption spectroscopy
therefore reads:

9max
N =2r / J(0)sin 6 dé. (3)
0

The solid and dotted lines in figure 4 correspond to this model.
At the highest temperature probed, the average mean free
path is less than half the length of the microchannels. Nev-
ertheless, the collisionless model (dotted line) still qualita-
tively reproduces the data better than the opaque source model
(dashed line). The truncation represents a loss of flux of around
an order of magnitude but the geometric acceptance angle
of the full Zeeman slower, around 20 mrad, is far smaller
than 6, and therefore constitutes the major constraint on
useable flux.

Despite the qualitative agreement for the total flux, the theo-
retical prediction does not match the observed half-width ¢, /,
quantitatively. The half angle divergence in the collisionless
theory is around 20 mrad and above 100 mrad in the opaque
theory, compared to measured values between 60 mrad and
80 mrad, which are due to the mixed regime in which we oper-
ate the nozzle. The inset in figure 4 shows some evidence for
the opaque regime at higher temperatures where the beam half-
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Figure 4. Flux of ytterbium atoms N emerging from the
microchannel nozzle versus crucible temperature 7 gyep-
Experimental points are derived from absorption spectra applying
equation (2). The solid line corresponds to equation (3), truncated at
Omax (see figure 2). The dotted line continues that model for
temperatures above 485 °C where the average mean free path A is
smaller than the microchannel length L. The dashed curve
corresponds to the opaque source model. Inset: onset of the
interacting regime. When A < L, the spectral half-width 6, /2 scales
linearly with the square-root of the measured flux [17].

width scales with the square root of the total flux, while it is
predicted to be independent of flux in the transparent regime.
Nevertheless, the truncation of the atomic beam by the vac-
uum chamber prevents a faithful observation of the angular
distribution, although not limited by a thin aperture as in other
work [20].

The performance of the cold atoms source strongly depends
on the flux and divergence of the atomic beam exiting the
oven. While the former translates into loading rate into a 3D
trap, the latter accounts for the largest losses along the Zee-
man slower (section 3.3). In the opaque nozzle regime, these
properties are correlated, leading to a design trade-off. An
increase in flux can be obtained either by rising the crucible
temperature or by enlarging the nozzle diameter, a combina-
tion of microchannel diameter and count. On the one hand,
increasing the nozzle diameter leads to a larger transverse size
of the atomic beam, thus requiring quadratically more opti-
cal power in a Zeeman slowing beam for constant saturation
conditions. On the other hand, rising the crucible temperature
reaches towards the opaque nozzle regime observed in figure 4,
unless the microchannel length is decreased, which, at constant
aspect ratio, is limited by the availability of small diameter
microchannels and clogging risks. Complementarily, optical
recollimation can be used to counter beam divergence, at the
expense of high laser power requirements [8]. Alternatively,
novel nozzle designs [21] potentially enable higher collima-
tion without additional laser power and better recycle atoms

with highly diverging trajectories, thus increasing the oven’s
lifetime.

3. Permanent magnet Zeeman slower in Halbach
configuration

We employ Zeeman slowing to bring the average atomic
forward velocity o ~ 300 m s~' at the exit of the noz-
zle down to the few tens of m s~! capture velocity of
our 2D-MOT. We focus on the most abundant isotope,
174y,

We briefly review elements of Zeeman slowing theory
and motivate our design parameters in section 3.1. We then
describe our permanent magnet layout in depth and charac-
terize its magnetic properties (section 3.2). Finally, we eval-
uate the performance of the slower on the atomic beam
(section 3.3).

3.1. Zeeman slower design

The theory of Zeeman slowing is extensively covered in the
literature [ 16, 22]. We consider atoms of mass m addressed on
a cycling transition of width I' and effective magnetic moment
it with light of wavenumber k detuned by A from the atomic
resonance. The ideal field profile to decelerate atoms from a
capture velocity ve at a constant rate namex = 1 (hkI'/2m),
0 < n < 1, reads:

Bo+ B, J1——= 0<z<L
B() = Loy @)

0 otherwise,

where Ly, = vcz /(2namax) is the length required to stop the
atoms in the v, velocity class. The field profile is truncated at
L = Lgop — vg/ (2Namax) < Lgop to be able to extract atoms at
a non-zero velocity ve.

The design degrees of freedom are the field offset
By = hA /i, and the amplitude B, = fikv./[i. The field varies
from By + By atz = 0to By + hkv,/f1atz = L. The exit veloc-
ity v, can be experimentally tuned either by adjusting the mag-
nitude of the field near the end of the slower, or by varying the
detuning A, such that the slower can in practice be designed

for Lgiop.
Table 1 summarizes the design parameters for our Zee-
man slower operating on the 180 — 1Pl (my = —1) transition

in 7%Yb. We choose the capture velocity v. = 390 m s~',

which corresponds to around 75% of the atoms in the beam
with a forward velocity below the slowing threshold. The min-
imal slower length is 14 cm (n = 1). To make the design less
critical, we choose Ly, = 30 cm (1 ~ 0.5). The detuning
A determines the offset By and hence the magnitude of the
maximum field to generate. Minimizing this quantity would
lead to the choice By = —By /2, thatis A = —490 MHz. How-
ever, for geometrical reasons, the Zeeman slowing laser beam
passes through, or very close to, the center of the subsequent
2D-MOT, which could become unbalanced or lifetime-limited
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Table 1. Zeeman slower design parameters

Parameter Symbol Value
Angular momentum change m —1.035 - g ~ —14 MHz mT~!
Maximum deceleration —lmax = — 4L —53 % 10° ms2
Detuning —700 MHz
Capture velocity Ve 390 ms~!
Length Lgop 30 cm

2
Deceleration margin n= 2Lstu’:amax 0.48
Saturation parameter s = 1277 0.93
Field amplitude B, = ff —67 mT
Field offset By = "2 48 mT

fi

through excessive losses to the *D states (see inset figure 3)
with too near-resonant light. To rule out this scenario, we
choose A = —700 MHz, which corresponds to a loss time
constant above 200 s [23]. Also, the influence of the Zeeman
slowing beam on the scattering rate is more than 1000 times
smaller than that of the 2D-MOT beams. The magnetic field
profile corresponding to equation (4) with the parameters in
table 1 is shown as the solid green line in the middle panel in
figure 5.

3.2. Zeeman slowing field from permanent magnets in
Halbach array configuration

We use permanent magnets in a Halbach configuration to pro-
duce the magnetic field described by equation (4) and the
parameters in table 1. Halbach arrays are particular magnetic
configurations that produce magnetic multipole fields in a
well constrained domain in space, while suppressing the field
outside this region [24]. We consider a thin magnetic cylin-
der whose local magnetization M(¢) stays orthogonal to the
cylinder’s axis and rotates as:

% = ey = cos (2¢) e, + sin (2¢) é,. 5)
where (p, ¢,z) are cylindrical coordinates with z along the
cylinder’s axis. Near the cylinder’s axis, the sum magnetic
field is purely transverse and aligns with the ¢ = 0 direction
(éy in figure 5). Outside of the cylinder, the produced field is
theoretically zero. Other permanent magnet arrangements can
produce longitudinal fields, at the expense of larger stray fields
since the Halbach symmetry is not maintained [25]. If the mag-
netic object is not a cylinder but a cone, the magnitude of the
transverse field decreases with increasing cone radius, how-
ever also introducing a longitudinal field component except
on the cone’s axis. We assert numerically, as already shown
in previous work [10, 11], that a Halbach cone produces a
percent-level approximation of the ideal Zeeman slowing field
from equation (4).

Since a continuous magnetic material with the magnetiza-
tion rotation described by equation (5) is not practical, and sim-
ilarly to the work in references [10, 11], we discretize the array
using an eight-fold symmetry. However, contrary to previous
work, our design exhibits a zero crossing and a higher overall

average gradient (200 mT m~' versus 120 mT m ! for refer-
ence [11], and 33 mT m ! for reference [10]). In particular, the
large magnetic gradient increases the magnitude of the field’s
longitudinal component due to the imperfect continuity of the
Halbach pattern, which may impact slowing performance.

The top panel in figure 5 shows the construction of our mag-
net. The main field is generated by two sets of eight NdFeB
rectangular cuboids' with length 128 mm, 6 mm x 6 mm
square cross-section, and nominal remanence B, = 1.08 T,
magnetized along one of the transverse directions. These long
cuboids are arranged in two Halbach cones with slopes +9.6°
and —24°. We additionaly use 8 x 4 = 32 smaller rectangular
cuboids (25 mm x 4 mm x 4 mm, B, = 1.17 T ?) as adjustment
variables to better fit the starting field, the zero-field transition
regime in the middle of the slower, and help decreasing the
field faster at the exit of the slower. We numerically optimize
the positions and orientations of all the permanent magnets
based on an analytic model for the magnets’ field [10], while
enforcing the Halbach symmetry. The optimized configuration
corresponds to the solid black curve in the middle panel in
figure 5.

The full magnet therefore consists of eight sets of six
magnets clamped between aluminum plates (clear bodies in
figure 5). The positions of the magnets on the plates is
engraved (e.g. 3 mm deep per plate for the long magnets)
during the manufacturing process. The assembly of the mag-
net takes less than 2 h, dominated by the identification of
the magnetization direction for the 48 permanent magnets.
We kept the manufacturing tolerances below 0.5 mm to con-
strain the assembly sufficiently while taking size variations of
the individual magnets into account. The plates are pressed
against each other using five M3 bolts and mounted in octag-
onal fixtures (dark bodies in figure 5) to obtain the desired
configuration. The total weight of this assembly is 10 kg. We
measure the magnetic field along the magnet’s axis using a
3-axes teslameter®. As shown in figure 5 (middle panel: blue
triangles), we reproduce the calculated field (solid black line)
to around 10 % (lower panel). In the transverse direction, the
field decays to background values within 10 cm outside the
magnet assembly.

'HKCM Engineering, part no. Q128x06x06Zn-30SH.
2HKCM Engineering, part no. Q25x04x04Zn-35H.
3F W Bell, Model 7030.
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Figure 5. Construction and magnetic field of the permanent magnets-based Zeeman slower. Top: mechanical arrangement of the two main
magnets and four trimmer magnets (red: north pole, blue: south pole) in one of the eight plates forming the magnet assembly. The
dash-dotted line corresponds to the axis of the slower’s vacuum pipe (not represented). The drawing is horizontally aligned with the graphs
below. Inset left: 3D rendering of the assembled magnet with the eight plates containing the magnets (clear) and their mounting fixtures
(dark). Inset right: transverse view of the magnet assembly looking in the +¢, direction. The black arrows show the magnetization direction
for the entrance trimmer magnet on all eight plates, effectively forming an eight-fold discrete Halbach configuration that locally generates a
transverse magnetic field along —eé, (red arrow). Middle: ideal (—), calculated (—), and measured (A, +) strong transverse component of
the magnetic field along the slower’s magnet. 4 represents the externally trimmed configuration used for loading the 2D-MOT of section 4.
Bottom: residuals of the measurements (A) to the corresponding calculated configuration (—). Most points lie within 10% of the numerical

model.

3.3. Slowing performance

Our design achieves slowing by scattering photons on the
1S, — 'P, (m; = —1) transition, which is a 0~ (Am; = —1)
transition. However, since the magnetic field is transverse to
the light propagation direction, the configuration maximizing
the circularly-polarized light content as seen by the atoms cor-
responds to light polarized linearly along e,, perpendicular
to the magnetic field direction &, (see top panel of figure 5).
This implies that only half of the optical power has the cor-
rect handedness to drive the o~ transition and thus to con-
tribute to the dominant slowing effect. The o™ polarization
component is resonant with the atoms at some positions in
the slower but this does not affect overall performance. An
influence via coherent population dynamics is ruled out by
the non-magnetic 'S, ground state. The slowing beam has a
1/¢* diameter of 4 mm and total power of 80 mW resulting
in a peak intensity of 3.2 x 10> mW cm™? (=2.7 x Iy with
o~ polarization). After several months of operation and evap-
orating around 100 mg of ytterbium from the crucible, we
observe no degradation of performance that could be traced
back to long-term reflectivity losses of the in-vacuum mir-
ror used to couple the slowing beam into the chamber [26]
(see figure 1).

We characterize the slowed atomic beam using absorp-
tion spectroscopy under a 30° angle at the exit of the slower.
Figure 6 shows the longitudinal velocity profile for '7*Yb
atoms. The capture velocity around 390 m s~! is clearly

visible, as well as the collection of low velocity (<50 m s~ ')
atoms. We maximize the flux of slow atoms by adjusting the
laser detuning to the 'S, — 'P, transition and tuning the mag-
netic field with two additional trimming bar magnets placed
symmetrically at the exit of the magnet assembly. The result-
ing field is plotted using pink crosses in the middle panel in
figure 5. The main effect of these extra trimmers is to avoid
significantly overshooting the ideal magnetic field profile, thus
keeping the local deceleration parameter 7 close to its design
value and therefore avoid loosing atoms from the slowing
profile due to missing light intensity.

For the data presented in figure 6, the detuning is
A = —580 MHz, 41" away from the design value —700 MHz.
This is caused by the decrease in field magnitude due to the
external trimmers, and the need for a finite exit velocity. The
most probable exit velocity in figure 6 is v. = 15 m s~!. We
measured a trimmed field maximum of 35 mT, which matches
the prediction from equation (4) AA /i + hkve/ft = 37 mT.

Ideally, all atoms below the capture velocity should be
slowed down. This is evidently not the case in figure 6, mainly
due to the divergence of the atomic beam inside the slower.
Atoms travelling too far off-axis are not interacting with the
slowing beam and therefore not decelerated further. This effect
is amplified with decreasing velocity since the longitudinal
velocity becomes comparable to the transverse one. Increas-
ing the slowing beam diameter or decreasing the atomic beam
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Figure 6. Absorption spectroscopy of the atomic beam under a 30°
angle at the exit of the Zeeman slower. The resulting spectrum
shows the longitudinal velocity distribution and the effect of the
slowing laser beam. Atoms exiting the oven with a velocity below
ve &390 m s~! are slowed down to below 50 m s~!. The frequency
axis is calibrated using a simultaneous spectroscopy measurement
under an axis perpendicular to the atomic beam. The dashed curve is
a fit to the thermal velocity distribution by a Maxwell-Boltzmann
function at T oy, = 450 °C.

divergence with radiation pressure prior to the Zeeman slower
[8] can effectively mitigate this issue, at the cost of increased
optical power requirements.

4. 2D-MOT recollimation/deflection stage

Constraints on geometry of the main experimental chamber
for this atomic source dictate a minimum distance of several
tens of centimeters between the exit of the Zeeman slower and
the center of the 3D trap. This would lead to a large expan-
sion of the slow atomic beam and a low capture efficiency
in the 3D trap. In order to mitigate this issue, we implement
a 2D-MOT between the Zeeman slower and the 3D-MOT,
effectively recollimating the atomic beam. Since the 2D-MOT
is loaded under a 30° angle, only trapped atoms can enter
the main experimental chamber and the trap also serves as a
shutter. This also removes the need for coupling the Zeeman
slowing beam through the main chamber, thus avoiding per-
turbing the 3D-MOT with the slowing light and reducing the
complexity of the optical layout.

4.1. Design

The magnetic quadrupole field for the 2D-MOT is realized
by four permanent magnet bars* (80 mm x 8 mm x 6 mm,
B, = 1.17 T) in a square Halbach configuration with 38 mm
side length. In agreement with the numerical simulation, we
measured a field gradient of 5.4 mT cm ™! over the whole trap
volume.

4 HKCM Engineering Q80x08x06Zn-35H.

We generate the optical radiation pressure using two retro-
reflected 1 cm X 4 cm laser beams with 40 mW each
(~ 0.4 x I) tuned 16 MHz (0.5T") to the red of the lSO — lP1
resonance. Beam shaping is achieved using pairs of cylindrical
lenses.

4.2. Characterization

We characterize the atomic beam produced by the 2D-MOT
with retro-reflected spectroscopy in the main chamber. Since
the 2D-MOT mostly affects velocity components perpendicu-
lar to its axis, the longitudinal velocity of atoms exiting the
2D-MOT corresponds to the projection of the slower’s exit
velocity on the 2D-MOT axis. We find a flux optimum for a
2D-MOT exit velocity 7, = 20 m s~!, characterizing the trade-
off between low output velocity and excessive losses due to
beam divergence in the Zeeman slower.

Since the transverse velocity is not resolved in our retro-
reflected spectroscopy setup, we deduce it from the size of
the atomic beam in the center of the main chamber. Vary-
ing the probe beam diameter, we estimate an atomic beam
diameter of 1 cm at a distance of 23 cm from the exit of the
2D-MOT. This corresponds to a maximum transverse veloc-
ity (1 cm/23 cm) -v; < 1ms; or five times the Doppler limit
(0.18 m s~!) and represents a factor 20 improvement over the
atomic beam divergence at the exit of the oven.

The trade-off between divergence and low exit velocity is
also relevant at the exit of the 2D-MOT. Indeed, the longitudi-
nal velocity must be small enough to enable capture by the 3D-
MOT, while maintaining sufficient beam collimation despite
the 23 cm travel distance between the exit of the 2D-MOT and
the center of the 3D-MOT. Since the transverse velocity is on
the order of 1 m s~ !, forward velocities around 20 m s~! and
above are required to restrict the atomic beam diameter to the
practical size of single digit centimeters.

5. Full system characterization

We characterize the overall performance of the system con-
sisting of the oven, the Zeeman slower, and the 2D-MOT by
capturing the ytterbium atoms in a large volume 3D-MOT
and measuring the corresponding loading rate. This provides
a realistic estimate of the useable flux for further cooling steps
and removes the need for geometrical assumptions associated
with spectroscopic flux measurements.

5.1. 3D-MOT

We operate the 3D MOT on the 'S, — 'P; transition. The
laser beams have a 1/e? diameter around 2 cm. The magnetic
field gradient is produced by a pair of coils in anti-Helmholtz
configuration. We determine the number of trapped atoms by
absorption imaging.

We optimize the trap for loading rate and maximum atom
number. We find the optimal loading performance for a detun-
ing A = —32 MHz &~ —1.1T fromthe 'S — 'P, resonance, a
magnetic field gradient B =210mT m~', and Pyior = 30 mW
per beam (0.08 x Iy per beam). Figure 7 shows the loading
performance. Our trap saturates at a steady-state atom number



J. Phys. B: At. Mol. Opt. Phys. 54 (2021) 035301

E Wodey et al

108

Atom number

Loading time (s)

Figure 7. Loading curve of the 3D MOT. The solid line is a fit of
equation (6), with best fit parameters v = 1 x 10 at s~! and

R = 2/s. The black points (e) represent averages over six
realizations of the loading time scan (purple points, @) with error
bars corresponding to the standard deviation.

of 5 x 10® atoms within about 2 s. We extract the loading rate
using a one-body loss rate model:

R
N(1) = 5 (I = exp(=1), (6)

where R is the loading rate [27]. The one-body loss rate
contains losses due to background collisions but is domi-
nated by radiative loss via the *D 12 to the SPO’2 states (inset
figure 3), making it highly dependent on beam intensity and
detuning [28]. No significant two-body losses were observed
compared to the strong one-body loss rate and are therefore
neglected.

Adjusting the model of equation (6) to the data in figure 7,
we find R = 1 x 10° at s7' and 7 = 2/s. At higher pow-
ers the maximum loading rate remains the same but relaxes
the requirements on detuning and gradient, allowing the same
loading rate in a larger part of the parameter space. This
behaviour suggests that in these configurations the loading
rate is limited only by the flux into the main chamber and
would allow for larger steady-state numbers at larger detun-
ings and gradients as long as sufficient laser power can be
provided.

5.2. System performance evaluation

Starting from a flux of 2 x 10'* at s~! at the exit of the oven,
our apparatus loads 5 x 10% '7*Yb atoms in 2 s (1 x 10° at
s~! initial loading rate) in a 3D-MOT on the 'S, — 'P, transi-
tion. Accounting for the natural abundance of '7*Yb (32%),
this represents a loss of five orders of magnitude in atom
numbers during the slowing, redirection, and recollimation
processes.

Table 2. Flux of '"#Yb atoms at different positions along the
beamline. The oven flux is given in figure 4 weighted by the natural
abundance of '7*Yb. For the Zeeman slower, we distinguish between
the total flux of atoms, cumulating all velocity classes, and the
slowed flux, accounting only atoms with less than 50 m s~! forward
velocity. Finally, the captured flux is the loading rate into the
3D-MOT according to equation (6).

1

Position along beamline Flux in atoms s~

Oven 6 x 1013
Zeeman slower total 5 x 101
Zeeman slower (<50 m s~ 1) 6 x 10°
Captured by 3D-MOT 1 x10°

Table 2 shows a summary of flux measurements performed
along the beamline. The major loss contributor is the Zeeman
slower. The loss of total flux, cumulating all velocity classes at
the exit of the Zeeman slower’s vacuum pipe, is accounted for
by the slower’s length (60 cm including all connection pieces
and isolation valves) and the divergence of the atomic beam
exiting the oven (70 mrad, see figure 4). This gives a maximum
throughput of 1.3%, i.e. a maximum flux of 8 x 10'" at s~!, in
good agreement with the measured value of 5 x 10'! at 57!,
The loss of flux during the slowing process is split between the
slower’s velocity acceptance (25% of the atoms are above the
capture velocity v. = 390 m s~!) and atomic beam divergence
inside the slower (see discussion in section 3), with the latter
dominating largely.

Reducing the divergence of the atomic beam at the exit
of the oven is therefore a promising way for improving the
slowing efficiency and preserving flux along the beamline.
For example, reducing the divergence half-angle by a factor 3
increases the geometric throughput by almost a factor 8 and is
expected to also improve on the slowing losses. Since the oven
is operated near the opaque channel regime to achieve high
flux, the collimation needs to be performed optically. With
our apparatus, the above recollimation would require around
150 mW of laser power which are currently not at our disposal.
Improvements by simple optical collimations after the oven
have been observed by experiments, for example in reference
[8]. Nevertheless, when the oven nozzle is in the opaque chan-
nel regime, the divergence increases with flux, correspond-
ingly constraining the laser system or the geometry of the
optical collimation chamber. Alternatively, the slower’s length
could be reduced, limiting divergence effects but decreasing
it’s safety margin 7, or the slowing beam’s diameter can be
increased, at the expense of a considerable rise in laser power
consumption.

As discussed in section 4, the current apparatus is unsuit-
able for direct loading of a MOT operating on the 'S, — P,
transition [27]. This is mostly due to the size of the 3D trap
chamber, constrained by other design requirements for this
apparatus. In order to keep a reasonably sized MOT, the trans-
verse velocity around 1 m s~! of the atoms exiting the 2D-
MOT require the forward velocity to stay above 20 m s~! while
not significantly sacrificing flux. In order to benefit from nar-
row line cooling, further optimization of the 2D-MOT stage
up to the Doppler limit is a possibility. However, it is more
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versatile to add an extra slowing stage in the main chamber.
The most straightforward would be sequential loading via a
singlet MOT but other schemes such as two-stage cooling [29]
or a core-shell MOT [9] might also be considered.

6. Conclusion

We have built and characterized a source of laser-cooled ytter-
bium atoms delivering 1 x 10° atoms s~! in a 3D magneto-
optical trap. All necessary magnetic fields on the atomic
beamline are produced by permanent magnets in Halbach con-
figurations. This provides easily reproducible designs with low
stray magnetic fields, as well as a high robustness since no
maintenance on e.g. water cooling circuits is required. Also,
the resulting assembly is lightweight and can be disassembled
for investigation, vacuum bakeout, or transportation. Apart
from the laser systems, the only electrical power consumption
stems from the oven (<50 W) and could be further reduced
using in-vacuum heating [20]. In particular, we found the
use of an in-vacuum mirror for coupling the Zeeman slowing
laser beam in the chamber to be an efficient alternative to the
commonly used heated viewports.

Besides a Zeeman slower, our apparatus features a 2D-
MOT operated as a deflection and recollimation stage. While
adding little complexity, this component is crucial to keeping a
high fraction of the flux exiting the Zeeman slower capturable
by the subsequent 3D trap. This is in particular relevant in
setups, like ours, where the main experimental chamber needs
to have a large physical volume due to other design constraints,
at the expense of little loss of flux.

Our study involves a detailed characterization of the atomic
beam emerging from a microchannel nozzle. We confirm that
systems aiming at very high fluxes operate at the onset of the
opaque channel regime, where interatomic interactions inside
the nozzle cannot be neglected and the atomic beam divergence
increases with increasing flux. Because initial beam diver-
gence directly impacts the performance of the Zeeman slower,
we anticipate the nozzle to be a major design point for future
devices aiming at even higher flux.

Overall, our apparatus operates reliably at its maximum per-
formance level with no other maintenance than that associated
with laser systems at a level comparable to that achieved in
other ytterbium [9] and strontium [8] setups. Owing to the
simple permanent magnet assembly, the complexity added by
the Zeeman slower compared to pure 2D-MOT systems [30,
31] is minimal, while significantly increasing cold flux. This
constitutes a solid starting point for complex cold atoms exper-
iments such as, but not limited to, high-performance atom
interferometers.
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