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Optical pumping of 5s4d'D, strontium atoms for laser cooling and imaging
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We present a faster repumping scheme for strontium magneto-optical traps operating on the broad 5s'S; —
555p' Py laser cooling transition. Contrary to existing repumping schemes, we directly address lost atoms
that spontaneously decayed to the 5s4d'D, state, sending them back into the laser cooling cycle by optical
pumping on the 5s4d' D, — 5s8p' Py transition. We thus avoid the ~100 ps-slow decay path from 5s4d'D, to
the 5s5p>P, , states that is part of other repumping schemes. Using one low-cost external-cavity diode laser
emitting at 448 nm, we show our scheme increases the flux out of a 2D magneto-optical trap by 60 % compared
to without repumping. Furthermore, we perform spectroscopy on the 5s4d' D, — 5s8p' P; transition and measure
its frequency vssg, = (668917515.3 4.0 4= 25) MHz. We also measure the frequency shifts between the four
stable isotopes of strontium and infer the specific mass and field shift factors, (Svgi‘[gﬁ = —267(45) MHz and
8v§§’86 = 2(42) MHz. Finally, we measure the hyperfine splitting of the 5s8p' P, state in fermionic strontium and
deduce the magnetic dipole and electric quadrupole coupling coefficients A = —4(5) MHz and B = 5(35) MHz.
Our experimental demonstration shows that this simple and very fast scheme could improve the laser cooling
and imaging performance of cold strontium atom devices, such as quantum computers based on strontium atoms
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in arrays of optical tweezers.
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I. INTRODUCTION

Laser cooling and trapping techniques such as magneto-
optical traps (MOTSs) play a pivotal role in cold atom and
molecule experiments. As a basic component, they enable a
wide range of quantum technologies such as optical clocks
[1,2], atom interferometers [3-5], quantum simulators, and
quantum computers, e.g., using arrays of optical tweezers [6].
The success of these experiments relies on a combination
of the right species with the right laser cooling technique.
In recent years, laser-cooled alkaline-earth elements and, in
particular, strontium, have become widely used platforms for
next-generation clocks, interferometers, and quantum com-
puters [1,7-9]. Their success can be attributed to their atomic
level structure featuring a broad optical transition perfect for
fast laser cooling, and narrow transitions between singlet and
triplet states. These provide clock transitions as well as laser
cooling to uK temperatures and even down to quantum de-
generacy [10-12]. Continued development of unique quantum
technologies relies on the continued improvement of laser
cooling techniques.
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In the case of strontium, the broad 30-MHz-wide 5s% 1S, —
5s5p' P; transition used for the first laser cooling stages is not
fully closed. Each cycle through this transition has a prob-
ability of one out of 50 000 [13-16] or one out of 20 000
[8,17,18] for an atom in the excited 5s5p'P1 state to decay
into the 5s4d' D, state, leading to losses without an additional
repumping scheme. After some time spent in S5s4d'D,, the
atom further decays into the 5s5p3P1,2 states, from which
one typically repumps it back into the 5s%'Sy — 5s5p' P; laser
cooling cycle. Unfortunately, the lifetime of the 5s4d ' D, state
is rather long, 300 us [19-22]. Such a long time spent in
an unaddressed state is potentially detrimental when a fast
cycling transition is required in order not to lose the atom,
e.g., for a Zeeman slower, a 2D MOT, or a fast and reliable
single atom detection [23,24].

Taking the example of fluorescence imaging single stron-
tium atoms trapped in optical tweezers, each atom needs to
scatter many photons in order to achieve a high readout fi-
delity [25]. However, an atom that decays into the 5s4d D,
state has enough time to escape the tweezers region, if the
tweezers is not confining for 5s4d'D,. Strikingly, several ex-
periments with tweezers have chosen to use light at 515 —
532 nm [8,16] because of the available laser power, the small
wavelength, and since 515 nm allows us to create traps with
magic wavelengths for the 55218, — 555 p3P1 transition [8,26].
Moreover, the polarizability at such short wavelengths can
be suitable for trapping strontium atoms excited to Rydberg
states [27-29]. However, tweezers at these wavelengths create
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a repulsive potential for the 5s4d'D, state that expels the
atoms. Even when the tweezers’ wavelength is chosen to be
confining, the decay toward the 5s4d'D, state can remain an
inconvenience as one needs to wait for the atoms to decay
to the 5s5p° P, , states. For example, fast single atom fluores-
cence detection, which is useful for quantum error correction,
error erasure conversion [30,31], or the spatially resolved
imaging of nontrapped atoms [32,33], becomes less reliable
as a result of this wait time. Finally, as atoms decay from the
5s4d'D, state, one may also need to use several repumping
lasers to plug every decay path [34,35]. Such a solution is
technologically demanding and thus can affect the robustness
of a quantum device using ultracold strontium. To overcome
some of these limitations, a few experiments have started
investigating the use of the 5s5°'Sy — 5s5p°P; transition for
high-fidelity imaging [36].

In this paper, we tackle the challenge of the loss channel to
the 5s4d' D, state with a fast and simple repumping scheme
to transfer atoms directly from 5s4d' D, back into the ground
state using the intermediate 5s8p'P; state. For single atom
detection, this scheme removes the concern for the confining
character of the tweezer light for the states involved and the
concern about a reliably high scattering rate, as atoms do not
have enough time to leave the trap before our fast repump-
ing. Excitingly, this scheme also opens the opportunity for
shelving atoms in the clock or qubit 535p3P0,2 states, while
imaging ground-state atoms without contamination of the
sample through the decay path via the 5s4d' D, state [37-39].
According to known atomic data [17,40], our scheme should
be able to repump more than 96 % of the atoms using decay
paths faster than 100 ns. Let us note that the remaining atoms
will follow slightly slower decay paths, while a fraction of
them could fall into long-lived triplet states, and the branching
ratios toward these states still remain to be measured. The
suitability of our scheme will thus strongly depend on the in-
tended application. Pragmatically, our scheme can be realized
with a single, low-cost, external-cavity diode laser at 448 nm,
which relaxes the technological requirements for ultracold Sr
devices. By implementing this scheme, we show that the atom
flux out of a 2D MOT operating on the 5s2'Sy — 5s5p' P,
transition is increased by about 60 % compared to without
repumping.

This paper is structured as follows: In Sec. II, we present
the state of the art by listing the various repumping schemes
that have been experimentally demonstrated in recent years,
and we propose our scheme. Then in Sec. III, we describe
our experimental setup. In Sec. IV, we present spectroscopic
data for the 5s4d'D,- 5s8p'P1 transition. This includes the
determination of the absolute frequency of the transition, the
isotope shifts between the four stable isotopes of strontium,
and the hyperfine structure present for the fermionic isotope
87Sr. Finally, in Sec. V we characterize the repumping effi-
ciency of our scheme applied to a 2D MOT.

II. STATE OF THE ART AND OUR SOLUTION

Here we first describe existing repumping schemes, then
present ours and motivate this choice. Figure 1 shows the
broad, 30-MHz-wide transition at 461 nm between 5s*!Sy —
5s5p' P, which is typically used for laser cooling strontium.
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FIG. 1. Low-lying strontium levels and transitions. Typically,
atoms are cooled using the 552! Sy — 5s5 plPl transition, with a 1 out
of 50 000 [13-16] or 1 out of 20 000 [8,17,18] chance for atoms
to decay from the 5s5 plP. state into the 5s4d'D, state. Our scheme
optically pumps these lost atoms to the 5s8p'P; state, from which
they can quickly decay back into the cooling cycle. The diagram
also shows states that are connected to the 5s5p°P; states and that
are addressed in other commonly used repumping schemes. We took
the transition data from [17,47] and indicate transition probabilities,
decay rates, and lifetimes when relevant for further understanding.

However, while cycling on this transition, an atom has a 1
out of 50 000 [13-16] or 1 out of 20 000 [8,17,18] chance of
decaying from the upper 5s5p'P; state into the 5s4d' Dsstate,
thus leaving the cooling or imaging cycle. To bring these
atoms back into the 552! Sy — 5s5p' P; cycle, many repumping
schemes have been proposed and demonstrated experimen-
tally (see also references in Ref. [41]):

@) 5s5p3P0,2 — 5s6s3S; at 679nm and 707nm in
Ref. [34].

(ii) 5s5p°P, — 5s4d3D, at 3011 nm in Ref. [42].

(iii) 5s5p3P2 — 555d3D, at 497 nm in Refs. [43-46].

(iv) 5s5p°P, — 5s6d3D, at 403 nm in Refs. [43,45].

(V) 5s5p°P, — 5p* 3P, at 481 nm in Ref. [41].

(vi) 5s5p°P, — 5s65°S; at 707nm and S5s5p°Py —
5s4d3D; at 2.6 um in Ref. [35].

Many of these schemes are implemented using a sin-
gle laser source that can be built cheaply using available
laser diodes (e.g., Refs. [41,43,45]). They greatly increase
the lifetime of the atoms in the MOT and, thus, also their
numbers. In general, the practical efficiency of a scheme
depends on whether the branching ratios between various
decay paths are such that most of the atoms can fall back
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TABLE 1. Most likely (= 1%) decay paths after excitation to the
558p1P1 state using the 5s4d'D, — 5s8p1P1 transition. The second
column gives the overall probability for an atom to undergo each
path, using the branching ratios from Ref. [17] for the singlet states.
The branching ratios toward triplet states are not well-known, see,
e.g., Refs. [21,22,50]. The last column gives the sum of the 1/¢ life-
times of all excited states populated along a decay path. See Ref. [17]
for other, less likely decay paths, all requiring a few hundreds of
nanoseconds.

Probability 1/e time
Decay path from 5s8p' P, (in %) (in ns)
— 55218, 40.0 27
— 554d'D, 478 27
— 5565'Sy — 5s5p'P, — 55218, 7.1 86
— 557s'8y — 5s5p'P, — 55218, 1.8 51
— 558518y — 5S5p1P1 — 55218, 0.8 115

into the laser cooling cycle by addressing only the fewest
number of optical transitions [15]. Even for the fermionic
isotope %’Sr, whose nonzero nuclear spin / = 9/2 generates
a complex hyperfine structure with many more transitions,
these schemes can still be advantageous, as long as the hy-
perfine structures of the states at play are not too widely
spaced. In this case, it is not too technologically involved to
address all relevant hyperfine transitions, using a single laser
source [42,43]. However, all of these schemes rely on the
optical pumping of atoms from the 5s5p°P; state manifold
to higher lying intermediate states, before the atoms decay
to the ground state via the 55218, — 5s5p3P1 transition, see
Fig. 1.

Accordingly, they require that atoms decay from the
5s4d'D, state to the 5s5 p3 P, , states. The characteristic
time of this decay is 303(10)us [19-22], severely lim-
iting the repumping timescales. By contrast, our scheme
uses the 5s4d' D, — 5s8p1P1 transition at 448 nm to directly
address atoms in the 5s4d'D, state, similar to what has al-
ready been demonstrated in Ca [48]. This way, atoms are
swiftly repumped to the ground state, thanks to several decay
paths from 5s8p' P; with characteristic times of about 100 ns
[17,40], see Fig. 1 and Table 1. Let us note that some experi-
ments do not continuously shine repumping beams to prevent
losses in the MOT. Instead, they make use of the long lifetime
of the 5s5p3P2,0 states and accumulate atoms in a low-loss
reservoir, before applying a repumping pulse that brings atoms
toward the 5s%!S, ground state [49]. Our repumping scheme
is not aimed at these protocols, as it directly addresses the
5s4d'D, state.

To address directly atoms in the 5s4d D, state, the use of
the ladder of Ssnp'P; electronic states is a natural choice.
The lower lying states on this ladder should ensure a high
probability for the atoms to decay to the ground state without
getting lost in a forest of lower-lying states, some of which are
potentially long lived. In that regard, the state Ss6p' P, has al-
lowed decay paths only toward 5s2'Sy, 5s4d' D5, and 5s6s'Sj.
Moreover, the 5s4d'D, — 5s6p1P1 transition at 716 nm [51]
is somewhat directly accessible with today’s laser diode tech-
nologies. However, this repumping transition has been studied
experimentally before but was found to be rather ineffective at
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FIG. 2. Experimental setup. Atoms from a strontium oven are
slowed down by a Zeeman slower, then cooled in a two-dimensional
magneto-optical trap employing the cycling 5s*'S, — 5s5p'P; tran-
sition at 461 nm. We use fluorescence imaging to measure the atom
number in the MOT. From this 2D MOT, atoms fall down un-
der gravity into a three-dimensional MOT working on the narrow
55218, — 5s5p° P, transition at 689 nm, where they are imaged via
absorption imaging. Our repumping laser at 448 nm takes the same
path as the 461 nm light for the Zeeman slower and shines onto the
2D MOT.

sending atoms back into the cooling cycle [21,22,50]. These
demonstrations hypothesize significant losses via decays from
556p1P1 to the triplet 5s5p3P1.2 states, on top of the decays
towards 5s6s°S; and 5s4d°D,; from Refs. [17,40]. Nonethe-
less, Ref. [22] confirms that the overall restoring force from
laser cooling on 5s2'Sy — 5s5p' Py can be increased by reduc-
ing the time atoms spend in 5s4d'D,. Finally, the branching
ratios [17] for the decay from this state favor a decay back
to 5s4d'D,, meaning that on average several pumping pho-
tons will be required before reaching 5s2'S, . The next state
on the ladder, 5s7p1P1, has a transition from 35s4d'D, at
533 nm suffering from the same branching ratio issue, and
possesses additional states reachable via spontaneous decay.
Moreover, tunable laser diodes emitting directly at this wave-
length are not common. This leaves us with the 5s8p' P; state
as the lowest energy state with good branching ratios toward
5s4d'D,, see Fig. 1 and Ref. [17]. Despite being numerous,
the decay paths from 5s8p' P, through singlet states all lead
in short times (a few 100ns) to the states 5s%'Sy, 5s5p' Py,
or 5s4d'D, [17]. Finally, at this wavelength, cheap laser
diodes are available. These arguments lead us to investigate
the 5s4d'D, — 5s8p' P; transition as a potential repumping
transition.

III. EXPERIMENTAL SETUP

Our experimental setup, see Fig. 2, has been described
in detail in Ref. [52]. Here we recall the most important
points. The atom source is an oven in which metallic stron-
tium with natural isotopic abundance is heated to about
470°C. An atomic beam then effuses from a microtube noz-
zle, is collimated transversely by an optical molasses, and
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Zeeman slowed to about 20 m/s~!. Both cooling stages use
the 5s2!Sy — 5s5p' P, transition. The slowed atoms enter a
vacuum chamber labeled “upper chamber” and reach a 2D-
MOT whose axis is located 5 cm after the slower’s exit. This
MOT uses the 5s2'S, — 555 plPl transition as well and radially
cools the atomic sample to a Gaussian velocity spread of about
0.5m/s~!. The radial magnetic field gradient is 10Gcm™'.
Atoms can escape the MOT along the nonconfining, vertical,
y axis.

For characterizing the effect of our repumping scheme on
this 2D MOT, we use two techniques. First, in Sec. IV we
observe the variations of the MOT fluorescence by imag-
ing it onto a camera located in the same horizontal plane.
Second, in Sec. V we record the atoms that exit the 2D MOT
downward, pass into a different vacuum chamber, labeled
“lower chamber,” and get captured in a 3D MOT operated
on the 552'Sy — 5s5p°P; transition, see Fig. 2 and Ref. [52].
In the present paper, we applied the latter technique only
to bosonic species. Let us note that we recently applied
this method to produce a similar continuous 3D MOT for
fermionic strontium [53]. When transferring atoms into the
lower chamber, we prevent atoms in the 2D MOT from going
upward by applying downward propagating “push” beams, in
the presence of which we measure the falling atoms’ average
velocity of 3m/s~! [52]. These push beams, addressing the
55218, — 555 plPl transition, are not present when we perform
spectroscopy looking at the MOT fluorescence (Sec. IV), but
they are active when we measure the MOT’s outgoing flux
(Sec. V).

As a repumping laser, we use a homemade [54] ex-
ternal cavity diode laser emitting directly at 448 nm. We
choose the GHO4580A2G laser diode from Sharp, with a
GH]13-24V grating from Thorlabs placed in a Littrow config-
uration. We stabilize the laser frequency by locking it via the
Pound-Drever-Hall technique to a stable optical cavity with
finesse .# ~ 3500 and a free spectral range of 1.5 GHz. The
locked-laser frequency drifts by only ~500 kHz over 90 min,
which is suitable for the 5s4d'D, — 5s8 plPl transition whose
linewidth is I" = 27 x 3.0(7) MHz [40]. We use a piezoelec-
tric transducer to tune the cavity length and thus the frequency
of the locked laser. The cavity resonance can be tuned by up to
~30 GHz, but the continuous scanning range is limited to the
laser’s mode-hope-free range of ~3 GHz. The laser delivers
up to 4.5 mW at 448 nm. To increase the available power, we
injection lock a secondary laser diode (same model) using
as low as 150 uW from the external cavity diode laser. After
coupling into an optical fiber with 50 % efficiency, we obtain
16 mW to be sent onto the atoms. For simplicity, we combine
the repumping beam with the 461 nm Zeeman slower light
using a polarizing beamsplitter. The repumper polarization is
thus set mostly circular and opposite to the Zeeman slower
one. We shape the beam to a 1/¢* diameter of 7.5 mm to cover
the 2D MOT cloud, in particular, along the nonconfining axis.

IV. SPECTROSCOPY

We perform spectroscopy of the 5s4d' D, — 5s8p' Py tran-
sition at 448 nm using fluorescence imaging of the atoms
in the 2D MOT, see Fig. 2. By scanning the repump laser
frequency across resonance, we optically pump atoms from
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FIG. 3. Example spectra of the 5s4d' D, — 5s8p' P; transition for
the four stable isotopes of strontium via fluorescence of the two-
dimensional MOT. In contrast to the three bosonic isotopes *Sr,
8Sr, and ¥ Sr, the fermionic isotope 87Sr has a nuclear momentum of
I = 9/2 and thus exhibits a hyperfine structure. Data (blue points) are
fitted with a Voigt profile (red curves) to extract the center frequency
and isotope shifts. Note that the experimental parameters are adapted
for each isotope to improve the signal-to-noise ratio, which means
that the fluorescence intensities are not representative of strontium’s
natural abundance. The background fluorescence of the MOT is
offset to zero.

the dark 5s4d'D, state back into the cooling cycle, such that
these lost atoms contribute again to the fluorescence signal;
see Fig. 1. More precisely, having a 2D MOT continuously
loaded with atoms of a single, selected isotope, we switch
the 448 nm repump laser on and scan its frequency over a
range of about 200 MHz around the 5s4d'D, — 558 plPl res-
onance. We apply a symmetric triangular voltage ramp on the
cavity piezoelectric transducer to scan the laser frequency.
Each linear segment of the ramp lasts ~10s, chosen slow
enough so as to let the population reach a steady state at
all times. During the ramp, the laser frequency is recorded
by a WS7-30 wavemeter from HighFinesse, and we scan in
total five triangular ramps for averaging. We record the flu-
orescence signal with a Blackfly 2.3MP Mono GigE camera
(BFLY-PGE-23S6M-C). We choose its region of interest so as
to detect the fluorescence coming only from the upper MOT
region, excluding the MOT center. We thus avoid recording an
undesired signal from fast atoms traveling along the Zeeman
slower’s beam but faster than the 2D MOT capture velocity,
which would add Doppler broadening to the spectroscopy
signal.

A. Absolute transition frequency

We spectroscopically determine the absolute transition fre-
quency of the 554d' D, — 5s8p' P, transition for the bosonic,
most abundant isotope *8Sr; see Fig. 3. We measure it to
be vggsy = (668917515.3 + 4.0 £ 25) MHz, where the first
error bar is the statistical uncertainty and the second comes
from the accuracy of the wavemeter, see below. NIST pro-
vides for this transition the frequency value of vyisT =
668916207(300) MHz [40], which is a disagreement with our
measurement of more than 1 GHz. We ensure the accuracy
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TABLE II. Absolute transition frequencies, isotope shifts, and
linewidths from the spectroscopy of the 5s4d'D, — 5s8p'P; tran-
sition for the four stable isotopes of strontium. The given widths
are the full width half maximum of the fitted Voigt profiles. The
absolute frequency for ¥Sr and the isotope shift between ¥Sr and
87Sr and their uncertainties come from the analysis of Sec. IV C, and
represent the virtual 8Sr transition without the hyperfine splitting.
The second error bars on the absolute frequencies come from the
specified accuracy of the wavemeter; see Sec. [V A. All remaining
error bars represent the standard deviation of the fitted parameters
from five consecutive triangular ramps.

Isotope Vres (MHz) svA38 (MHz) FWHM (MHz)
84 668917860.1 £2.6 £25 —344.8+6.6 2945

86 668917682.3+£2.6 25 —167.0+£6.6 2943

87 668917598.8 £ 12.4 £25 —83.5+16.4

88 668917515.3 £4.0 & 25 0 3042

of our measurement by calibrating the wavemeter across the
visible spectrum [55], similar to the calibration in Ref. [43].
We use well-known optical transitions in different elements
available in the cold atoms and ions experiments in our lab-
oratory, namely, we use the 441 nm transition in Yb™ [56],
the 461 nm, 689 nm, and 497 nm transitions in Sr [43], and
the 780 nm D2-transition in Rb [57]. For all these transi-
tions, the wavemeter reflects the literature values within an
accuracy of 25 MHz, which is compatible with the 30 MHz
accuracy specified by the manufacturer. We set the wavemeter
calibration with respect to the 5s>'Sy — 5s5p°P; transition of
strontium at 689 nm, for which our reference laser’s accuracy
is better than 50 kHz [58].

To determine the transition’s frequency from the recorded
fluorescence signal, we fit a single Voigt profile to the data,
see Fig. 3. We use this profile to take into account the vari-
ous broadening mechanisms. The MOT finite radial velocity
spread of 0.5m/s~! [52] should contribute to a broadening
with a Gaussian width of 1.1 MHz. The MOT diameter in
the horizontal plane is as big as 4 mm, which leads to a
Zeeman broadening of ~|6| MHz in the magnetic field of the
MOT. The laser beam intensity is 16.5 times the transition’s
saturation intensity of 4.4 mW cm~2, and thus broadens the
transition width from 27 x 3.0(7) MHz to 27 x 12.6 MHz.
Combined, these broadening mechanisms roughly account
for the fitted Voigt profile, which exhibits a full width half
maximum of ~2m x 30 MHz, see Table II.

B. Isotope shifts

In this section, we spectroscopically determine the isotope
shifts of the Ss4d' D, — 5s8p' P, transition frequency between
8Sr and the three other stable isotopes 87Gr, 36Sr, and ¥*Sr.
To determine these shifts, we load a single isotope in our
2D MOT by setting the detunings of the Zeeman slower and
MOT laser beams to match the well-known isotope shifts of
the 461 nm cooling transition; see Fig. 2. We then perform
spectroscopy on this isotope by scanning the 448 nm laser
frequency as in the case of *3Sr, see Sec. IV A. Subsequently,
we proceed to the next isotope by setting the proper laser
cooling parameters. In our setup, it takes about five minutes

to pass from laser cooling one isotope to another due to the
need for small optimizations such as optical fiber injections
and adjustments of MOT parameters. Since the measurement
of isotope shifts is relative in nature, and since we keep
regularly calibrating our wavemeter, the uncertainty on the
isotope shifts is greatly reduced and is now dominated by
the short-term variations from scan to scan. The cooling laser
at 461 nm is locked by saturated absorption spectroscopy to
better than 5 MHz, and thus does not drift over long times.

We repeat the same protocol described above for the two
bosonic isotopes ¥Sr and #*Sr. The measured values are re-
ported in Table II. Contrary the other stable isotopes, ¥’ Sr
is fermionic and exhibits a hyperfine structure; see Fig. 3.
This prevents us from fitting a single Voigt profile to the
fluorescence signal and determining the isotope shift this way.
Instead, we provide the value of Av of the virtual transition
without hyperfine splitting, obtained through knowledge of
the magnetic dipole and electric quadrupole coupling coeffi-
cients A and B, thanks to the analysis of Sec. IV C.

From the measured isotope shifts §v44 = §v4" — §v4, we
deduce the mass shift sv22" and field shift § v?éA/ following

MS
the analysis for calcium in Ref. [59]:

/
s = sl 4+ s = M% +FS(r . ()
Here, M and F are the mass and field shift factors, A and
A’ are the atomic masses of two isotopes, and §(r?)*4 is
the nuclear radii change between these two isotopes [60].
The mass shift factor is written as the sum of the normal
and specific mass shift factors M = Mnms + Msms, Where
Mnms = v m,/m, with v the transition frequency, m, the elec-
tron mass, and m, the atomic mass unit. Usually, the residual
(or modified) isotope shift § véig" is obtained by subtracting
the normal mass shift from the measured isotope shift Sv44".
Thus, we can rewrite Eq. (1) as

AA a0 AA
A — A VRIS _A/_A

SvM — Mnwis

!

= Mswis + F U )

A —A

and obtain the two factors Mgys and F as the offset
and slope of a linear regression, see Fig. 4. This pro-
cedure yields Mgys = —1008(170) GHz a.m.u. and F =
—0.03(0.83) GHz/fm’2, where a.m.u. stands for atomic mass
unit and values for §(r2)44" are taken from Ref. [61]. To
our knowledge, the only experimental determination of an
isotope shift of the 5s4d'D, — 5s8p' P, transition has been
made in Ref. [62]. There, the authors use optogalvanic spec-
troscopy to determine the isotope shift between %¥Sr and %6Sr,
sv3886 — _163(6) MHz. This is compatible with our value
of 518886 = _167(6.6) MHz. Thanks to our measurement of
the other stable isotopes, in addition to confirming the re-
sults of Ref. [62], we are able to provide the specific mass
shift factor and the field shift factor. We can further com-
pare our results with the theoretical calculations of Ref. [63],

which predict svgyg = —211 MHz and svig *® = —37 MHz,

whereas our fitted factors give § ”31%/'126 = —267(45) MHz and
81}52’86 = 2(42) MHz. This shows only a rough agreement,

013319-5



JENS SAMLAND et al.

PHYSICAL REVIEW RESEARCH 6, 013319 (2024)

-850+

E) r 1
1S -900F ]
(0] [ ]
(::'; -950F 1
2o -1000— + :
& [ ]
‘©  -1050| ]
<| ¥ i ]
@ 2 -1100 * *
-1150" ‘ ‘ ‘ ‘ '
-250 -200 -150 -100 -50 0

88-A

(— -6(r2)A’88] (fm? a.m.u)
88-A

FIG. 4. Determination by linear regression of the specific mass
shift factor Msys and field shift factor F for the 5s4d' D, — 558p'P,
transition. A similar analysis was performed for calcium in Ref. [64].
Values for §(r2)*" are taken from Ref. [61].

although this level of agreement is not unexpected when com-
pared with similar investigations [63].

C. Hyperfine splitting

The fermionic isotope ®’Sr has a nuclear spin of I =
9/2. Hence, the 5s4d'D, state possesses a hyperfine struc-
ture with five levels with total angular momentum F =
{5/2,7/2,9/2,11/2,13/2}, whose splitting was measured
to the kHz level by radio frequency spectroscopy [51]. Ac-
cordingly, the 5s8p'P; state exhibits a hyperfine structure
of three levels with F = {7/2,9/2,11/2}. We thus expect
to observe at most nine allowed transitions, similar to the
experimental study of the 5s4d'D, — 5s6p'P; transition in
Ref. [51]. However, in our measurements we observe only
four clearly separated resonance peaks in a narrow range of
about 150 MHz, see Fig. 3. To ensure that we do not omit other
resonances, we scan a frequency range around the four peaks
from —7 to 43 GHz. This is large compared with the hyper-
fine splitting of the strongly perturbed 5s6p'P; state, which
spans about 1.5 GHz [51], so the splitting of the 5s8p'P; state
should be encompassed by our scan. We conclude that the
hyperfine splitting of the 5s8p' P, state is much smaller than
for the 5s6p1P1 state, and instead much closer to the one of
the 5s5p'P1 state [15]. This is compatible with the presence
of four separated transitions close to each other, meaning that
we do not probe only a single hyperfine state of 5s8p'P,
which would otherwise give at most three allowed transitions.
We therefore suppose that the nine expected transitions are
located within the narrow 150 MHz range shown in Fig. 3
and that we cannot resolve the individual peaks due to line
broadenings.

However, we can determine boundaries for the magnetic
dipole and electric quadrupole coupling coefficients A and B
in the Casimir formula [59,65]

B3/2C(C+ 1) = 210+ DIJ + 1)
4 QI— DI - DI

)

A
AEF = Av =+ EC =+
(3)

where C=F(F + 1) —I(I+ 1) —JJ 4+ 1) and Av is the iso-
tope shift for 8Sr. Knowing that the splitting in the Ss4d'D,
manifold between the lowest and highest state, with F = 13/2
and F = 5/2, respectively, is about AvPZ  — 120 MHz [51]

splitting

and considering that we measure a signal for ¥’Sr over a
range of about 150 MHz, we can conclude that the energies
of the three hyperfine states of 5s8p' P, are located within a
maximum spread of ~30MHz. This translates into A and B
coefficients within A € [—3, 3] MHz and B € [—30, 30] MHz.
Let’s note that, owing to the detuning of the 2D MOT beam:s,
the 5s5p' Py hyperfine states F = 11/2 and F = 9/2 are likely
to be more strongly addressed than F = 7/2, which is off
resonant by about two times the 5s2'S; — 5s5p' Py transition
linewidth. This means that the population in the state F = 5/2
of 5s4d'D, is likely very small. In this case, the maximum
spread for the three hyperfine states of 5s8p'P; is ~70 MHz,
and we have A € [—8, 8] MHz and B € [—70, 70] MHz.

Having laid these conservative boundaries, we now attempt
to find fitting values of A and B that explain the distribution
of the measured transitions. We take into account all nine
possible transitions and assume that the four peaks observed
are composed of one or more of these transitions, and that
all transitions contribute to the spectrum. For lack of better
insight, we consider all possible permutations of these nine
transitions to the four lines, and fit for each permutation a set
of A, B, and Av. Each set obtained comes with an evaluation
of the reduced chi square %2, which gives an estimation of
the goodness of the fit. As expected for our spectrum with
only a few peaks and not all resolved, none of the 10* — 10°
permutations clearly stands out. We thus select the few tens
of models with low values of %2 and calculate from these
sets mean values and standard deviations for A and B. When
we assume the presence of atoms in the F = 5/2, 5s4d D,
state, we obtain A = —6(4) MHz and B = 10(30) MHz. If, as
justified previously, we neglect the population in F = 5/2, we
obtain significantly lower best %2 values (although still sig-
nificantly higher than 1) and the coefficients A = —4(5) MHz
and B = 5(35) MHz, which should thus be considered the
more reliable set of results.

Finally, the small frequency spread of the 5s4d'D, —
5s8p'P; lines is advantageous for using this transition for
repumping. Other repumping schemes for fermionic stron-
tium with spread of hundreds of MHz can be technologically
demanding if one wants to address all potentially populated
F states [43], e.g., by using several acousto-optic modulators
or a chirp over a large mode-hop free frequency range. The
small spread for our scheme should greatly simplify the task
and provide efficient repumping.

V. REPUMPING

Now that we have spectroscopically determined the prop-
erties of the 5s4d1D2 — 5s8p1Pl transition, we address it
with our 448 nm laser to repump atoms in the 2D MOT that
decayed into the Ss4d 'D, state, and thus tackle this loss
mechanism.

To quantify the efficiency of the repumping process, we
do not rely on fluorescence imaging of the 2D MOT in the
upper chamber that we previously used. Instead, we use ab-
sorption imaging of the 55%'Sy — 5s5p°P; 3D MOT occupying
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x 107 TABLE III. Results of the fitted 3D MOT loading curves of
30— w Fig. 5, with and without the repumping laser beam, which is tuned
Less 5 to the 5s4d'D, — 5s8p1P1 transition and shining on the 2D MOT
. 257 e 1 region. The error bars are the standard errors from the fits.
8 s ]
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% - u Repumping beam ON 0.46(2) 0.16(1)
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0.5¢ = without repumping where Nyior(t) is the time-dependent atom number in the 3D
L N MOT, @ is the flux of captured atoms, and I" is the one-body

0 5 10 15 20 25 30
t(s)

FIG. 5. Evolution of the atom number in the 3D MOT as a
function of the loading time, with and without the 448 nm repumping
laser addressing the 5s4d'D, — 5s8plP1 transition. The 448 nm laser
shines onto the 2D MOT of the upper chamber, see Fig. 2. We
observe an increase in atom number, which comes from a 63 %
increase in the flux of atoms leaving the 2D MOT. Lines are fit to
the data using Eq. (4).

the lower chamber, as described in Sec. III. Measuring the
atom number evolution inside the 3D MOT while applying
the repumper on the 2D MOT cloud allows us to observe the
evolution of the flux of atoms captured by the 3D MOT. This
flux is directly proportional to the flux of atoms exiting the
2D MOT, which we verified experimentally. The repumper
beam is still aligned to the center of the 2D MOT and the
laser beam intensity of 16.5 times the transition’s saturation
intensity produces a power broadening that helps addressing
the atoms despite their Doppler and Zeeman shifts. We verify
that this power is sufficient to reach the saturation of the
repumping effect. Let us also note that, by using a different
orientation of the repumping beam, angled at 45° from the
Zeeman slower beam and shining only on the 2D MOT, we
have verified independently that the observed gain in atom
flux originates solely from a repumping effect at the MOT
location, and not within the Zeeman slower region.

We quantify the effect of the repump laser by switching on
all lasers needed for cooling and trapping the %8Sr isotope in
the 2D and the 3D MOTs, and waiting for a varying loading
time before taking an absorption image of atoms in the 3D
MOT. We perform this measurement twice: once without and
once with the 448 nm repump laser shining onto the 2D MOT
region. For these measurements, we make sure to reduce the
flux of atoms entering the 2D MOT by adjusting the oven
temperature and the parameters of the previous laser cooling
stages. This is necessary to avoid additional loss mechanisms,
e.g., the spilling of atoms outside of the laser beams or a too
(optically) dense sample leading to a smaller restoring force
or light-assisted inelastic collisions, both in the 2D and the
3D MOTs. We obtain the loading curves of Fig. 5, which we
fit using the function

()
Nvor(t) = T (1—e, “4)

loss rate. We obtain the fit parameters given in Table I1I. We
see that with the addition of the repumping laser, the flux of
atoms exiting the 2D MOT is increased by 63 %.

Owing to the inherently lossy nature of our 2D MOT, it
is challenging to have an absolute determination of how well
the losses via 5s4d'D, — 5s8p1P1 are taken care of. Indeed,
atoms that do not decay to the 5s4d' D, state are traveling fast
across the 2D MOT and naturally exit it to continue toward
the lower vacuum chamber. This exit can be considered a
one-body loss mechanism for the 2D MOT, and it dominates
over all other potential decay mechanisms. According to the
known transitions between the electronic levels of strontium
[40], a majority of the atoms optically pumped to the 5s8p' P,
state will either come back to 5s4d'D, or reach 5s%1S, in
a few hundreds of nanoseconds, see Table I. This should
allow efficient repumping of atoms back into the 5s>'Sy —
5s5p' P cooling cycle. However, this only takes into account
transitions between singlet electronic states, while the losses
toward, potentially long-lived, triplet states are unknown, see,
e.g., Refs. [21,22,50]. To estimate whether the effect of our
repumping scheme on our apparatus is to repump atoms with
a high probability or to repump them fast, thus increasing
the mean restoring force within the 2D MOT, we compare
our scheme to the commonly used 555p3P0,2 — 5s6s351 re-
pumping scheme at 679nm and 707 nm [34]. This scheme
has the advantage of repumping all atoms back to 5s%'S,
via the 5s5p°P; state, but it requires a long wait time for
atoms to decay from the 5s4d 1D, state. Therefore, this scheme
should not be particularly suited to our 2D MOT acting on
fast moving atoms. Indeed, applying the 679 nm and 707 nm
repumping scheme on our 2D MOT, we measure an increase
of atoms in the 2D MOT cooling cycle of less than 40 %,
significantly lower than the 60 % improvement gained using
our, likely lossier but very fast, 448 nm scheme. This indicates
that the high repumping rate of our scheme is an important
factor in our apparatus. However, one would have to use a
3D MOT on 5s%1Sy — 5s5p' P, with slow loss rates to be able
to quantitatively estimate the repumping efficiency and the
amount of losses via triplet states.

VI. CONCLUSION

In conclusion, we proposed and experimentally demon-
strated a fast and efficient repumping scheme for improved
laser cooling and imaging of strontium atoms on the 5s>!S, —
SSSp'Pl transition. With our scheme, we can recycle atoms
that spontaneously decay to the 5s4d'D, state directly back

013319-7



JENS SAMLAND et al.

PHYSICAL REVIEW RESEARCH 6, 013319 (2024)

into the cooling cycle by addressing the 5s4d'D, — 5s8p' P,
transition. The demonstrated scheme stands out due to its
very fast repumping cycle, having a characteristic decay time
back into the main cooling cycle shorter than 100ns for
296 % of the atoms. We implemented this scheme with a
single, low-cost, external-cavity diode laser at 448 nm and
could increase the atom number in our 2D MOT by 60 %
compared to the case without repumping. Furthermore, we
performed spectroscopy on the 554d' D, — 5s8p' P, transition
and measured its absolute frequency vssg, = (668917515.3 +
4.0 & 25) MHz. Moreover, we determined the isotope shifts
between the four stable isotopes of strontium and infer the

specific mass and field shift factors (Svgff/’[? = —267(45) MHz

and § vgg’gﬁ = 2(42) MHz, respectively. Finally, from our mea-

surements with the fermionic isotope %’Sr, we obtain the
magnetic dipole coupling coefficient A = —4(5) MHz and the
electric quadrupole coupling coefficient B = 5(35) MHz for
the hyperfine structure of the 5s8p' P, state.

In the future, our scheme might help improve the per-
formances of cold-strontium-based quantum devices such
as clocks, atom interferometers, and optical tweezer arrays
thanks to better laser cooling and imaging on the 5s*!S; —
5s5p' Py transition. It could also be helpful for the implemen-
tation of shelving schemes, where atoms are stored in the
5s5 p3P0,2 states, while the other 5s%'S part of the qubit state
is interrogated with the 55218, — 555 plPl transition [37-39].
Thanks to the fast removal of atoms that have fallen into the

5s4d' D, state, this repumping scheme would avoid contami-
nation of the qubit state.

Correspondence and requests for materials should be ad-
dressed to F.S. Raw data and analysis materials used in this
research can be found in Ref. [66].
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