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This Supplemental Material contains in-depth infor-
mation about our apparatus and approach used to
demonstrate a steady state magneto-optical trap with
a phase space density of 10−3. In Sec. I we give details
on the experimental setup. In Sec. II we describe the
characterization of the velocity distribution from the 2D
Blue MOT. In Sec. III we estimate the heating rate at
the location of Red MOT I arising from blue photons
scattered from the 2D Blue MOT. In Sec. IV we de-
scribe and discuss key features observed in the results
we obtain from a 3D Monte Carlo numerical model of
the atoms flowing through the system.

I. DETAILS OF THE EXPERIMENTAL SETUP

The atomic source is an oven producing a 10 mm diam-
eter effusive jet of strontium atoms by heating Sr metal
pieces (99.5 % from Alfa Aesar) to around 500 ◦C. While
the oven was designed to operate at 550 ◦C for 18 months
it is currently operated at only 500 ◦C as this has been
found to deliver sufficient flux and will extend the op-
erating life before needing to refill the Sr reservoir and
rebake the oven section of the vacuum system. Increas-
ing the temperature to 550 ◦C is expected to increase
the flux by a factor of five, an important option when
working with 0.5 % abundant 84Sr. The oven output is
collimated by an array of 8 mm long stainless steel mi-
crotubes with 80µm inner diameter and 180µm outer
diameter, following a design inspired by [1]. The atoms
are then transversely cooled in two dimensions over a
90 mm long region using for each axis a “zig-zag” config-
uration with four passes and retro-reflection of the laser
beam. Finally a 105 cm long Zeeman slower, with a spin-
flip design and a modeled maximum capture velocity of
500 m/s, slows the atoms to approximately 20 m/s.

The Zeeman slower output is captured by a 2D MOT
using the blue 461 nm transition. The 2D MOT mag-
netic field gradient is created by two vertical perma-
nent magnet arrays, facing each other with opposite pole
orientation. The position and orientation of individual
magnets stacked in each array can be independently ad-
justed to produce the desired radial gradient, which is
approximately 10 G/cm in the region of the blue MOT
and rapidly transitions to approximately 2 G/cm over
about 15 mm. Helmholtz bias coils are used to trim the
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pointing and location of the 2D MOT in order to maxi-
mize capture by the 3D red MOT in the second chamber.
Other details are described in the main text and illus-
trated in Fig. S1. The parameters of all the beams for
laser cooling on the blue transition are listed in Tab. SI.
The parameters of the beams used for Red MOT I, Red
MOT II(a) and Red MOT II(b) are listed in Tab. SII,
Tab. SIII and Tab. SIV, respectively.

II. VELOCITY DISTRIBUTION FROM THE 2D
BLUE MOT

The atoms exiting the Zeeman slower enter the 2D
MOT region. Due to the broad linewidth of the blue
transition, they are rapidly cooled to about 1 mK in the
radial direction, but are presumably unaffected in the
2D MOT, vertical axis. The velocity distribution along
this axis depends mostly on the oven output collimation,
the transverse cooling stage, and the transverse spread
due to scattering from the Zeeman slower beam. This
last contribution amounts to about 5×104 spontaneously
emitted photons, which gives an energy increase in the
slower transverse direction of ∼ 15 mK, part of which
will affect the vertical velocity distribution.

Aiming to measure the vertical velocity distribution,
we place two cylindrical 4 mm 1/e2-diameter high by
16 mm 1/e2-diameter wide “gate” beams in the top
chamber, which are actuated by fiber coupled acousto-
optic modulator “switches” and centered 40.8 mm and
70.8 mm below the plane of the Zeeman slower. Each
beam uses approximately 2 mW of light resonant with
the blue transition to “blow away” any atoms attempt-
ing to travel to the bottom chamber. By sequentially
opening these blocking beams a known velocity class
can be selected. We find that opening any one beam
for less than 5 ms (with the other beam off) results in
no atoms transmitted to the lower chamber, so we use
a 6 ms gate opening time resulting in an effective open-
ing time of 1 ms. Atoms are collected in Red MOT I
and then compressed by ramping up the gradient and
decreasing the detuning to give a cloud dense enough
to reliably measure the atom number using absorption
imaging. By scanning the time between the opening of
the two gate beams, we measure the velocity distribution
of the atomic beam emanating from the top chamber
that is capturable by Red MOT I, see Fig. S2.
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Figure S1. CAD drawing of the machine excluding vacuum pumping sections.

Table SI. Properties of laser cooling beams using the blue 1S0 − 1P1 transition.

Beam name Detuning [MHz]
Power
[mW]

1/e2

diameter
[mm]

Comments

Transverse
cooling

−18 (−0.6Γ) 30 23 × 9.6

Beam is passed 4 times side by side
giving a 90 mm long cooling region.

Same for both horizontal and vertical
axes.

Zeeman slower −424 (−14Γ) 64 25.4
Focused to 12 mm diameter at the

oven exit.

2D MOT −25 (−0.8Γ) 10.5 22.8
4 beams with centers at the same
height as the Zeeman slower axis.

Plug beams −13 (−0.4Γ) 0.017 9.6
2 symmetric beams inclined at 8 ◦ to
the vertical (y axis) and aimed at the

top half of the blue 2D MOT.

III. HEATING FROM BLUE MOT PHOTONS

We now estimate the heating of Red MOT I by the
scattering of fluorescence photons from the 2D blue
MOT. The minimum scattering rate from atoms in
a red MOT that is required to counter acceleration
due to gravity is γmin = mg/~k, where m is the
atom mass, ~ is the reduced Planck constant and k
is the photon wavenumber. Considering a blue transi-
tion photon scattering rate of 20 % of γmin as accept-
able, we can estimate the maximum allowable inten-
sity of the blue photon flux at the location of the red
MOT, Imax ≈ 0.2× 2γminIsat,blue/Γblue ≈ 0.13µW/cm2,
with Isat,blue and Γblue being the saturation intensity
and the natural linewidth of the blue transition, re-
spectively. Our blue MOT with optical frequency
νblue has a flux of F ≈ 2.5 × 109 atoms/s and atoms
spend around tblue ≈ 20 ms passing through the blue
MOT. The intensity of the blue MOT light is IMOT ≈

Isat,blue/4. The power scattered by the 2D blue MOT
is thus P = Ftblue hνblue Γblue/2 IMOT/(Isat,blue(1 +
IMOT/Isat,blue)) ≈ 4.1 × 10−4 W. If we ignore all other
sources of blue transition photons such as scattering off
the chamber surfaces and windows, and consider only
scattered light from the 2D MOT atoms, we need a min-
imum distance r of r >

√
P/(4πImax) ≈ 16 cm to re-

duce heating in the red MOT to an acceptable level. For
the production of a degenerate gas where we require a
scattering rate below 1 Hz for a reasonable lifetime, the
corresponding distance is r > 2.8 m. This effectively re-
quires there be no line of sight between a BEC and the
2D blue MOT, or any surface scattering light from the
blue MOT, which dictates our apparatus design.
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Table SII. Properties of laser beams used for Red MOT I. Under “detuning” ∆1 : δ : ∆2 refers to a modulated comb of lines
from ∆1 to ∆2 with a spacing of δ.a

Beam name Detuning [MHz]
Power
[mW]

1/e2

diameter
[mm]

Comments

2D Red
molasses

-0.03 : 0.025 : -0.75 4.6 45.6 × 18.2
2 sets of 2 counter-propagating
beams, centered 38 mm below

Zeeman slower plane.

Red MOT I Y -0.95 : 0.017 : -5 10.8 68

Waist given 22 cm below the
quadrupole center. Beam focused on
the bottom baffle 22 cm above the
quadrupole center at z = +10 mm
from the central axis of the falling

atomic beam.

Red MOT I X -0.7 : 0.015 : -3 3.3 47 2 counter-propagating beams

Red MOT I Z
Outer

-0.7 : 0.016 : -3 1.14 48
2 counter-propagating beams with an

8mm hole to allow Red MOT I Z
Inner beams to pass.

Red MOT I Z
Inner

-0.73 : 0.017 : -1.1
0.16a 8 2 counter-propagating beams

-1.1 : 0.019 : -3.5

a Note that due to nonlinearities in the amplifiers and AOMs, it is not possible to separately measure the optical powers in each
component of the spectrum.

Table SIII. Properties of laser beams used in the apparatus for Red MOT II(a). Under “detuning” ∆1 : δ : ∆2 refers to a
modulated comb of lines from ∆1 to ∆2 with a spacing of δ.

Beam name Detuning [MHz]
Power
[mW]

1/e2

diameter
[mm]

Comments

2D Red
molasses

-0.03 : 0.025 : -0.75 4.6 45.6 × 18.2
2 sets of 2 counter-propagating
beams, centered 38 mm below

Zeeman slower plane.

Red MOT I Y -0.5 : 0.017 : -4 10.8 68

Waist given 22 cm below the
quadrupole center. Beam focused on
the bottom baffle 22 cm above the
quadrupole center at z = +10 mm
from the central axis of the falling

atomic beam.

Red MOT I X -0.7 : 0.015 : -3 3.3 47 2 counter-propagating beams

Red MOT I Z
Outer

-0.7 : 0.016 : -4 1.14 48
2 counter-propagating beams with an

8mm hole to allow Red MOT II Z
Inner beams to pass.

Red MOT II Z
Inner

-0.1 : 0.017 : -0.25
0.063a 8 2 counter-propagating beams

-0.26 : 0.015 : -2.85

Red MOT II Y
-0.1 : 0.016 : -0.25

0.43a 36 1 upward-propagating beam
-0.26 : 0.014 : -2.85

Red MOT II X
-0.1 : 0.017 : -0.25

0.099a 28.8 2 counter-propagating beams
-0.26 : 0.013 : -2.85

IV. NUMERICAL MODEL RESULTS

We now describe the behavior of the hybrid
slower+MOT setup, based on our numerical simulations.
The results for the 1D idealized situation have already
been presented in Fig. 2(b) of the Letter and the 3D

Monte Carlo simulations are shown in Fig. 2(c) of the
Letter and Fig. S3. The 3D simulations begin with atoms
released from the center of the aperture in the bottom
baffle approximately 20 cm above the quadrupole field
center in the case of Red MOT I, and with only a y veloc-
ity component. The atoms are then allowed to fall under
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Table SIV. Properties of laser beams used in the apparatus for Red MOT II(b). Under “detuning” ∆1 : δ : ∆2 refers to a
modulated comb of lines from ∆1 to ∆2 with a spacing of δ.

Beam name Detuning [MHz]
Power
[mW]

1/e2

diameter
[mm]

Comments

2D Red
molasses

-0.03 : 0.025 : -0.75 4.6 45.6 × 18.2
2 sets of 2 counter-propagating
beams, centered 38 mm below

Zeeman slower plane.

Red MOT I Y -0.5 : 0.017 : -4 10.8 68

Waist given 22 cm below the
quadrupole center. Beam focused on
the bottom baffle 22 cm above the
quadrupole center at z = +10 mm
from the central axis of the falling

atomic beam.

Red MOT I X -0.7 : 0.015 : -3 3.3 47 2 counter-propagating beams

Red MOT I Z
Outer

-0.7 : 0.016 : -4 1.14 48
2 counter-propagating beams with an

8mm hole to allow Red MOT II Z
Inner beams to pass.

Red MOT II Z
Inner

-0.04 : 0.017 : -0.2 0.016 8 2 counter-propagating beams

Red MOT II Y -0.04 : 0.016 : -0.2 0.09 36 1 upward-propagating beam

Red MOT II X -0.04 : 0.017 : -0.2 0.026 28.8 2 counter-propagating beams
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Figure S2. Velocity distribution of the atomic beam emitted
downward by the blue 2D MOT and captured by Red MOT I,
given for atoms located 55 mm below the plane of the Zeeman
slower.

gravity and experience radiation pressure from the vari-
ous laser beams and heating from spontaneous emission.
Spontaneous emission heating is modeled as a lumped
impulse in a random direction proportional to the root
of the net radiation impulse absorbed.

In the idealized case, for a low starting velocity 20 cm
above the quadrupole field center (below 5 m/s), the
falling atoms first experience a Zeeman slower-like decel-
eration on the σ+ transition with a scattering rate close
to Γred/2, where Γred is the natural linewidth of the red

1S0 − 3P1 transition. This scattering rate corresponds
to a deceleration of about 16 g (blue-colored region in
Fig. 2(b) of the Letter). As atoms keep decelerating, the
Doppler shift δDoppler diminishes and a combination of
the Zeeman effect and the broadening ∆νL of the laser
beam frequency dictates the scattering rate at each spa-
tial location. Eventually atoms are almost at rest in
the vertical direction and δDoppler becomes negligible.
Atoms thus behave like in a standard broadband MOT,
and they reach the height where the radiation pressure
compensates exactly gravity, typically at the top of the
spatial region addressed by the broadband MOT (yellow-
colored region labeled “MOT” in Fig. 2(b) and (c) of the
Letter). These atoms are thus captured in the MOT.

For medium starting velocities (between 5 and 6.2 m/s
in the idealized case) the atoms’ scattering is saturated
for most of the time, until atoms are stopped in the ver-
tical direction. This happens at a location deep within
the region addressed by the broadband MOT. As a con-
sequence, the scattering rate is way more than what is
necessary to compensate gravity, and the hybrid setup
acts as a spring and makes the atoms bounce up (see
region labeled “Bounce” in Fig. 2(b) and (c) of the Let-
ter). The relatively weak gravitational force is the only
mechanism to push them downward. The simulations
indicate that most atoms having bounced will then fall
back into the MOT region and get captured there, pro-
vided they do not reach surfaces of the vacuum chamber.
The horizontal confinement provided by Red MOT I X
and Z beams is instrumental to this purpose.

For high starting velocities (above 6.2 m/s in the ide-
alized case), the saturated scattering is insufficient to
provide enough deceleration for the atoms before they
reach the bottom of the spatial region addressed by the



5

broadband MOT, and they are not captured (region la-
beled “Fall” in Fig. 2(b) and (c) of the Letter).

The main difference between the idealized case and
the more realistic 3D simulation results is the influence
of the π transition. Due to the tilted magnetic field orien-
tation with respect to the hybrid vertical slower beam, a
large part of the interaction occurs on the non-magnetic
π transition and the σ+ Zeeman slower-like transition
is less important, as shown in Fig. S3. Moreover, two
main extra features appear in the results of the 3D sim-
ulations. The first is the disappearance of scattering for
starting velocities above 6.5 m/s, which limits the max-
imum capture velocity. This originates from the Red
MOT I vertical beam frequency boundaries, in combi-

nation with its location. Indeed, because of the tilt we
apply to the beam in order to hit the side of the bottom
baffle, the fastest atoms enter the beam location only
after having passed the spatial region where the light
is on resonance with the slowing transitions, and thus
they are never decelerated. The second feature is the
kink in scattering rate appearing for starting velocities
of 3.2 m/s for Red MOT I and 2.5 m/s for Red MOT
II(a). This arises when atoms enter the vertical slower
beam with a velocity smaller than the minimum velocity
addressed by the σ+ transition but within the frequency
range of the π transition. In this case atoms are slowed
entirely by the π transition before falling at the maxi-
mum velocity allowed by the π transition into the MOT
region.

[1] R. Senaratne, S. V. Rajagopal, Z. A. Geiger, K. M. Fuji-
wara, V. Lebedev, and D. M. Weld, Rev. Sci. Instrum.
86, 023105 (2015).

http://dx.doi.org/10.1063/1.4907401
http://dx.doi.org/10.1063/1.4907401
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Figure S3. Monte Carlo simulations of the hybrid slower+MOT. In these simulations, atoms start to fall from the center
of the bottom baffle between the chambers, approximately 20 cm above the quadrupole center in the case of Red MOT I,
with only a downward, y velocity component, which is indicated on the vertical axis. The horizontal axis corresponds to time
during 1D trajectories along y. (left) Scattering in the Red MOT I configuration and (right) scattering in the Red MOT II(a)
configuration. (a-b) Total scattering rate (in units of gravity g), (c-d) scattering from the σ+ (MOT and Zeeman) and (e-f)
scattering from the π (non magnetic) components separated.
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