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We present a scheme to enhance the atom number in magneto-optical traps of strontium atoms operating
on the 461-nm transition. This scheme consists of resonantly driving the 'Sy — 3P intercombination line
at 689 nm, which continuously populates a short-lived reservoir state and, as expected from a theoretical
model, partially shields the atomic cloud from losses arising in the 461-nm cooling cycle. We show a
factor of 2 enhancement in the atom number for the bosonic isotopes ¥ Sr and 34Sr, and the fermionic
isotope ®7Sr, in good agreement with our model. Our scheme can be applied in the majority of strontium
experiments without increasing the experimental complexity of the apparatus, since the employed 689-nm
transition is commonly used for further cooling. Our method should thus be beneficial to a broad range of
quantum science and technology applications exploiting cold strontium atoms, and could be extended to

other atomic species.
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I. INTRODUCTION

Laser cooling of atomic gases has become a fundamen-
tal step for a large range of applications in quantum science
and technology with cold and ultracold atoms [1,2]. Start-
ing from the alkali metals, the family of laser-cooled
atomic elements has extended to more complex atomic
species, as exemplified by alkaline-earth species such as
strontium [3—5]. The rich energy-level diagram of stron-
tium, emerging from its two-valence electron structure,
offers many exciting opportunities for quantum technolo-
gies. A well-known example is the extremely narrow clock
transition of 8’Sr, which has become a reference in optical
atomic clocks [6—8]. Other prominent applications include
atomic gravimeters [9], interferometers [10,11], superradi-
ant lasers [12], quantum simulation [13,14], and quantum
computing [15—17]. Strontium has also recently enabled
the production of continuous Bose-Einstein condensates
[18], as well as studies of Rydberg [19,20] and molecu-
lar physics [21]. Most of these applications would benefit
from increased atom number, in particular those in which
strontium is brought to quantum degeneracy via evapora-
tive cooling [22—24]. However, increasing the atom num-
ber typically requires optimized atomic sources [25-29] or
strategies to suppress the losses of the magneto-optical trap
(MOT). These can greatly increase the complexity of the
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experimental apparatus and are at odds with the compact-
ness required by quantum technology applications.

Strontium MOTSs suffer from high loss rates due to a
cooling transition that is not fully closed and leads to the
population of metastable states. Although these losses can
be reduced by introducing repumping lasers [30—39], the
limited efficiency of these schemes challenges a further
increase of the atom number. One possible strategy to cir-
cumvent this problem is to prepare the cooled atoms in a
reservoir state unaffected by such losses. For example, in
the absence of repumping lasers strontium atoms slowly
accumulate in a magnetically trapped metastable state dur-
ing the MOT [22,40]. However, this approach comes at
the expense of increasing the experimental cycle time.
Schemes taking place on laser-cooling timescales, analo-
gous to dark-spot MOTs of alkali atoms [41,42], would be
more favorable, but are complex to devise in the case of
strontium.

In this work, we present an approach to increase
the atom number of strontium MOTSs on laser-cooling
timescales that relies on populating a short-lived reservoir
state. The key idea is to reduce the atomic losses arising
during the MOT operating on the blue 461-nm transition
of strontium by resonantly driving an additional transition
that is fully cycling. The excited state of this transition acts
as a reservoir state in which cold atoms are shielded from
the MOT losses. In our case, this shielding transition is the
red intercombination line at 689 nm, which is required for
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narrow-line cooling and is part of most strontium setups
[3,4]. Hence, implementing our scheme does not add com-
plexity to the experimental apparatus and is compatible
with its miniaturization. We demonstrate an atom-number
enhancement of a factor of 2 using this shielding method
and show its versatility by applying it to both bosonic and
fermionic strontium isotopes.

To present a comprehensive description and characteri-
zation of our shielding scheme, this paper is organized as
follows: Sec. II introduces the relevant strontium energy
levels and demonstrates the atom-number enhancement
of the blue MOT. In Sec. III we present a theoretical
model of the observed atom-number enhancement and val-
idate it by measuring the population dynamics between
the involved atomic states. Section IV investigates the
dependence of the enhancement on the frequency of the
689-nm beam. Section V shows the application of our
scheme to different isotopes and repumping configurations.
Finally, Sec. VI summarizes our findings and discusses its
potential relevance for quantum science and technology
applications.

II. ENHANCING THE BLUE MOT WITH
RESONANT RED LIGHT

The optical transitions of atomic strontium relevant for
laser cooling stem from its two valence electrons, and are
displayed in Fig. 1(a). The blue transition, with Apje =
461 nm, connects the 'Sy ground state with the 'P, state.
It has a broad linewidth of I'ye/27 = 30.5 MHz and is
used to capture and cool the atoms to temperatures of few
mK in a blue MOT. The red transition is the intercombi-
nation line 'Sy — 3P} at Aq = 689 nm, with a linewidth
of 'req/27m = 7.4 kHz. This value is more than 3 orders of
magnitude lower than 'y, and enables narrow-line laser
cooling to temperatures of few pK in a red MOT. Figure
1(b) shows a sketch of our experimental setup, including
the glass cell where the MOT is loaded, the blue and red
beams used for laser cooling, and a pair of coils generating
the MOT magnetic field. During the blue MOT, an addi-
tional laser beam at 481 nm repumps the metastable >P,
state [36,38], which is populated through a leak channel
of the blue transition. Further details on our experimental
approach can be found in Appendix A.

Our main result is the observation that driving the red
transition on resonance during the blue MOT leads to a fac-
tor of 2 enhancement in the steady-state number of trapped
atoms. This is shown in Fig. 1(c), which displays the ®Sr
MOT loading curves obtained via absorption imaging in
the presence (red squares) and absence (blue circles) of
red light. While these measurements are taken by shining
red resonant light in a MOT configuration (see Appendix
A), we observe that the enhancement survives even in the
presence of a single running-wave red beam. Therefore, we
conclude that the atom-number increase is not caused by a
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FIG. 1. (a) Energy-level diagram of strontium, indicating the
transitions relevant to this work (colored arrows). The curved
gray arrow indicates loss mechanisms from the 'P; state. (b)
Experimental setup. The shielding beams are overlapped with
the blue MOT beams and both are retroreflected. Coils in anti-
Helmholtz configuration (yellow) provide the quadrupole mag-
netic field for the MOT. (c),(d) Loading curve of the ®Sr blue
MOT with (red squares) and without (blue circles) the red reso-
nant light. In (c) the 3P, state is continuously repumped, while
this is not the case for (d). Insets in (c) are absorption images
corresponding to the cloud with (top) and without (bottom) the
red resonant light and a shared density color scale. Solid lines in
(d) are fits using Eq. (1) (see main text). Error bars denote one
standard error of the mean (SEM).

laser-cooling effect on the red transition. Of note, the nar-
rower linewidth of the red transition results in a negligible
radiation pressure with respect to that of the blue transition.

We attribute the observed enhancement to a modifica-
tion of the loss mechanisms occurring in the blue MOT.
Such losses can be of one-body (o yn) or two-body (o<
Bn?, light-assisted) origin, where y and B are the corre-
sponding one-body and two-body loss coefficients, and # is
the atomic density. Due to imperfections in the repumping
schemes, the two types of loss rates are known to be of sim-
ilar magnitude in strontium MOTs [33]. This complicates
the theoretical description of the MOT loading curves and
the extraction of the loading and loss rates. To get a bet-
ter insight into the origin of the enhancement, we simplify
the system by analyzing the MOT in a regime dominated
by one-body losses. To this end, we switch off the laser
that repumps the 3P, state, boosting the value of y and
significantly reducing the atomic density.

Figure 1(d) shows that the enhancement effect persists
in the limit of dominating one-body losses. In this case,
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the loading process is described by a simple rate equation

dN (9

o LT rNO, (D
where N (¢) is the number of atoms in the MOT at time ¢
and the steady-state atom number is given by Ng, = L/y.
By fitting the experimental data of Fig. 1(d) with the solu-
tion of Eq. (1) we extract the loading and loss rates for
each scenario. In the absence of red light we obtain a bare
loading rate of L = 2.9(1) x 10® s~!, which is very simi-
lar to the value obtained with the red light L =3.0(1) x
10% s7!. In contrast, the determined one-body loss rate
is strongly affected and decreases from y = 59(2) s~! to
7 =31(1) s7! in the presence of the red light. These
values, when compared with an estimated two-body loss
rate, justify a posteriori our approximation of neglecting
two-body losses. Indeed, based on the measured atomic
density n ~ 2 x 10! cm™ and the two-body loss coef-
ficient reported in the literature B &~ 2 x 10719 cm?® s7!
[31,43], we estimate a two-body loss rate fn ~ 4 s7! «
VsV-

As a result of the reduced loss rate in the presence
of red light y, the steady-state atom number increases
from Ng, = 4.92(3) x 10° to Ngy = 9.7(1) x 10°, result-
ing in an enhancement of the MOT atom number by
a factor n = 1.97(1). This enhancement takes place in
both repumped and nonrepumped MOTs, for which the
losses have very different origins. Moreover, removing
the repumper significantly reduces the density, from n ~
1.3 x 10" cm™3 to n &~ 2 x 10'° cm™3, but the enhance-
ment remains unchanged. From these results, we conclude
that it is possible to shield atoms from losses across a wide
range of densities.

III. THEORETICAL MODEL AND MOT
FLUORESCENCE DYNAMICS

To understand the origin of the observed loss reduc-
tion, we provide a level-based interpretation of the MOT-
loading rate Eq. (1) by considering the internal structure
of strontium, restricting our analysis to states |g), |e), and
s) [respectively, 'Sy, 'Py, 3Py, see Fig. 1(a)]. We assume
that atoms in |g) experience losses y from their continuous
excitation to |e), while losses associated to the |g) — |s)
transition are negligible. The lack of losses in the |s) state
is a crucial requirement for our model to apply. In a con-
ventional MOT, most of the atomic population is in the
ground state N, > N,, such that the total atom number
can be approximated by N ~ N,. However, when reso-
nantly driving the |g) — [s) transition, a fraction o« of
the atoms remains excited in state |s) and the total atom
number becomes N ~ N, + Ny, with Ny = aN and N, =
(1 — a)N. Since only atoms in |g) experience losses via

their excitation to |e), we can rewrite Eq. (1) as

dN
_igzL—u—aWNm- 2

Therefore, the effective losses in the presence of the shield-
ing beam are reduced to y = (1 —«)y. This leads to
an increase of the steady-state total atom number, Npy =
L/(1 — a)y. While for simplicity the description above
considered only one-body losses, in Appendix B we show
that when including two-body losses similar arguments
apply.

We experimentally confirm our model and its expecta-
tions by monitoring the population of the |g) and |e) states
during the MOT dynamics. To this end, we compare mea-
surements performed in two configurations. On the one
hand, we extract the total atom number from absorption
imaging after switching off all beams, as done in Fig. 1.
On the other hand we continuously track the fluorescence
emitted by the MOT on the blue |e) — |g) transition,
which we collect using a narrow bandpass filter at 461
nm and a photomultiplier. This fluorescence signal is pro-
portional to N,, since atoms stored in |s) do not scatter
blue photons. Thus, comparing absorption and fluores-
cence measurements provides insight into the population
of the involved atomic states.

Figure 2(a) shows the total atom number and the flu-
orescence signal recorded during the loading of the blue
MOT. These measurements are taken in the presence of the
3P, repumper, i.e., the same configuration as in Fig. 1(c).
During the initial stage, without the red shielding beam,
both atom number and fluorescence grow monotonically
as a function of the loading time #\or, and saturate to a
steady-state value. At fvor = 1 s, we abruptly switch on
the red light on resonance with the |g) — |s) transition.
We observe that this leads to an immediate drop of the flu-
orescence signal to approximately half of its steady-state
value, while the measured total atom number remains the
same. Our interpretation is that the red light saturates the
red transition, equalizing the populations in the |g) and |s)
states on a timescale that is much shorter than the MOT-
loading timescale. Subsequently, approximately half of the
atoms are in |s). Since in this state they do not experi-
ence the losses of the blue cooling cycle, the atom number
and fluorescence signal of the MOT increases again. We
indeed observe a second loading stage until another steady
state is reached. There, the fluorescence signal is com-
parable to the one obtained without red light, but the
total atom number is approximately doubled. The observed
atom-number enhancement n = 2.08(15) agrees with the
fraction of atoms occupying the |s) state inferred from the
fluorescence signal o« = 0.47(1). Moreover, from the loss
rates fitted in Fig. 1(d), we obtainae = 1 — y/y = 0.47(2).
These values are consistent with a population of state |s)
corresponding to half of the total atom number.

064011-3



JONATAN HOSCHELE et al.

PHYS. REV. APPLIED 19, 064011 (2023)

shielding

0
o T T T [ T T T T [ T 1

‘é 1.0 r ¢°o¢¢°°°°°°°°°° i
= F 1
B L
g Lo b b ]
< 0.00 1 2
Loading time tmor (S) Burst time tg (ps)
FIG. 2. (a) Measured *Sr atom number (violet) and 461-nm

fluorescence signal (proportional only to Ng, blue) for differ-
ent MOT loading times #yior. Top: scheme of the experimental
sequence. Switching on the red light for tyor = 1 s (red-shaded
region) triggers fluorescence and atom-number dynamics due
to the shielding from losses (see text). Error bars denote one
SEM. (b) Increase of fluorescence after the red light switch off
at fyor = 2 s, note the very different timescale. Black solid
line: exponential fit to the data with an extracted time constant
T = 18.9(1) s, compatible with the lifetime of the |s) state
7, = 21.28(3) s [44].

To further confirm our interpretation, once the steady
state is reached at fyjor = 2 s, we switch the red light back
off. As shown in Fig. 2(b), we observe a rapid rise in the
fluorescence signal to approximately twice its steady-state
value, which we attribute to the fast decay of the |s) pop-
ulation to the ground state |g). An exponential fit to the
fluorescence signal yields a time constant 7 = 18.9(1) ws,
which is comparable to the lifetime of the |s) state 7, =
21.28(3) s [44]. At long times after this fluorescence
spike, the MOT losses lead to a much slower decay in
both fluorescence and atom number. As shown in Fig. 2(a),
they eventually bring the MOT to its steady-state value
in the absence of red light. In conclusion, the population
dynamics reported in this section provides further evidence
that the atom-number enhancement is caused by a fraction
o ~ 0.5 of the atoms populating |s), which is shielded from
the losses associated to the blue cooling light.

IV. ENHANCEMENT SPECTRUM

To gain further insight, we investigate the frequency
dependence of our red shielding scheme. To this end,
we determine the enhancement factor n at different fre-
quencies by consecutively preparing an atomic cloud with
and without the red shielding beams and dividing their
respective atom numbers. The measurement is performed
repumping the 3P, state, in the same configuration as
Fig. 1(c). Figure 3 shows the enhancement spectra mea-
sured as a function of the detuning § from the red reso-
nance, for different intensities of the red shielding beam.
We express the latter in terms of the saturation param-
eter Syeq = I /Isred, Where Igreq = 2.96 pW/cm? is the
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FIG. 3. Enhancement factor n for ¥¥Sr as a function of the

detuning from resonance §, measured for different intensities of
the red shielding beam. Black lines: empirical fits to the exper-
imental profiles (see main text). Inset: energy-level diagram of
the 'Sy — 3P, transition displaying the Zeeman splitting of the
different m; Zeeman substates, which are responsible for the
characteristic shape of the measured spectra. Error bars denote
one SEM.

saturation intensity of the shielding transition. Experimen-
tally, we observe that all spectra display a characteristic
shape, consisting of a narrow peak at § = 0 surrounded by
a broad background.

We attribute this shape to the addressing of the differ-
ent Zeeman substates m; of >P;, which become resonant
at different values of the detuning §. On one hand, the &
transition to state m; = 0, which is magnetically insensi-
tive, is only affected by Doppler and intensity broadening.
On the other hand, the o transitions to states m; = +1
are magnetically sensitive, and also experience Zeeman
broadening due to the MOT quadrupole magnetic field.
Thus, we assign the narrow peak of the spectra to the &
transition. It can be addressed because, although the shield-
ing beams are circularly polarized, their polarization with
respect to the transition is not well defined at the zero
of the quadrupole magnetic field. We identify the broad
background with two partially overlapping side peaks that
correspond to the o * transitions.

To confirm this interpretation, we fit the experimental
data points with an empirical combination of three Voigt
profiles, a central one and two identical side ones. For each
Voigt profile, one contribution to the width comes from
Doppler broadening. It is determined from an independent
temperature measurement and given by /kgT/m/Aweq =~
1.38 MHz, where T~ 9.6 mK is the temperature, kg is
the Boltzmann constant and m the mass of *¥Sr. The
second contribution to the width, which comes from the
intensity and Zeeman broadening, is left as a free parame-
ter. For the highest saturation parameter sy.q ~ 8.3 x 10%,
the fit yields Af, = 2.4(1) MHz for the central peak and
Af, = 6.6(3) MHz for the side peaks. The measured value
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of Af; is in good agreement with the linewidth of the
transition when taking into account the intensity broaden-
ing, /1 4 Sredlred/2m ~ 2.13 MHz. The measured value
of Af, is comparable with the expected Zeeman broad-
ening of the transition 1.5ugB’rvor/h ~ 7.1 MHz, where
wup is the Bohr magneton, and we consider the magnetic
field gradient B’ ~ 42 G/cm and the measured size of the
MOT ryior & 0.8 mm along the weak magnetic field direc-
tions. For the other saturation parameters, the fits yield
comparable results.

In conclusion, our measurements of the enhancement
spectrum are in good agreement with our model and show
that the shielding is a resonant effect. Since the width of
the intensity-broadened profile is larger than the Doppler
broadening of the cloud, we are able to saturate the 7 tran-
sition in a large fraction of the MOT. This explains the
factor of 2 observed in the enhancement. Saturating the
red transition is indeed required to reach optimal shield-
ing. Note that, for simplicity, the model introduced in Sec.
IIT neglects the Zeeman substructure. This assumption is
justified by the fact that the shielding transition is driven
on resonance, mostly addressing the 7 transition.

V. SHIELDING FOR DIFFERENT ISOTOPES AND
REPUMPING CONFIGURATIONS

To show the generality of the shielding scheme, in this
section we apply it to a different repumping configuration
and to the other isotopes of strontium. In most strontium
experiments, the MOT repumping scheme exploits two
lasers. One repumps the *P, state, as discussed in the pre-
vious sections, and a second one repumps the Py (clock)
state, which gets populated if the >P, repumping cycle is
not closed [31]. Given that the 481-nm transition that we
use to repump 3P, is only nearly closed [38], we observe
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FIG. 4. Loading curves of the blue MOT for two bosonic iso-
topes, measured when repumping the metastable >P, as well as
the clock 3Py state. The data shows loading with (red squares)
and without (blue circles) the shielding beams. The shielding
effect due to the resonant driving of the red transition is compa-
rable for ®8Sr (a) and 34Sr (b), albeit with a lower absolute atom
number due to the difference in natural abundances. Error bars
denote one SEM.
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FIG. 5. (a) Hyperfine structure of the fermionic isotope 8’Sr

relevant for this work. (b) Loading curves of fermions in the
blue MOT, repumping only the 3P, state. The steady-state atom
number increases when shielding atoms in the [s)_;,, (purple
diamonds) or in the |s)z_g, (green triangles) hyperfine states.
Addressing the two transitions |s)p_;;/, and |s)p_g/, simultane-
ously (red squares) enhances the total atom number compared to
no shielding light at all (blue points) by a factor of 2.01(1). Error
bars denote one SEM.

that introducing an additional repumper of the P, state at
679 nm (see details in Appendix A) removes a residual
leakage channel and increases the MOT atom number.

In Fig. 4(a), we investigate the loading of the %¥Sr iso-
tope in the presence of this additional repumper, and show
that the shielding effect persists and yields a comparable
enhancement factor n = 1.94(1). This brings the highest
atom number we achieve for this isotope, of N ~ 1.5 x
10%. We obtain a similar enhancement factor for the sec-
ond most abundant bosonic isotope ¥Sr. We also probe
this effect for the least abundant bosonic isotope ¥*Sr,
which is preferred for Bose-Einstein condensation due to
its favorable scattering properties [45,46]. Here, the res-
onant driving of the intercombination line increases the
atom number by a factor of n = 1.85(2), as shown in
Fig. 4(b). Of note, this enhancement in the atom number
is kept through the following steps of our experiment, up
to the loading into an optical dipole trap. The shielding
scheme therefore improves the efficiency of the evapora-
tive cooling process and greatly facilitates the entrance into
the quantum degenerate regime, allowing us to produce
pure Bose-Einstein condensates with more than 3 x 10°
atoms.

Finally, we also demonstrate the shielding effect for the
fermionic isotope ®7Sr. This isotope is particularly relevant
for optical atomic clocks. It has a nuclear spin of I = 9/2,
resulting in a hyperfine structure with quantum numbers
F and my for both the ground and the excited states [see
Fig. 5(a)]. This brings complexity to the shielding scheme,
reducing its efficiency due to the lack of a magnetically
insensitive m transition. A positive aspect is, however,
that all three hyperfine states of 3P, can be exploited
for shielding. In Fig. 5(b), we study the enhancement
when addressing the F = 11/2 and the F = 9/2 states.
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TABLE I. Atom-number enhancements n measured in differ-
ent repumping configurations, and for bosonic (3¥Sr, #Sr) and
fermionic (¥’Sr) isotopes of different natural abundances [48].
The enhancement factors are extracted from exponential fits of
the loading curves. Uncertainties come from the standard devi-
ation errors of the fit parameters. For the fermionic isotope, we
address two shielding transitions (see main text).

Abundance (%)  Repumping n Data
8Sr 82.58 None 1.97(1)  Fig. 1(d)
3p, 2.08(1)  Fig. 1(c)
3P,, 3Py 1.94(1)  Fig. 4(a)
84Sy 0.56 3P,, 3Py 1.85(2)  Fig. 4(b)
87Sr 7.00 3P, 2.01(1)  Fig. 5(b)

Lasers addressing the two transitions are readily available
in fermionic strontium setups, because they correspond to
the red MOT and stirring beam [47]. Our measurements
show that the /' = 11/2 shielding enhances the atom num-
ber by a factor of 1.45(1), while addressing instead the
F = 9/2 state gives an enhancement of n = 1.69(1). The
larger enhancement while driving the F' = 9/2 transition
is explained by its small Zeeman broadening, which stems
from a factor of 4.5 smaller Landé g factor than the one
of /= 11/2. Thus, the laser addresses a larger fraction
of the cloud. When driving the two transitions simultane-
ously, we combine the individual enhancements to a total
n =2.01(1).

Table I shows the similarity of the enhancement factors
reported in Secs. Il and V. The consistency of all measured
enhancement values indicates the generality of our shield-
ing scheme, which applies to different repumping configu-
rations and to isotopes with different quantum statistics and
natural abundances. In Appendix C we summarize general
criteria for successfully applying the shielding and discuss
its potential application to other atomic species.

VI. CONCLUSION AND OUTLOOK

In this work we present a scheme to increase the steady-
state atom number in strontium blue MOTs by resonantly
driving the red intercombination line. Partially populat-
ing the 3P, excited state effectively shields the MOT from
losses caused by the blue cooling light, making it act as a
short-lived reservoir state. Saturating the transition leads
to a factor of 2 enhancement in the steady-state atom
number. We develop a simple theoretical model that cap-
tures the main features of the shielding effect. It provides
insight into the state-population dynamics and the shape
of the enhancement spectrum that we observe experimen-
tally. Moreover, we see that the enhancement takes place
in MOTs with vastly different atomic densities, indicat-
ing that the shielding effect persists regardless of the loss
regime. While in our experiments we focus on a particular
choice of repumping lasers, the enhancement will apply

similarly to experiments with other repumping schemes.
Moreover, we demonstrate the generality of the shielding
method by applying it to the bosonic ¥Sr and 34Sr, as
well as the fermionic ’Sr. We also show that simultane-
ously addressing two reservoir states leads to a combined
gain. Finally, we observe that the atom-number enhance-
ment persists through the subsequent cooling stages of
our experiment, including a narrow-line red MOT and the
loading of the atoms into an optical dipole trap, and greatly
facilitates achieving quantum degeneracy.

Thanks to its simplicity and generality, we expect our
shielding scheme to benefit a broad spectrum of quan-
tum science and technology experiments involving laser-
cooled strontium atoms. This is especially the case for
those applications that are critical in the atom number,
such as superradiant lasers [12], quantum simulators [14],
and atom interferometers [10,11], including some recent
large-scale projects [49,50]. Optical atomic clocks could
also profit in certain next-generation approaches, such as
quantum degenerate optical lattice clocks [51], continuous
Ramsey clocks [52], or interleaved cold-atom clocks [53].
Existing experiments can readily benefit from our scheme,
since it requires no additional changes in the setups and
it is compatible with the miniaturization of experiments
[6,7,54]. Going beyond our work, we expect that our
shielding method will find application in experiments with
other atomic species.
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APPENDIX A: EXPERIMENTAL SETUP AND
REPUMPING SCHEME

Our experimental apparatus consists of a glass cell with
ultrahigh vacuum in which we load the blue MOT from
an atomic beam. This beam originates from a transversely
loaded two-dimensional MOT fed by an oven and a short
Zeeman slower, inspired by the compact design of Refs.
[28,55,56]. As shown in Fig. 1(b), the blue MOT uses three
retroreflected ot /o~ polarized laser beams at Apje, and
a magnetic quadrupole field generated by two Bitter coils
[57] in anti-Helmholtz configuration, with a magnetic field
gradient of B = 42 G/cm along the weak-field directions.
The blue MOT beams are overlapped with three retrore-
flected o™ /o~ polarized red beams at Aq for subsequent
narrow-line laser cooling in a red MOT and to enhance the
atom number in the blue MOT. To ensure a laser linewidth
well below T4, the red laser is stabilized to an ultralow
expansion glass cavity with finesse F &~ 1.9 x 10°.

In addition to the blue and red lasers, we can also use
two repumper lasers in our MOT, which address single-
body loss mechanisms associated to the blue transition,
as depicted in Fig. 6. In particular, during the blue MOT
atoms in 'P; decay with a probability of 1 : 20000 [58]
into the 'D, state. This state has a lifetime tp = 330 ps
and decay channels to the *P; and 3P, states. While atoms
in 3P, decay back to the ground state, 3P, is a metastable
state with a lifetime longer than experimental timescales.
Therefore, atoms decaying to it are lost from the cooling
cycle, which limits the atom number in the blue MOT. In
our experiment we continuously repump the atoms falling
to the metastable >P, state via the 481-nm transition to

1p, le) P‘{epumper
— 1D, 679 nm
MOT L9
461 nm —11s)
30.5 MHz —0

Shielding
689 nm
7.4kHz

'So lg)

FIG. 6. Energy-level diagram of strontium, including the cool-
ing, shielding, and repumping transitions relevant to this work
(colored arrows). Curved gray arrows indicate optical leakage
channels. The 481-nm laser repumps the population of the 3P,
state, but leads to a finite population in the 3P, state, which can
be repumped by the additional 679-nm laser.

TABLE II. Parameters for the blue MOT beams and the red
shielding beams: single-beam power P, 1/¢* Gaussian beam
waist w, on-resonance saturation parameter s (for six beams in
total), and detuning from the corresponding resonance A in units
of its linewidth T".

P (mW) w (mm) s A ()
Blue beams 3.5 3.88 2.2 —-2.2
Red beams 3.0 2.16 8.3 x 10* 0

the doubly excited P, state [36,38]. The limiting factor
of this method are the remaining loss mechanisms in the
MOT. They correspond to imperfections in the repump-
ing process, which can lead to the population of another
metastable state *Py [34,38], or to the escape of the atoms
from the MOT region while they populate the untrapped
substates of 'D, [37]. In Sec. V we introduce a second
repumping laser at 679 nm, which repumps the *Py state
[31], closing the repumping cycle.

When operating the MOT using the 3P, repumper and
the red shielding beam, with the laser-beam intensities and
detunings summarized in Table II, we obtain in the steady
state an atomic cloud of ¥Sr with N ~ 1 x 10® atoms.
The temperature of the cloud, extracted from a time-of-
flight measurement, is of 7'~ 9.6 mK, and the cloud has
a Gaussian rms width ryor =~ 0.8 mm along the weak-
field directions. For the absorption imaging measurements
in the main text we take a time of flight of #ror = 1.1 ms
after switching off the MOT and red laser beams.

APPENDIX B: SHIELDING IN THE PRESENCE OF
LIGHT-ASSISTED COLLISIONS

In this Appendix we adapt the model of Sec. III to
include light-assisted losses. These types of losses depend
on the density of the MOT. Following Ref. [59], we con-
sider two limits of MOT densities, namely the low- and the
high-density limits.

In the high-density limit, radiation trapping effects main-
tain a constant MOT density #.. Such light-assisted losses
become effectively single body:

dN(f)

7 =L—(y+Bn)N(), (B1)

where B is the two-body loss coefficient. Thus, the model
in Sec. IIl can be directly applied by replacing y by
y + Bn,. and introducing an overall loss reduction factor
1 — o, where « can be as large as 0.5 for a single transition.
This gives an effective loss coefficient (y + fn.) (1 — @).
For simplicity, we assume that the shielding does not cause
a change in the density #.. In reality, the shielding light
may lead to a decrease of n, due to radiation trapping of the
shielding light photons. This can lead to a further decrease
of the loss coefficient. We stress that the decrease of losses
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due to the shielding (1 — «) and due to the decrease of den-
sity (Bn.) are different processes. The combination of these
two processes may potentially lead to an enhancement
factor greater than 2.

In contrast, in a low-density MOT the volume remains
constant while the density grows with the atom number.
Then, losses have two-body character and the MOT rate
equation becomes

O _p - yN@® - BN@®?,

o (B2)

where B = B/m3/?V, and V is the volume of the trap. The
steady-state atom number is

Vy2+4BL—y
28 '

The shielding appears as a reduction of the loss coeffi-
cients: y(1 — ) and B'(1 — «)?. Then Eq. (B3) may be
rewritten as

Nﬁn =

(B3)

VYIFApL—y 1

Npn =
f 28’ [

(B4)

Thus, the enhancement appears as well in the case of
two-body losses in a low-density MOT. From our deriva-
tion, we conclude that the shielding scheme will enhance
the steady-state atom number by effectively reducing the
losses, regardless of whether they have a single-body or
two-body nature. However, it will not reduce losses that
affect all states equally, such as those stemming from
background-gas collisions.

APPENDIX C: SHIELDING IN OTHER ATOMIC
SPECIES

This Appendix examines the possibility that other
atomic species exhibit a shielding effect similar to the one
observed in this work for strontium. We identify three
requirements for the shielding: (i) the resonant coupling
to a reservoir state does not introduce additional losses;
(ii) the radiation pressure of the shielding beam is smaller

TABLE III. Combinations of MOT and shielding transitions
for alkaline-earth-like species.

r./2n ry/2m

Ae (nm) (MHz) As (nm) (kHz) Ref.
Sr 461 30 689 7.4 this work
Mg 285 79 457 0.036 [60]
Ca 423 35 658 0.37 [61]
Cd 229 91 325 70 [62]
Hg 185 30 254 1270 [63]
Yb 399 28 556 181 [64]

TABLE IV. Combinations of MOT and shielding transitions
for rare-earth elements.

Ae (nm) T./2w (MHz) A, (nm) T'y/27 (kHz)
Dy 421 32 598 140
[65,66] 598 0.14 626 135
626 0.135 741 1.8
1001 1.8-1073
Ho 411 33 599 147
[67,68] 599 0.147 608 39
661 15
545 5
Er 401 30 583 186
[69,70] 583 0.186 631 28
841 8
1299 0.9-1073
Tm 410 10 531 530
[71] 531 0.53 1140 1-1073

than that of the MOT beams, i.e., I'y/A; < I'o/A.. This
condition can be relaxed in radiation-pressure balanced
configurations, e.g., when using retroreflected shielding
beams; (iii) the Doppler broadening of the shielding tran-
sition can be compensated by its intensity broadening.
This precludes the use of clock or very long-lived states.
Indeed, setting the Doppler broadening equal to the inten-
sity broadening, we obtain a characteristic intensity, which
is in practice unreachable for ultranarrow transitions.

In the following, we provide combinations of MOT and
shielding transitions for different atomic species, which
meet these requirements. For alkaline-earth-like atoms we
summarize such combinations in Table III and cite rele-
vant experiments. Rare-earth elements feature a number of
cycling transitions convenient for both laser cooling and
shielding. In Table IV we list those that may be convenient
for shielding, sorted by decreasing linewidth. According to
requirement (ii) the MOT transition should be wider than
the shielding transition.

Finally, in alkali atoms shielding using the D1-line tran-
sition should also be possible. Indeed, our shielding effect
could provide an alternative explanation for the observa-
tions of Ref. [72], where an atom-number enhancement
is obtained when a *K MOT is subjected to resonant
DI light. The parameters of the experiment (beams in
retroreflected configuration and total saturation parameter
s = 1.5) are compatible with the shielding requirements
listed above.
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