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Benjamin Pasquiou ID ,1, 3 Shayne Bennetts ID ,1, 3 and Florian Schreck ID 1, 3, ∗

arXiv:2012.07605v2 [cond-mat.quant-gas] 16 Sep 2021

1

Van der Waals-Zeeman Institute, Institute of Physics, University of Amsterdam,
Science Park 904, 1098XH Amsterdam, The Netherlands
2
Institute for Theoretical Physics, Institute of Physics, University of Amsterdam,
Science Park 904, 1098XH Amsterdam, The Netherlands
3
QuSoft, Science Park 123, 1098XG Amsterdam, The Netherlands
(Dated: September 17, 2021)

Bose-Einstein condensates (BECs) are macroscopic coherent matter waves that have revolutionized quantum science and atomic physics. They are essential to quantum simulation [1] and sensing [2, 3], for example underlying atom interferometers in space [4] and ambitious tests of Einstein’s
equivalence principle [5, 6]. The key to dramatically increasing the bandwidth and precision of
such matter-wave sensors lies in sustaining a coherent matter wave indefinitely. Here we demonstrate continuous Bose-Einstein condensation by creating a continuous-wave (CW) condensate of
strontium atoms that lasts indefinitely. The coherent matter wave is sustained by amplification
through Bose-stimulated gain of atoms from a thermal bath. By steadily replenishing this bath
while achieving 1000x higher phase-space densities than previous works [7, 8], we maintain the conditions for condensation. This advance overcomes a fundamental limitation of all atomic quantum
gas experiments to date: the need to execute several cooling stages time-sequentially. Continuous
matter-wave amplification will make possible CW atom lasers, atomic counterparts of CW optical
lasers that have become ubiquitous in technology and society. The coherence of such atom lasers
will no longer be fundamentally limited by the atom number in a BEC and can ultimately reach
the standard quantum limit [9–11]. Our development provides a new, hitherto missing piece of
atom optics, enabling the construction of continuous coherent matter-wave devices. From infrasound gravitational wave detectors [12, 13] to optical clocks [14, 15], the dramatic improvement in
coherence, bandwidth and precision now within reach will be decisive in the creation of a new class
of quantum sensors.

Interferometers listen to gravitational waves, image
the shadow of black holes, and are at the core of countless other high-precision measurements in science and
technology. An interferometer achieves its outstanding
sensitivity through the interference of waves. For example, the wave-like properties of matter are exploited
in the world’s most accurate sensors of acceleration and
gravity [16]. Interferometers reach optimal sensitivity
and bandwidth by using continuous, coherent, highbrightness sources, which is why many optical interferometers, such as LIGO, are based on CW lasers. However, no continuous matter-wave source with long-range
coherence currently exists, which prevents atom interferometers from reaching their full potential. Creating such
a CW source of matter will benefit applications ranging
from geodesy [17, 18], to tests of Einstein’s equivalence
principle [5, 6], gravitational-wave detection [12, 13, 19–
21], and dark-matter and dark-energy searches [22, 23].
The key to realizing a CW BEC of atoms is to continuously amplify the atomic matter wave while preserving
its phase coherence [24]. An amplification process is essential to compensate naturally occurring atom losses,
e.g. from molecule formation. It is also needed to replace the atoms that will be coupled out of the BEC for
sustaining an atom laser or atom interferometer. Addressing this challenge requires two ingredients: a gain
∗
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mechanism that amplifies the BEC and a continuous supply of ultracold atoms near quantum degeneracy.
The first steps towards a continuous gain mechanism
were taken by [25], where merging of independent condensates periodically added atoms to an already existing BEC, but where coherence was not retained across
merger events. A Bose-stimulated gain mechanism into
a single dominant mode (the BEC) is required to provide gain without sacrificing phase coherence. Such gain
mechanisms have been demonstrated using elastic collisions between thermal atoms [24, 26], stimulated photon
emission [27], four wave mixing [28, 29] or superradiance [30]. However, in all these demonstrations the gain
mechanism could not be sustained indefinitely.
To sustain gain the second ingredient is needed: a continuous supply of ultracold, dense gas with a phase-space
density — the occupancy of the lowest motional quantum state — approaching ρ = 1. Great efforts were spent
developing continuously cooled beams of atoms [31, 32]
and continuously loaded traps [7, 8], which so far have
reached phase-space densities of ρ = 10−3 . To achieve
the required µK temperatures, these experiments have
to use laser cooling, but near-resonant laser cooling light
is highly destructive for BECs [33]. Several experiments
have maintained a BEC in the presence of harmful light,
either by spatially separating the laser cooling from the
quantum gas [7, 25, 31, 32, 34] or by reducing the quantum gas’ absorbance [24, 35–37].
Here we demonstrate the creation of a CW BEC that
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Fig. 1. |Experimental setup and scheme. a, 84 Sr atoms from a steady-state narrow-line magneto-optical trap (MOT)
are continuously outcoupled into a guide and loaded into a crossed-beam dipole trap that forms a large reservoir with a
small, deep dimple. Atoms accumulate in the laser cooled reservoir and densely populate the dimple, where a Bose-Einstein
condensate (BEC) forms in steady state. After time-of-flight expansion, the BEC shows as an elliptical feature in the center of
an absorption image. b, By off-resonantly addressing the 3 P1 − 3 S1 transition using a “transparency” laser beam, we produce
a strong spatially varying light shift on the 3 P1 electronic state, rendering atoms locally transparent to laser cooling photons
addressing the 1 S0 − 3 P1 transition. This enables condensation in the protected dimple region. c, Schematic of the potential
landscape from both reservoir and dimple trap, and of the dominant mechanisms leading to BEC atom gain and loss.

can last indefinitely. Our experiment comprises both ingredients, gain and continuous supply, as illustrated in
Fig. 1. The centerpiece of the experiment consists of
a large “reservoir” that is continuously loaded with Sr
atoms and that contains a small and deep “dimple” trap
in which the BEC is created. The gas in the reservoir is
continuously laser-cooled, and exchanges atoms and heat
with the dimple gas. A “transparency” beam renders
atoms in the dimple transparent to harmful laser-cooling
photons. The dimple increases the gas density while the
temperature is kept low by thermal contact with the
reservoir. This enhances the phase-space density, leading
to the formation of a BEC. Bose-stimulated elastic collisions continuously scatter atoms into the BEC mode,
providing the gain necessary to sustain it indefinitely.
Experiment
In order to continuously refill the reservoir, a stream
of atoms from an 850 K-hot oven flows through a series
of spatially-separated laser cooling stages. The initial
stages load a steady-state magneto-optical trap (MOT)
operated on the 7.5 kHz-narrow 1 S0 − 3 P1 transition [7],
shown in Fig. 1a. An atomic beam of µK-cold atoms
is then outcoupled and guided [32] 37 mm to the reservoir. This long-distance transfer prevents heating of the
atoms in the reservoir by laser cooling light used in earlier cooling stages.
To slow the ∼ 10-cm s−1 atomic beam and load it into
the reservoir while minimizing resonant light, we implement a Zeeman slower on the 1 S0 − 3 P1 |m0J = −1i tran-

sition. This slower employs a single, counterpropagating
laser beam together with the 0.23 G cm−1 MOT magnetic field gradient along the guide [38]. The 11.5 µKdeep reservoir is produced by a horizontal 1070-nm
laser beam focused to an elliptical spot with waists
wy = 14.5 µm vertically and wx = 110 µm horizontally. A 6° horizontal angle between the guide and
reservoir allows the decelerated atoms to be nudged
into the reservoir after reaching the intersection. The
atomic beam and the reservoir are radially cooled by
two pairs of beams addressing the magnetically insensitive 1 S0 |mJ = 0i − 3 P1 |m0J = 0i transition.
This arrangement of traps and cooling beams leads
to the irreversible loading of the reservoir with a flux
ΦR = 1.4(2) × 106 atoms s−1 [38], a radial temperature of TRr = 0.85(7) µK, and an axial temperature of
TRz =
 3.0(5)
 µK. The
 corresponding
 phase-space flux is

κ=

∂ρR
∂t

T

= ΦR

~3 ωRx ωRy ωRz
3 T2 T
kB
Rr Rz

= 5.0(2) × 10−2 s−1

[39], where ~ is the reduced Planck constant, kB the
Boltzmann constant, and ωRi /2π are the reservoir trap
frequencies.
To reduce heating and loss we use a “transparency”
laser beam [36] that renders atoms in the dimple trap
transparent to near-resonant cooling light. This beam
is overlapped with the dimple and its frequency is set
33 GHz blue detuned from the 3 P1 − 3 S1 transition, so
as to locally apply a differential light shift on the 1 S0 −
3
P1 transition, see Fig. 1b and [38]. All transitions to the
3
P1 manifold are thereby shifted by more than 500 times
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Fig. 2. |Detection of the CW BEC. a, b, Absorption images of the atomic cloud before and after condensation. The atoms
are imaged after an 18 ms time-of-flight expansion. c, d, Optical density within the rectangles marked by corners in a and b,
averaged along y. Fitted profiles using a thermal-only distribution (green dashed line) or a bi-modal distribution, consisting of
a thermal (red line) and a Thomas-Fermi (blue line) component. The thermal-only fit fails to represent the condensed atoms
in d (blue shaded area). e, f, Corner-marked square region of absorption images a and b minus thermal parts of the bi-modal
fits, showing the continuous-wave BEC.

the 1 S0 − 3 P1 linewidth, while atoms in the 1 S0 ground
state experience a light shift of only 20 kHz. Without
the transparency beam, the lifetime of a pure BEC in the
dimple is shorter than 40 ms while with the transparency
beam it exceeds 1.5 s [38].
For a BEC to form in the dimple, the ultracold gas
must exceed a critical phase-space density of order one.
The dimple is produced by a vertically propagating
1070-nm beam with 27 µm waist focused at the center of the reservoir. In steady state the 6.9(4) × 105
atoms in the dimple are maintained at a low temperature (TD = 1.08(3) µK) by thermalization through collisions with the 7.3(1.8) × 105 laser-cooled atoms in the
reservoir [36]. The dimple provides a local density boost,
thanks to its increased depth (7 µK) and small volume
compared to the reservoir [40–42]. This leads to a sufficient phase-space density for condensation.
In a typical instance of our experiment we suddenly
switch all laser beams on and let atoms accumulate in
the reservoir and dimple for a time thold . The phasespace density in the dimple increases and eventually a
BEC forms. The BEC grows thanks to preferential Bosestimulated scattering of non-condensed atoms into the
macroscopically populated BEC mode. This produces
continuous matter-wave amplification, the gain mechanism for the CW BEC [26]. The BEC grows until losses
eventually balance gain and steady state is reached.

absorption images are taken after switching off all laser
beams and letting the cloud expand for 18 ms. Both images show broad distributions of thermal atoms that are
horizontally extended, reflecting the spatial distribution
of the gas before expansion. Interestingly, the image
for the longer thold shows a small additional elliptical
feature at the location of highest optical density, which
is consistent with the presence of a BEC. The appearance of a BEC is clearly revealed in Fig. 2c, d, showing
y-integrated density distributions. For short thold only
a broad, thermal distribution exists. However for long
thold a bi-modal distribution appears, the hallmark of a
BEC.

Analysis of the CW BEC
We now demonstrate the existence of a BEC and later
show that it persists indefinitely. To tackle the first point
we analyze atomic cloud density images for thold = 2.2 s
and 3.2 s, immediately before and after the formation
of a BEC, as shown in Fig. 2a, b. These x-integrated

Once established, the BEC can be maintained in
steady state indefinitely with gain balancing losses. As
shown in Fig. 3, we study the formation transient and
stability of the condensate by recording and analyzing
images for different thold . Fig. 3a shows representative
density profiles during the initial 5 s formation transient

We further validate the BEC’s existence by fitting theoretical distributions to the absorption images in Fig. 2a,
b. As shown in Fig. 2c, d, excellent agreement is found
by combining a thermal distribution with a ThomasFermi (TF) distribution describing the BEC. At short
hold times, we find that a thermal fit alone is sufficient
to describe the data, whereas at longer times the additional TF component is required, indicating the presence of a BEC. To clearly visualize the BEC, we remove
the thermal fit component from the data, see Fig. 2e,
f. The pronounced anisotropic shape of the BEC in
Fig. 2f is consistent with the expansion of a BEC from
the anisotropic dimple, whose trap frequency along the
y axis is approximately double that along z [38].
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Fig. 3. |Formation and stability of the CW BEC. a, Profiles as in Fig. 2c,d for various hold times (marked in b)
first during the formation of the BEC (A: 1.5 s, B: 1.8 s, C: 2.2 s, D: 2.5 s, E: 2.8 s, F: 3.2 s), then during the steady state
of the continuous-wave BEC (G: 15 s, H: 30 s, I: 45 s, J: 60 s). b, Evolution of the BEC atom number and the dimple atom
phase-space density ρD in dependence of hold time thold after suddenly switching all laser beams on. The dashed blue line
shows the result of the BEC evolution fitted to the data before 15 s using the rate-equation model [38]. The error bars show
the standard deviation from binning ∼ 4 measurements for each time. c, Histogram of the BEC atom number from 208 images
for thold = 15 s, long after the establishment of steady state (blue star in b). No points fall below our BEC detection limit of
2000 atoms. The 95 % confidence interval (4σN ) calculated from this data set is given in b at 15 s (blue rectangle).

(A-F) and then in the presence of a stable BEC (G-J).
Likewise, Fig. 3b shows the evolution and then stability
of the BEC atom number andthe peak phase-space
den
~3 ωDx ωDy ωDz
sity in the dimple ρD = ND
, where ND
k3 T 3
B

D

is the thermal atom number in the dimple and ωDi /2π
are the dimple trap frequencies. The steady-state BEC
is observed over times much longer than both the lifetime of a pure BEC (1.5 − 3 s) and the background-gas
limited lifetime (7 s) [38].
Although we do not continuously monitor the
continuous-wave BEC, its atom number fluctuations can
be estimated from many independent observations. To
study these fluctuations we collected ∼ 200 measurements for thold = 15 s, significantly longer than both the
lifetimes in the system and the formation transient, see
Fig. 3c. A BEC atom number of N̄ = 7400(2300) is observed, with none of the points falling below our BEC
detection threshold of 2000 atoms [38].
Modelling the formation, growth and stabilization of
the BEC provides valuable insights into this new drivendissipative system. It also provides the gain and loss

from the BEC, which are important for practical applications such as producing a continuous-wave atom
laser [27] and improving matter-wave coherence. We explain the BEC dynamics by fitting a phenomenological
rate-equation model to measured temperature and atom
numbers. Our analysis covers the condensate formation
and perturbations such as disrupting the reservoir loading [38]. From this model we estimate a steady-state
gain of 2.4(5) × 105 atoms s−1 into the BEC, with representative fits shown in Fig. 3b and Fig. S7. A substantial
fraction of this gain could conceivably be translated into
an outcoupled flux forming a CW atom laser. We also
find that losses in the BEC at steady state are dominated
by three-body recombinations with thermal atoms, due
to the gas density exceeding 5 × 1014 atoms cm−3 . The
presence of high, steady in-flux and loss makes our BEC
a driven-dissipative system. We confirm this by showing that it is impossible to model the atoms in the trap
as a closed system in thermal equilibrium [38]. Open
driven-dissipative systems like this one are thought to
exhibit rich nonequilibrium many-body physics waiting
to be explored, such as purity oscillations [43], behaviors
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described by new critical exponents [44], and unusual
quantum phases, especially in lower dimensions [45].
Discussion and conclusion
In summary, we have demonstrated continuous BoseEinstein condensation. The resulting CW BEC can be
sustained indefinitely using constant gain provided by a
combination of Bose-stimulated scattering and atom refilling with high phase-space flux. Our work paves the
way for continuous matter-wave devices, where matterwave coherence is no longer limited by the atom number
and lifetime of a single condensate [10]. In the near future, BEC purity and matter-wave coherence can be improved by enhancing the phase-space flux loading the
dimple. A straight-forward option to achieve this is
to render the reservoir laser cooling uniform by using
a magic-wavelength reservoir trap. Further options include lowering the reservoir temperature by Raman cooling [37] or by adding a continuously operating evaporation stage [31]. Real-time non-destructive detection and
feedback [46] can be used to stabilize the CW BEC atom
number to a stability approaching the shot-noise level
[47] and even beyond, leading to squeezed states [48] for
measurements beyond the standard quantum limit [10].
Our CW BEC is the matter-wave equivalent of a CW
optical laser with fully reflective cavity mirrors. A tantalizing prospect is to add an output coupler to extract
a propagating matter-wave. This could be implemented
by coherently transferring atoms to an untrapped state
and would bring the long-sought CW atom laser finally
within reach [39, 49]. This prospect is especially compelling because our CW BEC is made of strontium, the
element used in some of today’s best clocks [50] and the
element of choice for future cutting-edge atom interferometers [12, 13, 19–21, 51]. Our work will inspire a new
class of such quantum sensors.
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thank Vincent Barbé, Corentin Coulais, Sebastian Diehl,
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guided rubidium atomic beam, Phys. Rev. A 72, 033411
(2005).
[32] C.-C. Chen, S. Bennetts, R. G. Escudero, B. Pasquiou,
and F. Schreck, Continuous guided strontium beam with
high phase-space density, Phys. Rev. Appl 12, 044014
(2019).
[33] Y. Castin, J. I. Cirac, and M. Lewenstein, Reabsorption
of light by trapped atoms, Phys. Rev. Lett. 80, 5305
(1998).
[34] J. Williams, R. Walser, C. Wieman, J. Cooper, and
M. Holland, Achieving steady-state Bose-Einstein condensation, Phys. Rev. A 57, 2030 (1998).
[35] J. I. Cirac, M. Lewenstein, and P. Zoller, Collective laser
cooling of trapped atoms, EPL 35, 647 (1996).
[36] S. Stellmer, B. Pasquiou, R. Grimm, and F. Schreck,
Laser cooling to quantum degeneracy, Phys. Rev. Lett.
110, 263003 (2013).
[37] A. Urvoy, Z. Vendeiro, J. Ramette, A. Adiyatullin, and
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MATERIALS AND METHODS

Creating an ultracold 84 Sr beam
We use the experimental scheme developed in our previous work [7, 32] to create an ultracold 84 Sr beam propagating within a dipole trap guide. The scheme begins
with strontium atoms emitted by an 850 K-hot oven.
They then travel through a succession of laser cooling
stages arranged along multiple connected vacuum chambers using first the 1 S0 − 1 P1 and then the 1 S0 − 3 P1 transitions. Using the 30 MHz-wide 1 S0 − 1 P1 transition is
necessary to efficiently slow and cool the fast atoms from
the oven. However, this strong transition can’t be used
in the last chamber where the BEC is located, due to the
likely heating of the BEC from scattered near-resonant
photons. Cooling using the narrow 1 S0 − 3 P1 transition
is however made possible in this last chamber thanks to
the addition of a transparency beam (see below).
To form a guided beam, atoms arriving in the final vacuum chamber are first captured and cooled in
a narrow-line magneto-optical trap (MOT). They are
then outcoupled into a long, horizontal dipole guide
with a 92 µm waist. The 84 Sr atoms propagate along
the guide with a velocity vG = 8.8(8) cm s−1 , a Gaussian velocity spread ∆vG = 5.3(2) cm s−1 , and a flux
ΦG = 8.6(1.0) × 106 atoms s−1 .
Making the reservoir and dimple traps
The 11.5 µK-deep reservoir is produced by a right circularly polarized 1070 nm laser beam propagating in the z
direction. It uses 540 mW of power focused to an elliptical spot with waists of wy = 14.5 µm vertically and
wx = 110 µm horizontally. The guided atomic beam
and the reservoir intersect with a horizontal angle of 6°,
about 1 mm from the reservoir center and 37 mm from
the MOT quadrupole center. The reservoir beam crosses
approximately 45(10) µm below the guide beam and descends with a vertical tilt of around 1.2(1)° as it separates
from the guide beam. A secondary 250-mW beam of
175(25) µm waist runs parallel to the guide and points
at the reservoir region. The fine adjustment of these
beams is used to optimize the flow of atoms from the
guide to the reservoir.
The dimple region has a 7 µK deeper potential located
at the center of the reservoir. This is mainly produced
by a vertically propagating 1070-nm “dimple beam”, although 1 µK is due to the vertically propagating transparency beam. The dimple beam uses 130 mW of power
linearly polarized along the z axis with a 27 µm waist in
the plane of the reservoir. The dimple trap frequencies
are (ωDx , ωDy , ωDz ) = 2π ×(330, 740, 315) Hz, whereas
the reservoir beam alone produces a trap with frequencies (ωRx , ωRy , ωRz ) = 2π × (95, 740, 15) Hz.
Zeeman slower on the 1 S0 − 3 P1 transition
To load the guided atomic beam into the reservoir it
must first be slowed and pushed into the reservoir. To
perform this task, we implement a Zeeman slower us-

ing the 1 S0 − 3 P1 transition starting ∼ 3 mm before the
guide-reservoir intersection. The slower makes use of
the quadrupole magnetic field of the narrow-line MOT
to provide a magnetic gradient along the guide’s axis.
The MOT’s quadrupole field has gradients of −0.55,
0.32 and 0.23 G cm−1 in the x, y, and z directions respectively. The slower is displaced by 37 mm along the
z axis with respect to the quadrupole center, resulting in a magnetic field offset of 0.85 G. The slower
uses a counter-propagating 200 µm-waist laser beam that
crosses the guide at a shallow horizontal angle of 4°.
We modulate the laser frequency to broaden its effective linewidth to 50 kHz. This makes the slowing robust
to potential fluctuations in the effective detuning (see
Table S1). The light intensity corresponds to 2.2 Isat
when not frequency-broadened, where Isat ≈ 3 µW cm−2
is the transition’s saturation intensity. We choose the
laser detuning to match the Zeeman shift of the 3 P1
|J0 = 1, m0J = −1i state at the intersection between the
guide and reservoir. This way atoms reach zero axial velocity at the intersection before being pushed back and
into the reservoir.
Loading the reservoir
Since the reservoir is a conservative trap, efficiently loading atoms from the guide requires a dissipative mechanism. This is provided in two ways by laser cooling on
the 1 S0 − 3 P1 transition. The first is a “counter Zeeman slower” beam propagating approximately along the
z axis opposing the Zeeman slower beam. This beam
addresses the 3 P1 |J0 = 1, m0J = −1i state with a peak
intensity of ∼ 8 Isat and has a waist of 150 µm. Making use of this magnetic transition, we choose the light
detuning such as to address the atoms near the guidereservoir intersection and thus compensate the backward
acceleration of the Zeeman slower beam. This allows
atoms to gradually diffuse toward the reservoir center,
where collisions and the second laser cooling mechanism
will further lower their temperature.
The second cooling mechanism consists of a molasses
on the radial axes (x, y) addressing the magnetically
insensitive π transition. Using a magnetically insensitive transition avoids impacting cooling by the spatial
inhomogeneities in the effective detuning due to magnetic field variation across the extent of the laser-cooled
cloud. Another cause of spatial inhomogeneities, that
does affect the molasses cooling efficiency, is the differential light shift induced by the reservoir trap. This shift
is around +55 kHz, many times larger than the transition’s linewidth. The optimal molasses cooling frequency
is found to be 42 kHz higher than the unperturbed transition. This partially accommodates for the differential
light shifts and preferentially cools atoms located near
the bottom of the reservoir. To reach the lowest temperature and enable condensation in the dimple, we also
apply a very low total light intensity of 0.4 Isat . With
this choice of detuning and intensity, some of the incoming atoms reach the reservoir center where they are
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Table S1. |Properties of laser beams addressing the narrow-linewidth 1 S0 − 3 P1 transition. Under “Detuning” ∆1 : δ : ∆2
refers to a comb of lines from detuning ∆1 to ∆2 with a spacing of δ, obtained by triangular frequency modulation.

Total power 1/e2 radius
(µW)
(mm)

Beam name

Detuning
(MHz)

MOT X

−0.66 : 0.015 : −2.2

1.2 × 103

23.5

two counter-propagating beams

MOT Y

−0.96 : 0.02 : −3.6

11.3 × 103

34

single beam, upward propagating

MOT Z

−0.825 : 0.017 : −1.25

7

Launch
Zeeman slower

+0.9 : 0.017 : −0.25
−1.74 : 0.017 : −1.79

Counter Zeeman slower −1.77 : 0.017 : −1.79
Molasses X

+0.042

Comments

4

two counter-propagating beams

−3

0.25

single beam

−3

0.2

single beam

0.15

single beam

1.5

14.4

two counter-propagating beams

20 × 10

4.5 × 10

10.5 × 10

−3

Molasses Y(up)

+0.042

3.5

18

single beam, upward propagating

Molasses Y(down)

+0.042

160 × 10−3

19

single beam, downward propagating

radially cooled to TRr = 0.85(7) µK. Other atoms might
be heated out of the 9 µK-evaporation-threshold trap by
the blue detuned light in the outer trap region.
Minimizing heating and loss in the reservoir
The atoms in the reservoir have a lifetime of 7 s limited by collisions with the background gas of the vacuum
chamber. However, these losses can be overwhelmed by
optical effects such as photo-association or heating by
photon scattering. It is therefore critical to minimize
the exposure of the reservoir to unnecessary light, and
we address this point by implementing four techniques.
Firstly, the 37 mm offset between the MOT and reservoir centers allows us to avoid any direct illumination
from the x, y MOT beams on the reservoir, see Fig. S1.
On the z axis, the influence of the MOT beams is greatly
reduced by using a “dark cylinder”, as described in [32].
Secondly, we optimize the cooling spectrum and intensity of each laser cooling beam entering the last vacuum
chamber. By separately measuring their influence on the
reservoir atom number, we optimize on a compromise between the lifetime of atoms and the loading flux. The
results are illustrated in Fig. S1 and Table S1.
Thirdly, we maximize the π polarization component
of the molasses beams that illuminate both the guided
beam and the reservoir, thus minimizing the effects of
unwanted transitions. Unavoidably, beams along the y
axis possess admixtures of σ − and σ + due to the orientation of the local magnetic field.
Finally, we purify the spectrum of the light used to address the 1 S0 −3 P1 cooling transition. Our cooling light is
produced by multiple injection-locked diode lasers beginning from a single external-cavity diode laser (ECDL).
We reduce the linewidth of this ECDL to 2 kHz by locking it onto a cavity with a finesse of ∼ 15000, whose
spectrum has a full-width half maximum of ∼ 100 kHz.
By using the light transmitted through this cavity to
injection lock a second diode laser, we can filter out
the ECDL’s amplified spontaneous emission and servo

bumps. This filtering is critical to increase the atoms’
lifetime inside the dimple by reducing resonant-photon
scattering.
Without the dimple and transparency beams, individual laser cooling beams reduce the lifetime of atoms in
the reservoir to no shorter than ∼ 1.5 s. With the dimple, transparency and all laser cooling beams on, atoms
in the reservoir have a 1/e lifetime of 420(100) ms, as
determined from the fits shown in Fig. S2.
Transparency beam
To minimize the destructive effects of resonant light on
the BEC and atoms within the dimple, we render this region locally transparent to light on the 1 S0 − 3 P1 cooling
transition. By coupling light to the 3 P1 − 3 S1 transition, we induce a light shift on the 3 P1 state as illustrated in Fig. S3a,b. Due to the extreme sensitivity of
the BEC to photon scattering, all sub-levels of the 3 P1
state must be shifted significantly. This requires using
at least two of the three transition types (σ ± , π) in this
J = 1 − J0 = 1 structure. However, when polarizations
at the same frequency are combined, quantum interference between sub-levels always produces a dark state in
the dressed 3 P1 manifold. In this case the energy of
this dark state can only be shifted between ±∆Zeeman ,
where ∆Zeeman is the Zeeman shift of the 3 P1 m0J = 1
state. This corresponds to ∆Zeeman = 1.78 MHz at the
dimple location, giving a light shift that is insufficient
to protect the BEC. Thus it is necessary to use different
frequencies for the different polarization components of
the transparency beam, as illustrated in Fig. S3c.
The transparency beam is implemented by a single
beam propagating vertically and focused on the dimple location with a 23 µm waist. This geometry aims to
minimize the overlap of the transparency beam with the
reservoir volume. In this way, we protect atoms at the
dimple location without affecting the laser cooling taking place in the surrounding reservoir. This is necessary
to maintain the reservoir’s high phase-space flux. The
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Fig. S1. |Spectra of narrow-linewidth cooling lasers,
and their spatial extent. The right side represents the
spectra of cooling lasers addressing the 1 S0 − 3 P1 transition
(vertical red bars) with respect to the (relative) energy of the
states in the 3 P1 manifold, shown on the left side. The energies of these m0J states are given depending on the location
along the z axis, and the horizontal black dashed lines represent their respective Zeeman shifts when atoms are located
inside the reservoir. The horizontal color bars at the bottom
left show the location and spatial extent of each laser beam,
see also Table S1 for detailed beam parameters.

transparency laser light is blue detuned by 33 GHz from
the 3.8 MHz-wide 3 P1 − 3 S1 transition at 688 nm. It contains two frequency components, 7 mW of right-hand circularly polarized light and 3 mW of left-hand circularly
polarized light separated by 1.4 GHz. The magnetic field
at the dimple location lays in the (y, z) plane and has
an angle of 60° with respect to the vertical y axis along
which the transparency beam propagates. This leads to
a distribution of the light intensity onto the transitions
{σ + , σ − , π} of {1, 9, 6} for the left-hand and {9, 1, 6} for
the right-hand circular polarization.
The light is produced from a single external-cavity
diode laser, frequency shifted by acousto-optic modulators and amplified by several injection-locked laser
diodes and a tapered amplifier. Since the 1 S0 − 3 P1 and
3
P1 − 3 S1 lines are less than 1.5 nm apart, it is crucial to filter the light to prevent amplified spontaneous
emission from introducing resonant scattering on the
1
S0 − 3 P1 transition. This filtering is performed by a
succession of three dispersive prisms (Thorlabs PS853
N-SF11 equilateral prisms), followed by a 2.5 m (righthand circular) or 3.9 m (left-hand circular) propagation
distance before aperturing and injection into the final
optical fiber.
Characterizing the transparency beam protection
The transparency beam induced light shifts on the
1
S0 − 3 P1 transition were measured spectroscopically by

Fig. S2. |Loading of the reservoir and dimple at constant flux. We achieve a constant flux ΦG in the guide
by switching the experiment on for 10 s without the Zeeman
slower beam, until reaching a steady flow. We then switch
this beam on at time t = 0. We show (top) the BEC atom
number and the phase-space density ρD in the dimple. The
blue dotted line indicates our BEC detection limit in terms
of condensed atom number. We show (middle) the dimple,
reservoir, and “reservoir+crossing” atom number, and we
show (bottom) the temperature TD in the dimple and the
temperature TRy in the reservoir along the vertical axis. The
dashed lines are the results from fits with exponential growth
or decay, giving access to the (constant) fluxes, one-body loss
rate parameters, and thermalization times (see text). Error
bars represent one standard deviation σ from binning on average 6 data points.

probing the absorption of 88 Sr samples loaded into the
dimple. 88 Sr is used instead of 84 Sr since the higher natural abundance improves signal without affecting the induced light shifts. Spectra are recorded for various transparency beam laser intensities at the magnetic field used
for the CW BEC experiments. The results are shown in
Fig. S3c for one then two polarization components.
The observed light shifts are consistent with the calculated dressed states for the six coupled sub-levels of
the 3 P1 and 3 S1 states. This is evaluated by solving the
Schrödinger equation in the rotating frame of the light
field for a transparency beam consisting of a single frequency, right-hand circular laser beam in the presence
of the measured external magnetic field. The theoretical results are given in Fig. S3c (solid lines, left side)
with no adjustable parameters. We find a reasonable
agreement with the observed shifts and reproduce the
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Fig. S3. |Light shift from the transparency beam. a,
Level scheme showing laser cooling and transparency transitions. b, Schematic of the potential energy landscape of
reservoir and dimple for the 1 S0 and 3 P1 states. Atoms are
rendered insensitive to the laser cooling light by a single vertical “transparency” laser beam (green arrow), containing two
frequency components, one for each circular polarization. c,
Transition energies to the three m0J = 0, ±1 Zeeman sublevels of the 3 P1 manifold, referenced to the transition at zero
electric and magnetic field (black dashed line). The energy
shifts are shown for a single right-hand circular (RHC) polarization (left) and with the addition of the left-hand circular
(LHC) component (right). We show the solutions (solid lines)
of the Schrödinger equation for the 3 P1 manifold coupled by
a light field with single frequency component and RHC polarization. In this case, at high laser intensities, the energy of
the state originating from m0J = −1 saturates, corresponding
to the presence of a dark state. The purple vertical dashed
lines show the operational intensities of the LHC and RHC
light fields used in the CW BEC experiment, and the purple
diamond is extrapolated from the data.

expected saturation of the light shift due to the presence
of a dark state. An optimized fit can be obtained with
a slightly higher intensity corresponding to a waist of
21 µm instead of 23 µm, and a slightly modified polarization distribution. In this fitted polarization distribution,
the contribution of the weakest component, σ − , is enhanced by a factor of roughly 2.5. Both differences can
be explained by effects from the vacuum chamber viewports and dielectric mirrors.
When the left-hand circular polarization component of
the transparency beam is added, we observe in Fig. S3c
(right side) that the “dark” state shifts linearly away. In
this manner all sub-levels of 3 P1 can be shifted by more
than 4 MHz, more than 500 times the linewidth of the
laser cooling transition. For comparison, the light shift
on the 1 S0 ground state from the transparency beam
is 20 kHz, and at most 380 kHz by all trapping beams,

about one order of magnitude smaller than the shift on
3
P1 states from the transparency beam.
We demonstrate the protection achieved by the transparency beam in two ways. Firstly, we measure the
lifetime of a pure BEC inside the dimple in the presence of all light and magnetic fields used in the CW
BEC experiments. This pure BEC is produced beforehand using time-sequential cooling stages. Once the pure
BEC is produced, we apply the same conditions as used
for the CW BEC, except that the light addressing the
1
S0 − 1 P1 transition is off, to prevent new atoms from
arriving. Without the transparency beam the 1/e lifetime of a pure BEC in the dimple can’t even reach 40 ms
while with the transparency beam it exceeds 1.5 s.
Secondly, we show the influence of the transparency
beam on the existence of a CW BEC. Beginning with
the same configuration as the CW BEC but without the
transparency beam, steady state is established after a
few seconds, with no BEC formed. We then suddenly
switch the transparency beam on and observe the sample’s evolution as shown in Fig. S4. While the reservoir
sample seems unaffected, the dimple atom number increases by a factor of 6.4(1.8), indicating fewer losses.
At the same time the sample (partially) thermalizes and
a BEC appears after about 1 s. This demonstrates the
critical importance of the transparency beam.
Characterizing the BEC and thermal cloud
To characterize the CW BEC and surrounding thermal
cloud, we switch all traps and beams off, and perform
absorption imaging. Fitting the expanding clouds’ distributions allows us to estimate atom numbers and temperatures throughout the system, as well as the number
of condensed atoms, all from a single image.
We begin with absorption images typically recorded
after an 18 ms time-of-flight expansion. The observed 2D
density distribution can be fitted by an ensemble of four
thermal components plus an additional Thomas-Fermi
distribution when a BEC is present. Three independent
2D Gaussian functions represent atoms originating from
the dimple, the reservoir, and the crossing between the
guide and reservoir. Atoms originating from the guide
are represented along the guide’s axis by a sigmoid that
tapers off due to the effect of the Zeeman slower, and in
the radial direction by a Gaussian profile. Examples are
shown in Fig. S5.
We found this fit function with 18 free parameters to
be the simplest and most meaningful one capable of representing the data. By combining knowledge of their
distinct locations and/or momentum spreads, we can
determine individually the populations and their characteristics. We find that the uncertainty in the fitted
parameters is mostly insignificant compared to shot-toshot variations in the data. An exception is distinguishing the population in the reservoir from the one in the
guide-reservoir crossing region, where there is some ambiguity resulting in higher uncertainties. Both in the
main text and these Materials and methods, the error
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Fig. S4. |Influence of the transparency beam. We let
the experiment reach a steady state with the transparency
beam off. At t = 0 we switch the beam on and observe the
system’s evolution. We show (top) the BEC atom number
and the phase-space density ρD in the dimple. The blue
dotted line indicates our BEC detection limit in terms of
condensed atom number. We show (middle) the dimple and
reservoir atom number, and (bottom) the temperature TD in
the dimple and the temperature TRy in the reservoir along
the vertical axis. Both atom number and temperature in the
reservoir remain constant, while the dimple loads additional
atoms, indicating lower losses thanks to the protecting effect
of the transparency beam.

bars indicate the standard deviation σ calculated from
multiple images. While it is possible to estimate the
temperatures in the y axis from a single fitted image,
the initial cloud sizes in the z direction are large compared to the ballistic expansion. Thus we use a set of
measurements with varying times of flight to estimate z
axis temperatures.
When a BEC is present, it is necessary to add a
Thomas-Fermi profile to the previously discussed fit
function. The only additional free parameter used in
the fit is the number of atoms in the BEC. We assume
that the BEC position is the same as the one of the
non-condensed atoms in the dimple and we calculate the
BEC’s radii from the BEC atom number, the s-wave
scattering length, the trap frequencies in the dimple, and
the expansion time [52]. These frequencies are calculated
from the knowledge of the waists of each relevant beam
and of the powers used. The waists are either directly
measured or extracted from observations of dipole oscil-

j

Fig. S5. |Fitting a CW BEC. We show absorption pictures and their respective fits for two hold times, before (left,
thold = 2.2 s) and after (right, thold = 3.2 s) the formation
of the BEC. In the top row, we show absorption pictures
a, f taken after 18 ms time-of-flight expansion. In the middle row, we show results of fits b, g to these pictures, and
the fit residuals c, h. The fits use a 2D density distribution fit function accounting only for a thermal cloud. By
contrast, the bottom row shows both fits d, i and residuals
e, j with a 2D density distribution fit function including a
Thomas-Fermi distribution describing a BEC, in addition to
the thermal distribution. In presence of a BEC, the residual
of the thermal-only fit h clearly shows a discrepancy at the
BEC location, while the residual j demonstrates that the fit
accounts for the BEC.

lation frequencies of a pure BEC in the trap for several
beam powers.
Adding an additional fitting parameter can lead to
overfitting. To rigorously determine whether including
this Thomas-Fermi distribution provides a significantly
better fit of the data, we employ a statistical F -test.
This allows us to determine a BEC atom number threshold above which the fit is statistically better than the
one without the Thomas-Fermi distribution. For this F test we isolate a region of interest (ROI) in the image
containing both thermal and BEC atoms. We then cal−RSS2 ) RSS2
/ n−p2 , where RRSi
culate the value F = (RRSp21−p
1
is the residual sum of squares over the ROI for model
i with pi parameters, and n is the number of pixels of
the ROI. The fit including the Thomas-Fermi distribution is significantly better than the one without, only if
F is higher than the critical value of an F -distribution
with (p2 − p1 , n − p2 ) degrees of freedom, with a desired confidence probability. By applying this test to
the data of Fig. 3, we find that the BEC model fits
better, with a confidence greater than 99.5 %, when the
BEC atom number exceeds 2000. This sets our detection
limit, above which we are confident a BEC exists. Importantly, this limit is lower than the BEC atom number
corresponding to a −2σN shot-to-shot fluctuation. This
indicates that, at all times after steady state is reached,
a BEC exists.
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Characterizing the reservoir loading
To estimate the flux ΦR of atoms loaded into the reservoir we begin with all laser cooling and trapping beams
on, except for the Zeeman slower beam. After some time,
a steady state is reached, in which the guide is filled
but not the reservoir. We then switch on the Zeeman
slower beam, and observe the loading of the reservoir,
see Fig. S2. Using our fitting procedure for the absorption images (see section “Characterizing the BEC and
thermal cloud”), we estimate the growth in the number of atoms in various regions of the cloud. With the
rough assumptions of a constant flux ΦR and a one-body
loss rate parameter Γloss originating for example from
transfer of atoms to the dimple, the loading of the reservoir can be fitted by the exponential growth function
NR (t) = (1 − e−Γloss t ) ΦR /Γloss . This function fits best
for a flux ΦR = 1.4(2) × 106 atoms s−1 , see Fig. S2. We
also show the combined number of atoms loaded in the
reservoir and “crossing” (guide-reservoir intersection) regions. We fit this data with a similar exponential growth
function, and obtain a flux of 2.9(3)×106 atoms s−1 . The
relative uncertainty of the combined atom numbers is
smaller than for the data set describing only the reservoir atom number. This is due to ambiguity between the
“reservoir” and “crossing” regions in our fitting procedure.
Loading dynamics
The data of Fig. S2 show several timescales at play in the
system’s evolution. First we see atoms populating the
reservoir. About 500 ms later the dimple region begins
to fill. Finally about 1 s after the start of the dimple
loading we see a BEC begin to form.
These dynamics can be understood from the thermalization timescale and from the need to exceed the
critical phase-space density to begin forming a BEC.
We estimate the peak phase-space
density evolution by

~3 ωDx ωDy ωDz
, where ND is the thermal
ρ D = ND
3 T3
kB
D
atom number in the dimple. However, this estimation is
inaccurate because of the non-thermalized distribution
function describing the atoms in the dimple (see section
“Modeling of the BEC’s open dynamics” below). We
give it here as an indication of the phase-space density,
which with this definition and for a thermalized sample
should be greater than 1.2 in order to produce a BEC.
Once the critical phase-space density is exceeded BEC
formation begins at a slow rate and then accelerates as
more atoms condense. Indeed, the growth of a BEC or
matter-wave is governed by Bose-stimulated scattering,
which scales with the number of atoms occupying the
ground state of the trap [26, 29, 53, 54].
After about 3 s steady state is established. We probe
the system for various hold times up to 5 min and find
no indication that the BEC departs from steady state.
This is exemplified in Fig. S2 and Fig. 3b.
BEC anisotropy after time-of-flight

A Bose-Einstein condensate and a thermal gas expand
very differently when released from a trap. A thermal
gas expands isotropically, beginning with a shape reminiscent of the initial trap geometry, and asymptotically
approaching an isotropic shape for long times of flight
(TOF). By contrast, the expansion of a BEC released
from an anisotropic trap remains anisotropic for long
TOF, inverting its aspect ratio mid flight. This originates from the anisotropic release of mean-field energy,
which reflects the trap anisotropy [52].
The transpose-anisotropy provides an elegant method
by which to efficiently detect the presence of a CW
BEC. The transpose-anisotropy of the density distribution nOD is nsOD (y, z) − nsOD (z, y), where the origin of
the coordinate system is at the density maximum. nsOD
is obtained from nOD by adding the same nOD distribution rotated by 180°. Transpose-anisotropies for short
(0.1 ms) and long (18 ms) TOFs are shown in Fig. S6.
For 0.1 ms TOF, the density distribution shows a marked
anisotropy as indicated by a strong cloverleaf pattern.
This initial anisotropy is solely due to the action of the
trap geometry on the density distribution of the thermal
gas, as the size of a potential BEC is below our imaging
resolution. However, for 18 ms TOF we see a difference
between pictures for short (2.2 s) and long (3.0 s) hold
time thold . For short thold the anisotropy is broad and
simply a remnant of the initial cloud anisotropy. However for long thold , at which steady state is established,
we see an additional, smaller cloverleaf pattern with opposite anisotropy around the center of the picture. Both
the existence and the sign of this pattern are consistent
with the expansion of a BEC from a dimple with our
trap frequencies.
Modeling of the BEC’s open dynamics
In order to describe the formation and properties of the
continuous-wave Bose-Einstein condensate, we develop a
model capable of fitting our experimental data, as shown
for example by the dashed blue line in Fig. 3b. In the
following we describe the model and its results.
Firstly, we lay out the model, which builds on the
standard Boltzmann kinetic theory of Bose gases with
additional dissipation to account for the open dynamics. As a main result of our derivation we arrive at the
rate equation Eq. (10). We provide details of the derivation of each gain and loss term in the equation and the
assumptions that led to them.
Secondly, we discuss the fit of this model to our data,
from which we extract useful physical quantities, like the
1- and 3-body loss rate parameters, and the flux into the
CW BEC after reaching steady state.
In particular, we find that we are not able to describe
our data if we assume that our system is in thermal
equilibrium. This reflects the intrinsic driven-dissipative
nature of the system.
The model — We model the dynamics of the BEC using
the rate equation
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Fig. S6. |BEC anisotropy after time-of-flight. a, e, Absorption images after short (0.1 ms) and c, g, after long (18 ms) freeexpansion time-of-flight (TOF), for short (thold = 2.2 s, a, c) and long (thold = 3.0 s, e, g) trap loading times. Pictures a and
e were imaged with a detuning of 1.33 Γ to avoid saturation. The regions of interest (corner-marked squares) centered around
the density maximums are analyzed in panels b, d, f, h, which show the transpose-anisotropy of the density distribution.
This representation produces a cloverleaf pattern when the atomic cloud is anisotropic (see text). For short thold (left), the
cloverleaf pattern, which appears because of how the trap geometry initially shapes the thermal cloud, keeps a constant sign
and diminishes during the expansion of a thermalized gas sample. For long thold (right), we observe at long expansion time h
an additional smaller cloverleaf pattern of opposite sign, which is indicative of the presence of a BEC.

ṅBEC (r) = sin (r) − sout (r) − γ1b nBEC (r)

−γ3b nBEC (r)3 + 6nBEC (r)2 nth (r)

+6nBEC (r)nth (r)2 ,
(1)
where γ1b , γ3b are the phenomenological one- and threebody loss rate parameters, see [42], nBEC , nth are the
local densities of the BEC and thermal atoms in the
dimple, and we do not write explicitly the time dependence of the variables. In the framework of kinetic
Boltzmann equations, sin , sout are the collisional integrals (source terms) describing the exchange between
the thermal atoms and the BEC. To this end we follow
closely the treatment in [55] and write (setting vBEC = 0
in [55])
Z
Z
nBEC σ
1
dp
f
dṽf4
(2a)
sin =
3
3
πh3
v3
Z
Z
nBEC σ
dΩ
sout =
dp2 f2 ∆v
(1 + f3 + f4 ), (2b)
h3
4π
where σp= 8πa2sc is the s-wave
scattering cross-section,
p
∆v =
v22 − 4v02 , v0 =
gnBEC /m, g = 4π~2 asc /m
and pj = mvj . Eq. (2a) describes the scattering of
two thermal atoms with velocities v3 and v4 resulting in a BEC atom and a thermal atom with velocity
v2 ; Eq. (2b) corresponds to the opposite process. In
BEC
Eq. (2a) v4 = ṽ + gnmv
2 v3 with ṽ ⊥ v3 such that the
3
second integration is performed over the plane perpendicular to v3 . In Eq. (2b) dΩ denotes the solid angle
subtended by v3 and v4 . We use 84 Sr atomic mass m
and its s-wave scattering length asc = 122.8 a0 , with a0

the Bohr radius. fj = f (r, pj ) are the unknown distribution Rfunctions of the thermal atoms with the property
Nth = dr dp/h3 f (r, p).
In principle, one could obtain fj from complete Nbody simulations [55] of the open system, accounting for
the coupled dynamics between the reservoir, the dimple
and the BEC. While strongly desirable, such a study
goes beyond the scope of the present analysis1 . Instead, let us first assume a thermal equilibrium such
that f is given by the Bose-Einstein distribution. In this
case the total number of non-interacting atoms in a har
monic trap is given by Nth = (βD ~ωD )−3 Li3 e−βD µ .
Here µ is the chemical potential of the distribution,
ωD = (ωDx ωDy ωDz )1/3 , βD = 1/kB TD , and Lis (z) is a
polylogarithm of order s. With the experimentally measured dimple trap frequencies and gas temperature, we
find that even for the maximum allowed µ = 0, the atom
number only reaches Nth ≈ 1.8 × 105 . This estimation
is well below the measured value of 6.9(4) × 105 atoms
in the dimple. To try to resolve this discrepancy, we
perform a more refined calculation following [36], where
the harmonic trapping potential is replaced by the combined potential of the reservoir and dimple traps, and
where we account for the interactions between atoms.
This calculation gives Nth ≈ 3.6 × 105 atoms in reservoir and dimple combined, which is less than those measured in the dimple, let alone in the reservoir and dimple
combined (1.4(2) × 106 ). Unsurprisingly, in this calcu-

1

In this context, a possibility is to consider instead a simpler
ergodic description of the Bose-Einstein condensation [56–58].
However, our preliminary analysis indicates breaking of the ergodicity assumptions, thus requiring the complete N-body simulations.
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lation most atoms are contained well within the dimple,
as kB TD is much smaller than the dimple depth. The refined approach is thus also incapable of reproducing the
measured atom number. This is in direct contradiction
with our previous analysis in [36]. There, the refined
calculation was capable of accounting for all atoms in a
trap with a similar geometry, but where the continuous
refilling of the reservoir was absent. This difference leads
us to conclude that the current system does not fulfill the
thermal equilibrium assumption due to its open character, and that the population dynamics are governed by
out-of-equilibrium distribution functions f .
To proceed, we assume that the distribution function
can be written as a product
f (r, p) = nth (r)f 0 (p).

(3)

p π  m  32
p2
4π
to
We take f 0 (p) = N1 e−βD 2m , N = (2π~)
3
2
βD
be the Boltzmann distribution, which fulfills the normalR d3 p 0
ization property (2π~)
3 f (p) = 1. We next specify the
densities nBEC (r) of the BEC and nth (r) of the thermal
atoms appearing in Eq. (1). For the BEC we consider
the Thomas-Fermi profile given by

2  2  2 !
x
y
z
nBEC (r) = n0 1 −
−
−
,
Rx
Ry
Rz
(4)

 25
p
sc
,
where Rα = 2µD /m/ωDα , µD = ~ω2D 15NBEC aaho
q
~
aho = mω
, NBEC is the total BEC atom number and
D
n0 = µD /g. In the BEC region, the condensate atoms
will repel the thermal ones resulting, to a good accuracy,
in the characteristic parabolic profile

in the center, nth,0 = nth (0), and at the edge of the
BEC cloud, nc,α = nth (Rα ) in the direction α = x, y, z,
self-consistently as
i
h
1
nth (r) = − 3 Li 32 −e−βD (V (r)+2gnBEC (r)+2gnth (r)−η) ,
λdB
(6)
√
with λdB = h/ 2πmkB TD the thermal de-Broglie wavelength. Here, we need to stress that unlike in [36], the
function in Eq. (6) is not the density corresponding to
the thermal equilibrium of a Bose gas as that one fails to
reproduce the observed number of thermal atoms Nth ,
see the discussion above Eq. (3). The function in Eq. (6)
in fact corresponds to a Fermi-Dirac distribution, which
however here does not have a particular physical significance. It should be seen as a convenient ansatz from
which we extract nth,0 and nc,α , which has the advantage that it allows to match the observed number Nth
for positive values of the parameter η [59].
The assumed prescription for nth (r) Eq. (6) is clearly
an idealization. Despite this fact, the model yields a
value for the three-body loss rate parameter γ3b that
is compatible with the values reported in the literature
(see section The results below). We interpret this compatibility as indicating that the values of nth,0 and nc,α
extracted from Eq. (6) lie within a factor O(1) from the
actual experimental values.
Next, we turn to the evaluation of the collisional integrals Eqs. (2) using the distribution function Eq. (3)
with the result
sin = nBEC n2th σIin
sout =

(1)
nBEC nth σIout

(7a)
+

(2)
nBEC n2th σIout .

Here, we have introduced the functions

nth (r) ≈

Iin = κv02 K1 (βD mv02 )

 2
 2 
 2
nth,0 1 + γx Rxx + γy Ryy + γz Rzz
,

Z

∞

j(r) =

dv2 v2 e−

βD m 2
v2
2

−βD mv02

(1)

Iout = κN e
(2)
Iout

(5)
where γα = (nc,α − nth,0 )/nth,0 . Next, motivated by the
approach in [36, 55], we determine the thermal densities

(7b)

v02 K1 (βD mv02 )

= 2κj,

(8a)
(8b)
(8c)

3

where κ = h13 N12 8πm
mβD , K1 is the modified Bessel function of the second kind, and

h βD m
i
βD m
2
2
e− 8 (v2 −∆v(v2 )) − e− 8 (v2 +∆v(v2 )) ,

(9)

2v0

which has to be evaluated numerically.
Ultimately, we are interested in the dynamics of the
total number of the condensate atoms, which can be obtained by integrating Eq. (1) over the volume. To be
able to carry out the final integration, we take the func-

(1,2)

tions Iin , Iout to be independent of the position2 . Using

2

In principle, they still depend on spatial coordinates through
v0 (nBEC (r)). For the span of experimental values of nBEC (r),
this leads to a maximum variation by a factor 0.7.
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the profiles (4),(5) we arrive at the final rate equation
(3)

(2)

(1)

ṄBEC = Sin − Sout − L1b − L3b − L3b − L3b ,

(10)

where
Sin = n0 n2th,0 σV (1,2) Iin

(11a)

(1)

(2)

Sout = n0 nth,0 σV (1,1) Iout + n0 n2th,0 σV (1,2) Iout

(11b)

L1b = γ1b NBEC

(11c)

(3)
L3b
(2)
L3b
(1)
L3b

(11d)

=

γ3b n30 V (3,0)

= 6γ3b n20 nth,0 V (2,1)

(11e)

6γ3b n0 n2th,0 V (1,2)

(11f)

=

In the above equations, we have introduced the volume
integrals

V

(p,q)

=

1/(np0 nqth,0 )

Z

drnBEC (r)p nth (r)q ,

(12)

which evaluate to
2
(7 + 3γ̄)
105
2
(21 + 5G + 18γ̄)
= 4πRx Ry Rz
315
8
= 4πRx Ry Rz
(3 + γ̄)
315
16
= 4πRx Ry Rz
,
315

V (1,1) = 4πRx Ry Rz

(13a)

V (1,2)

(13b)

V (2,1)
V (3,0)

(13c)
(13d)

where
1
(γx + γy + γz )
(14a)
3
1
2
G = (γx2 + γy2 + γz2 ) + (γx γy + γx γz + γy γz ).
5
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(14b)
γ̄ =

To fit the data, we take γ1b , γ3b in Eqs. (11c)-(11f) as
free parameters and further parametrize Eq. (11a) and
Eq. (11b) as
Sin = αin n0 n2th,0 σV (1,2) Iin
Sout = αout αin (n0 nth,0 σV

(1,1) (1)
Iout

with αin , αout the fit parameters.

Fig. S7. |Modeling the onset and disappearance of the
BEC. Evolution of the gas in the dimple. (left) BEC onset
when loading reservoir and dimple at constant flux ΦG in
the guide, started by Zeeman slower switch-on at t = −0.7 s
(same data as in Fig. S2, but choosing a different origin for
the time axis). (right) BEC disappearance after setting ΦG to
zero by switching the Zeeman slower off. The first two rows
show the temperature and atom number of the thermal atoms
in the dimple. The last two rows show the BEC atom number
and the estimated phase-space density ρD in the dimple. The
solid blue line is the result of the fit of the BEC atom number
with the model of Eq. (10). The dashed grey lines are results
of fits with exponential growth/decay functions, which are
used as input for Eq. (10). Error bars represent one standard
deviation σ from binning ∼ 4 data points. For the BEC atom
number, due to the small number of data points, the error
bars can be underestimated compared to the, more reliable,
characterization at steady state of σN = 2300 provided in
the main text. The phase-space density ρD is estimated from
measurements of the atom number and temperature in the
dimple (see text).

(15a)
(2)

+ n0 n2th,0 σV (1,2) Iout )
(15b)

The results — We have simultaneously fitted 6 data sets
of the onset of the BEC analogous to Fig. 3b, with slight
variations in the experimental starting conditions. For
each of these sets, we use as a known time-varying input
our measurements of the time evolution of dimple atom
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number and temperature (see for example the exponential fits to the dimple data of Fig. S7). We use the rate
Eq. (10) and require the fit parameters γ1b , γ3b , and
αout to be the same for all the data sets. Conversely, we
allow independent variation for each data set of αin and
the initial BEC atom number NBEC (0), which provides
the seed to Eq. (10).
From this single fit, we obtain the loss rate parameters γ1b = 6(2) s−1 and γ3b = 1.9(2) × 10−29 cm6 /s.
The value obtained for γ3b is compatible with the rough
experimental values reported in the literature, namely
≈0.7 × 10−29 cm6 /s in [60] and 1.4(3) × 10−29 cm6 /s.
The latter value can be extracted from the data used
in [61], where the standard deviation is derived from
statistical uncertainty, without accounting for systematic effects. We also obtain the average flux into
the CW BEC at steady state S̄in − S̄out = 2.4(5) ×
105 atoms s−1 . In steady state, most of this incoming
flux is compensated by the three-body losses involving thermal atoms described by Eqs. (11e) and (11f),
while the loss mechanisms Eqs. (11c) and (11d) are
only reaching a few 104 atoms s−1 . Finally, we extract
from the fit additional information about the CW BEC,
namely the Thomas-Fermi radii {RTFx , RTFy , RTFz } =
{2.8(1), 1.2(1), 2.9(1)} µm, the peak BEC density n0 =
3.6(2) × 1020 atoms m−3 and the density of the thermal
gas at the BEC center nth,0 = 3.6(1) × 1020 atoms m−3 .

Fig. S7 shows example fits together with their corresponding experimental data sets. The left (“loading”
stage) of Fig. S7 shows the onset and stabilization of the
BEC following the switch on of the Zeeman slower beam.
The right (“unloading” stage) of Fig. S7 shows the subsequent data after suddenly switching off the same beam.
This corresponds to stopping the atomic flux into the
reservoir and leads to the disappearance of the BEC.
It is apparent that the rate equation Eq. (10) captures
well the initial dynamics of the BEC atom number as
well as the initial dynamics of the unloading stage. The
discrepancy for longer times during the unloading stage
can likely be attributed to the change of the momentum
distribution functions f (r, p). This arises from the simultaneous thermalization and depletion of the dimple
atoms, which is not captured by the parametrization of
Eqs. (15).
In summary, the rate equation (10) provides a satisfactory fit to the data, from which we obtain the loss rate
parameters γ1b , γ3b and the steady-state BEC flux rate
S̄in − S̄out . A more comprehensive quantitative understanding may be provided through further analysis starting from first principles. Such an analysis requires more
complex modeling of the coupled dynamics between the
reservoir, the dimple, and the BEC, such as the use of
the ZNG theory [62, 63] and the related N -body simulations [55].

