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Neutral atoms that are optically trapped using the evanescent fields surrounding optical nanofibers are
a promising platform for developing quantum technologies and exploring fundamental science, such as
quantum networks and many-body physics of interacting photons. Building on the successful advance-
ments with trapped alkali atoms, here we trap strontium-88 atoms, an alkaline-earth element, in a
state-insensitive, nanofiber-based optical dipole trap using the evanescent fields of an optical nanofiber.
Employing a two-color, double magic-wavelength trapping scheme, we realize state-insensitive trapping
of the atoms for the kilohertz-wide 55> 'Sy — 5s5p 3JF'|‘|m|=| intercombination transition, which we verify
by performing high-resolution spectroscopy for an atom-surface distance of about 300 nm. This allows
us to experimentally find and verify the state insensitivity of the trap nearby a theoretically predicted
magic wavelength of 435.827(25) nm, a necessary step to confirm precision atomic physics calcula-
tions. Alkaline-earth atoms also exhibit nonmagnetic ground states and ultranarrow linewidth transitions
making them ideal candidates for atomic clocks and precision metrology applications, especially with
state-insensitive traps. Additionally, given the low collisional scattering length specific to strontium-88,
this work also lays the foundation for developing versatile and robust matter-wave atomtronic circuits over

nanophotonic waveguides.

DOI: 10.1103/PRXQuantum.4.040308

I. INTRODUCTION

Hybrid quantum systems with cold atoms coupled to
photonic devices are a strong candidate for building atom-
tronic circuits; quantum circuits analogous to electronic
circuits based on atomic matter waves instead of electrons
[1,2]. For example, cold atoms trapped in free-space opti-
cal potentials have already realized integrated atomtronic
elements [3—7], and similarly, ring-shaped Bose-Einstein
condensates have been tailored for quantum sensing [8—
11]. However, photonic integrated electrical and optical
circuits that can realize near-surface optical and mag-
netic trapping potentials offer more compact and diverse
geometries for quantum many-body simulations [12,13],
cavity quantum electrodynamics (QED) [14-17], and to
coherently control and manipulate matter waves [18-20].
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In this context, tapered optical fibers with a subwave-
length diameter, “nanofiber” waist have proven to be a
versatile platform for trapping and optically interfacing
laser-cooled atoms using the evanescent field surrounding
the nanofiber [21,22]. In the last decade, such nanofiber-
based optical interfaces have been demonstrated with two
types of alkali atoms, cesium [23—26] and rubidium [27,
28], and have contributed to advancing quantum science
and technology [29], such as chiral quantum optics [30,31]
and quantum memories of light [32—34].

Notwithstanding these achievements, alkaline-earth
atoms, such as strontium, would offer several unique
advantages over alkalies when interfaced with nanofibers.
Using the 55% 1Sy — 5s5p 3P, (henceforth ISy — 3P1} inter-
combination transition for implementing a magneto-
optical trap (MOT) with Sr, atomic clouds can reach
approximately 1 pwK temperatures without the need for
additional laser cooling, thus reducing the potential depths
necessary to load atoms into evanescent field traps from a
MOT. This narrow 7.6-kHz transition also enables high-
resolution spectroscopy for investigating atom-surface
interactions [35,36]. In addition, the spherically symmet-
ric, nonmagnetic ground state of 3¥Sr reduces sensitivity
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to magnetic field noise, and the small collisional scatter-
ing length minimizes decoherence in matter-wave appli-
cations [37,38]. Experiments in chiral quantum optics
will also benefit from the polarization-maintaining nature
of strontium atoms as scatterers, allowing one to tune
the directionality of scattering into the guided mode of
the waveguide via polarization of the excitation light
field [30,31,39—41]. In conjunction with the propagation
direction-dependent polarization of the nanofiber-guided
light, one can, for example, study the dependence of col-
lective radiative phenomena on the directionality of the
emission.

Laser-cooling and precision-spectroscopy scenarios
involving narrow-line atomic transitions demand mini-
mal differential energy ac-Stark shifts. This is particularly
relevant for two-color trapping schemes, which rely on
opposing optical forces, and thus involve higher optical
intensities than free-space optical dipole traps to reach
the same trap depths. Furthermore, the trapping fields are
highly nonuniform near the surface of nanophonic devices,
thus inducing strong spatially dependent light shifts of the
atomic transition across the trapping potential [16,21,42].
These issues can be resolved when using magic wave-
lengths for which the atomic polarizabilities are identical
for the upper and lower level of the corresponding transi-
tion, thus providing a state-insensitive trap at all locations.
In free-space traps, the use of magic wavelengths is an
effective tool for atomic time keeping [43—45], precision
spectroscopy [46,47], quantum computation [48-51], and
in tightly focused “optical tweezers,” in particular [52—54].
In evanescent field traps specifically, an absence of magic
wavelengths leads to spatially dependent light shifts on the
MOT cooling transition, which in turn severely complicate
efficient loading of atoms from the MOT into the evanes-
cent fields of photonic integrated circuits, nanofibers and
optical cavities [21,42].

Here, we report on trapping of strontium atoms in the
evanescent fields surrounding an optical nanofiber. The
two-color optical dipole trap confines 61(7) atoms for an
average lifetime of v = 7.4(7) ms. Using a measurement
based on a theoretical magic wavelength of the 'Sy — 3P,
transition at 435.827(25) nm, computed in this work, we
also experimentally verify state-insensitive trapping.

This work also provides a much needed benchmark
of high-precision theory. Accurate computation of atomic
polarizabilities of strontium’s excited states, needed for
the prediction of magic wavelengths, becomes increasingly
difficult for shorter wavelengths. The main contributions to
the 3Py polarizability at 435.8 nm come from the transition
to the rather high 5s7s 3S; state. There are no precision
experimental benchmarks for such transitions. Moreover,
the number of contributing resonances rapidly increases as
a result of the increased density of states involving higher
principal quantum numbers. The experimental agreement
with the theoretical prediction of this magic wavelength

validates the methodology of computing the polarizabil-
ities of atoms with a few valence electrons, as well as
our methods to assess the accuracy of the theory. Reliable
computations of polarizabilities at shorter wavelengths are
needed for the many cold atom applications mentioned
above.

II. EXPERIMENTAL SETUP

In this work, strontium atoms are trapped along the
length of the nanofiber at a distance of approximately
300 nm using an optical potential that is generated by
the evanescent fields of two nanofiber-guided light fields
[see Fig. 1]. The first trapping field (A ~ 436 nm), which
is blue detuned from the strong 461-nm dipole transition,
produces a second optical potential that repels atoms from
the nanofiber surface [see Fig. 1(a)]. An additional trap-
ping field forms a standing wave along the fiber waist and
has a free-space wavelength of about 473 nm, which is
red detuned from the strongest dipole transition, attract-
ing the atoms towards the nanofiber surface [see Fig. 1(b)].
The depth of the repulsive (attractive) trapping potential is
proportional to the light’s intensity and the atomic polar-
izability at the trapping field wavelength of 436 nm (473
nm), the latter being large [approximately 1500 (3500)
a.u.] because of the proximity to the strong 461-nm dipole
transition.

Because the intensity of the blue-detuned evanescent
field has a smaller decay length than the red-detuned field,
the combination of the corresponding potentials has a local
minimum, which, for our settings, is at a distance of about
300 nm from the fiber surface providing radial confine-
ment for the atoms, even in the presence of the van der
Waals and Casimir-Polder surface potentials [see Figs.
I(c)-1(d)]. For our resonant wavelength of A = 461 nm,
the van der Waals potential dominates at very close dis-
tances S A/2n while the Casimir-Polder potential is more
accurate for distances 2 A [55-58]. Thus, our nanofiber-
based trap operates in the crossover region between these
two. We note that the atom-fiber distance can be tuned by
changing the ratio of the optical powers of the trapping
fields. Azimuthal confinement around the fiber is achieved
by choosing orthogonal quasilinear polarizations for the
two trapping fields [23] while axial confinement along the
fiber is realized by launching two counterpropagating red-
detuned fields through the nanofiber, thereby forming an
optical lattice along the fiber waist [see Fig. 1(e)] (see
Appendix A 1).

The required evanescent trapping fields at these wave-
lengths are made possible by tapering the fiber with
a flame pulling technique to a nominal waist diame-
ter of 230 nm [59]. We choose this diameter to opti-
mize the atom-photon coupling at our probing wave-
length of 461 nm, which occurs at a waist of approxi-
mately A /4 [59,60]. Furthermore, the fiber only guides the
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FIG. 1. The two-color evanescent field trapping potential. (a)

A repulsive blue-detuned potential that is combined with (b) an
attractive, red-detuned lattice results in (c) a three-dimensional
optical dipole trap around the nanofiber. (d) Total potential of
the nanofiber-based trap (black curve) along the radial direc-
tion as a function of distance from the nanofiber’s surface and
arising from the sum of optical potentials (red and blue) and
van der Waals potential of the nanofiber (green). (e) Individually
trapped strontium atoms (dark gray spheres) are confined radi-
ally, azimuthally, and axially along the nanofiber by the potential
illustrated in (c).

fundamental HE; mode for all wavelengths of interest in
the 400-500 nm range. This nanofiber is first loaded into
an ultrahigh vacuum load-lock chamber before insertion
into our main science chamber, which is held at a pressure
in the 10~!! Torr range throughout the experiment [61].
Our experimental cycle starts by generating an ultracold
MOT cloud of ®¥Sr atoms, which we overlap with the waist
region of the fiber, which is 5 mm long. This ultracold
atomic cloud has a free-space optical depth (OD) of 3.5
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FIG. 2. (a) Strontium energy levels relevant to the experiment.

(b) Schematic of the experimental setup for the state-insensitive
nanofiber-based trap for strontium atoms (dark gray spheres).
The polarization of each beam is individually controlled by a set
of half-wave (A/2) and quarter-wave (1/4) plates. PBS, polar-
izing beam splitter; VBG, volume Bragg grating; SPCM, single-
photon counting module. (c) Propagation direction (thick arrows)
and polarization (thin arrows) of the different nanofiber-guided
fields necessary for trapping potentials in all three dimensions
[see Sec. II].

and reaches temperatures around 1 pK after MOT cooling
on the 689-nm transition [62,63]. The fiber-guided trap-
ping fields are then switched on with the MOT present for
35 ms to load the trap with cooled atoms before the MOT
beams are switched off. The trapped atoms are ultimately
probed by measuring absorption on the strong 461-nm
dipole transition through the fiber [see Figs. 2(a) and 2(b)].
We are unable to probe on the narrow 689-nm transition
because the high bending losses in our current setup pre-
vent us from sending the light through the nanofiber. Thus,
instead, we employ an external 689-nm shelving beam to
characterize and measure the novel magic wavelength [see
Fig. 2(b)]. In all experiments, to ensure spin-resolved spec-
troscopy, the quadrupole B field is kept on for the duration
of the experimental cycle and contributes an approximately
200-mG magnetic field in the vertical direction at the
atoms.

III. TRAPPING OF STRONTIUM

From the ultracold atomic cloud, we end up trapping
61(7) atoms in a two-color, nanofiber-based optical dipole
trap for an average lifetime of 7.4(7) ms. Using our
reported magic-wavelength for the red-detuned trapping
field at a free-space wavelength of 473.251 nm [64], and
a blue-detuned trapping field at a free-space wavelength of
435.97 nm, we realize the optical potential shown in Fig. 1
with a calculated depth of 3.5(3) pK at 320(10) nm from
the nanofiber surface, with uncertainties stemming from
the error of experimentally determining the intensities and
polarizations of the nanofiber-guided trapping fields (see
Appendix A 2). This total potential also includes a contri-
bution from the van der Waals and Casimir-Polder poten-
tials [see Fig. 1(d)]. For these trap parameters, we use a
power of 1.03(1) mW for the running-wave, blue-detuned
trapping field, and 2 x 32(2) wW for the standing-wave,
red-detuned trapping field (see Appendix A 3).

In order to verify the trapping of atoms, we measure
the absorption of a nanofiber-guided probe field resonant
with the 5s? 1Sy — 5s5p 'P; dipolar transition with a free-
space wavelength of approximately 461 nm (henceforth
1Sy —1 Py). If atoms are located in the evanescent field
surrounding the nanofiber, a fraction of this probe field
will be absorbed. For all absorption measurements in this
work, the plane of quasilinear polarization of the probe
field coincides with that of the red-detuned trapping light
field [see Fig. 2(c)]. We use a single-photon counting mod-
ule (SPCM) to record the probe power at the output of the
nanofiber [see Fig. 2(b)]. The top panel in Fig. 3(a) shows
the experimental sequence for measuring the absorption
of the probe field by the atoms near the nanofiber. After
switching off the MOT beams, we wait for a variable
time ¢ and then send a first probe pulse. After transmis-
sion through the atoms along the nanofiber, we measure its
power with an SPCM. We then switch off the red-detuned
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FIG. 3. (a) Experimental sequences indicating the on and off
times of the red- and blue-detuned trapping fields at approxi-
mately 473 nm and 436 nm, respectively, as well as the timing
of the 461-nm probe pulses. In the following, the three settings
(top to bottom) are referred to as “lattice,” “switch off,” and “blue
detuned,” respectively. See main text for details.(b) Absorption
of the nanofiber-guided, 461-nm probe field as a function of
waiting time for four settings: without trapping fields (“no trap”
reference measurement) and for the three settings shown in (a).
The waiting time ¢ is measured relative to the turning off of the
MOT beams. (c) Transmission spectroscopy on the probing tran-
sition for the “lattice” trapping setting with# = 1 andt = 6 ms as
well as for the “no trap” setting. The spectral shapes are fit to a
Lorentzian. (d) Absorption image of the MOT cloud (red) over-
laid with the nanofiber’s scattering image (blue) at different times
after turning off the MOT beams. The atomic cloud expands
slowly while falling under gravity. At t = 6 ms, the atomic cloud
no longer overlaps with the nanofiber.

trapping fields for 35 ms such that atoms are expelled from
the trap. After switching the red-detuned trapping fields on
again, we then send a second probe pulse that serves as a
reference. The two probe pulses have the same power of
50(3) pW in the nanofiber and the boxcar-shaped pulses
have a duration of 40 ps.

Figure 3(b) shows the measured absorption of the probe
field for waiting times ranging from f=1 ms to 12 ms
(purple triangles). Fitting an exponential decay curve to
the data yields a 1/e decay time of v = 7.4(7) ms (purple
line). This result is short compared to equivalent free-space
optical dipole traps, which could be due to the fact that
nanofiber-based traps are known to incur additional heat-
ing due to phonon-photon coupling between the mechani-
cal structure and trapping fields [65] (see Appendix B). For
comparison, we measure the absorption of the probe field
when no trapping fields are present in the nanofiber (red
open circles). We also measure the absorption of the probe
field when only the blue-detuned trapping field is present
in the fiber (blue diamonds). In this case, we still observe

an absorption signal with a decay constant of 7gp = 3.2(4)
ms. To verify that the measured absorption signal in the
“lattice” setting is indeed a result of trapped atoms, we
switch off the red-detuned trapping field for 200 s at
the beginning of the lifetime measurement, approximately
I ms after turning off the MOT beams (green squares).
In this “switch-off” setting, the absorption signal has a
decay constant of 5o = 2.7(3) ms, which is compara-
ble to the decay constant of the absorption signal that we
observe in the “blue-detuned” setting. This confirms that
in the “lattice” setting, atoms are indeed trapped in the
nanofiber-guided trapping fields. As discussed in detail in
Appendix C1, the presence of a blue-detuned potential
enhances the atom density near the fiber. This explains the
differences in initial absorption signal between the “blue
detuned” and “switch oftf” and the “no trap” scenarios. We
expect the decay constant of the latter scenario to be the
same as the former two, however, the atom density around
the fiber is quickly at the noise level without trapping fields
to confirm this experimentally.

We now estimate the number of atoms loaded into our
trap by fitting a Lorentzian model to the absorption pro-
file of the nanofiber-trapped atoms [23]. The choice for
a Lorentzian fit is because we do not expect significant
broadening of the approximately 30-MHz transition. In
order to avoid the effect of untrapped atoms from the
falling MOT cloud, we record the absorption profile after
holding the atoms in the trap for 6 ms [see purple trian-
gles in Fig. 3(c)]. At this moment, the MOT cloud is no
longer overlapped with the fiber [see Fig. 3(d)] and the
maximal OD of the trapped atoms is 0.25(3), which cor-
responds to 27(3) atoms. Given the exponential lifetime of
the trapped atoms, we can infer that 61(7) atoms would
have been trapped immediately after turning off the MOT
beams (see Appendix D).

As shown in Fig. 3(c), the Lorentzian fit (purple line) to
the data taken after holding the atoms for 6 ms yields a shift
of the 'Sy —! P; resonance, inferred to be of A = —8.3(1.7)
MHz, which we confirm by performing an additional spec-
troscopy scan after holding the atoms for 1 ms when the
absorption signal is stronger (pink triangles and line) (see
Appendix C2). This shift is presumed to be a result of a
large ac-Stark shift of the ! P; state. The magic wavelength
in this paper is with regards to the 'Sy — *P; transition and
it is unaffected by the —8.3(1.7) MHz shift. To account for
this light shift, we detune our 461-nm probing laser by this
A for all absorption measurements.

IV. MAGIC WAVELENGTH OF STRONTIUM

For realizing a state-insensitive nanofiber-based atom
trap, magic wavelengths have to be employed for red-
and blue-detuned trapping fields, as has been demon-
strated for the case of Cs and its D2-line transition [24,66].
For the 1Sy — 3P1,|,,,|=1 transition in ®8Sr, a red-detuned
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FIG. 4. Theoretical calculation of the magic wavelength at
435.827(25) nm for the 552 1Sy — 5s5p 3P transition.

magic wavelength has previously been determined [64].
However, a blue-detuned magic wavelength still has to
be found. This requires accurately calculating the atomic
polarizabilities of both the ground and excited states to
determine a wavelength below 461 nm where they are
equal. The formalism for these calculations was described
in Ref. [64]. Therefore, we focus on the specific challenges
of computing this magic wavelength and provide further
computational details in Appendix E 1.

While the polarizability has the scalar, vector, and ten-
sor components (ap, a1, and ap, respectively), only the
scalar component is nonzero for the spherically symmet-
ric ground state with zero angular momentum. For the
5s5p 3P, state, the vector term vanishes for the case of
purely linear polarization, which prevails for the red- and
blue-detuned trapping field and the position of the poten-
tial minimum. Thus, the polarizability of the 5s5p 3P state
depends only on the scalar and tensor parts in this case
[67]:

3cos? 6, — 1)3m2 —JUJ+D )

“‘“‘”L“Z( 2 T —1)
Here, 6, denotes the angle between the linear polarization
and magnetic quantization axis and we consider the case
for 8, = 0 and |m| = 1, so that @ = ap + 2. The magic
wavelength is determined as the one where the 'S, and
3Py jmj=1 polarizability curves cross.

We use a hybrid method that combines the configu-
ration interaction (CI) and the linearized coupled-cluster
approaches (refereed to as the CI 4+ all-order method [68])
to compute Sr matrix elements and the polarizabilities. The
results of the calculation of the magic wavelength for the
1Sy — 3P, transition near 436 nm are illustrated in Fig. 4.
The magic wavelength is obtained as the crossing point of
the 1Sy and the 3JPL|,,,|=1 curves. The 1S, polarizability does
not have any resonances (i.e., allowed transitions from 1S
to other states) in the vicinity of the magic wavelength and
its curve is essentially flat.

The closest > P, resonance to the magic wavelength is the
5s5p 3P, — 557538, transition at 436.3 nm. This transition
contributes 81% to the Py =1 polarizability value. The
uncertainty in this matrix element dominates the uncer-
tainty of the polarizability da at the magic wavelength,
with all other uncertainty sources being negligible. We plot
« + da and o — S curves in Fig. 4. The uncertainty in
the value of the magic wavelength is determined from the
crossings of these additional curves.

The challenge of the present calculation was to establish
the numerical stability of the computation of such a highly
excited state, beyond the scope of our previous applica-
tions of the CI + all-order approach. In our calculations,
as it is standard in order to replace the bound state spec-
trum + continuum by a finite basis set, we create basis set
orbitals in a spherical cavity of radius R, where the cav-
ity size has to be large enough to accommodate the 7s
orbital. To ensure accurate description of the 557s state,
we carried out computations of a significantly large num-
ber of states and compared the resulting energies with the
NIST database [69]. We find that the relative accuracy
of the energies remains about the same until we reach
558d and 5510s states, at which point it starts to decrease.
The energy of the 557538 state differs from the experi-
ment reported in the NIST database [69] by 0.46% and
the 5s5p 3P — 5s7s3S; transition energy by only 0.24%.
We have also performed several calculations with different
cavity sizes, from R = 60 to R = 80 a.u. and found less
than 0.01% changes in the 5s7s energy. Therefore, we do
not expect any additional uncertainty associated with the
higher energy of the 557538 state.

The same methodology can, in principle, be used to
theoretically verify the A = —8.3(1.7) MHz shift of the
1Sy — Py transition in Fig. 3(c). Unfortunately, the com-
putation of the polarizabilities of the !P; state, that has
much higher energy, is far more challenging at short wave-
lengths, since dominant contributions to its polarizability
at 435.8 nm come from even higher states, such as 5s11d.
To properly describe 5s11d states, the cavity must be large
enough to contain 11d orbitals leading to numerical insta-
bilities with cavities sizes over 80 a.u. The exploratory
computations carried out in this work identified the need to
develop better basis sets and grid distributions that allow
one to accurately describe these highly excited states,
which would be a subject of future work. This prob-
lem appears to be specific to the configuration interaction
approach that we use to correlate valence electrons as we
were able to successfully compute polarizabilities of the
18s states of the monovalent Rb [70].

V. STATE-INSENSITIVE TRAPPING OF
STRONTIUM

In order to check that we indeed realized a state-
insensitive trap for the 1Sy, — 3P, transition, we perform
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a shelving-type spectroscopy on the near-surface trapped
atoms. In principle, there are three contributions that can
give rise to a shift of the corresponding atomic resonance:
the surface-force-induced shifts as well as the shifts from
the red- and blue-detuned trapping fields. We eliminate
the effect of the attractive red-detuned field by choos-
ing the experimentally determined magic wavelength of
the 1Sy and 3P, states as described in Ref. [64]. In our
nanofiber trap, the red-detuned trapping field is horizon-
tally polarized and the magnetic quantization axis from
the quadrupole B field is aligned vertically, which yields
a magic wavelength of 473.251 nm. Furthermore, at the
trap distance > 300 nm from the fiber surface, the Casimir-
Polder potential is much smaller than the width of the
resonance, and thus does not induce a detectable shift. The
only remaining contribution to energy shifts in our trap
configuration then stems from the blue-detuned trapping
field.

While we could, in principle, directly probe the 689-nm
atomic transition using fiber-guided light fields, we use an
external laser beam as our current setup suffers from high
bending losses at 689 nm in the fiber tails on either side of
the tapered nanofiber. We therefore rather send a free space
(nonguided) beam onto the fiber tapered region tuned to the
180 — 3P u—_1 resonance [see Fig. 2(b)].

Using this external beam, we implement a shelving-
type spectroscopy by sending a o~ -polarized pulse onto
the trapped atoms, thereby shelving a fraction of them in
the 3P1,m=_1 state. Before these atoms decay back to the
ground state, we measure absorption through the fiber by
probing the 461-nm transition [see Fig. 5(a)]. The case
where the shelving beam is resonant to the ISy — 3P1,m=_1
transition is indicated by a drop in the absorption mea-
surement since the excited atoms will not absorb any of
the guided probe light [see Fig. 5(b)]. For these measure-
ments, the 461-nm probe beam power is 50(3) pW with a
pulse duration of 15 s, less than the excited state life-
time of 21 ps, and is sent immediately after the 4-ps
shelving pulse, i.e., when the 5s5p 3P1‘m=_1 excited state
is maximally populated (see Appendix F).

We confirm the state-insensitive nature of the trapping
fields by performing shelving-type spectroscopy at var-
ious blue-detuned wavelengths around the theoretically
predicted value of the magic wavelength [see Figs. 5(b)
and 5(c)]. For reference, we apply the 200(11) mG in the
vertical direction with the MOT coils and initially measure
the unperturbed resonance of the IS, — 3P, m=—1 transition
with free-space, spin-resolved shelving-type spectroscopy
using our cold atom cloud 3 ms after the MOT beams
have been turned off (see Appendix F). We then per-
form shelving-type spectroscopy through the fiber with the
atoms trapped using repulsive wavelengths from 435.75 to
436.05 nm and keeping the total power of the repulsive
trapping field fixed at 1.03(1) mW with nominally lin-
ear vertically oriented polarization at the trapping minima.
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FIG. 5. (a) Energy-level diagram for shelving-type spec-

troscopy on the narrow-line intercombination transition
1So — 3P, (07). We scan the frequency of the laser driving
the narrow-line transition (red arrow) and record absorption
on the 'Sy —'P; transition (blue arrow). (b) Shelving-type
spectroscopy data by scanning the shelving laser frequency
across the atomic transition for various wavelengths of the
blue-detuned trapping field, as referenced in (c). The absorption
data is normalized to the maximum value of each spectroscopy
scan. We fit spectroscopy data using the Voigt model to
determined the resonant frequency. (c) Measured transition
frequency shift of the 'Sy — 3P|‘,,,=_| transition as a function
of the blue-detuned trapping wavelength. Fitting to a linear
model, we determined the state-insensitive wavelength at the
zero crossing to be 435.97(2) nm. We include the predicted
minimum (maximum) frequency shift at different blue-detuned
wavelengths shown by the green (purple) line. The measured
frequency shifts stay within this range (see Appendix E2). (d)
Trap lifetime measurements at wavelengths below (435.828
nm), near (435.944 nm), and above (436.04 nm) this measured
state-insensitive wavelength.

Each absorption curve is fit to a Voigt profile to account
for the Doppler broadened atomic cloud temperature and
power broadening from the external shelving beam with
an intensity of 2.3 mW /cm? at the position of the atoms
(see Appendix F). We determine the ac-Stark shift of the
blue-detuned trapping field by subtracting out the initial
free-space reference measurement.

At wavelengths below (above) the magic wavelength,
we observe a negative (positive) frequency shift of the
1Sy — 3P1,m=_1 resonance, while a state-insensitive trap for
the 1Sy — 3Pl‘mz_l transition is realized for a wavelength
of 435.97(2) nm. In order to check if the wavelength of
the blue-detuned trapping field influences the trap poten-
tial, we perform lifetime measurements for three settings
of the blue-detuned wavelength [see Fig. 5(d)]. Each mea-
surement falls within the error bars of the lifetime in the
“lattice” setting in Fig. 3(b), which shows that the trap
is unaffected by the exact wavelength of the blue-detuned
trapping field nearby the magic wavelength.
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The experimental state-insensitive trapping wavelength
is systematically shifted by 0.033(7)% from the predicted
magic wavelength value 0f 435.827(25) nm (see Appendix
E2). This is most likely due to the fact that the blue-
detuned trapping field is not completely linearly polar-
ized at the position of the atoms. Given the theoretical
scalar, vector, and tensor polarizabilities, we propagate
the experimental uncertainty in the trapping field polariza-
tions to obtain a systematic uncertainty of the predicted
magic wavelength at 436.0J_rg:% nm, in agreement with the
measured magic wavelength of 435.97(2) nm.

The results shown in Fig. 3 were obtained with a magic
wavelength of 435.97 nm for the blue-detuned trapping
field and an attractive magic wavelength of 473.251 nm
for the red-detuned trapping field, thereby demonstrating
state-insensitive trapping of *¥Sr around a nanofiber.

VI. OUTLOOK

Optically trapped neutral atoms in the evanescent fields
of a tapered nanofiber have been studied extensively in the
hopes of developing novel technologies, such as a quan-
tum internet [71]. Research into collective radiation [72],
chiral quantum optics [30,31], quantum memories of light
[32-34], and infinite range atom-atom interactions [73],
have all progressed the goal of developing revolutionary
quantum technologies. This work is the first realization
of alkaline-earth elements trapped along photonic devices,
which opens the door for novel contributions to many of
these fields. For example, the ratio of our lattice spacing
to the 689-nm transition is about 0.3, which is attractive
for studying superradiance and subradiance effects. Fur-
thermore, the 'Sy — 3Py clock transition of strontium-88
presents a platform for quantum networks with long lived
memory by trapping and addressing individual strontium
atoms near the surface of an optical nanofiber. There are
challenges, however, to effectively use the clock transition
of near-surface trapped strontium atoms for time keep-
ing or quantum information processing due to large shifts
from the van der Waals and Casimir-Polder potentials
[35,36].

Additionally, strontium’s narrow 1Sy — 3P, cooling and
18y — 3Py clock transitions provide unique high-resolution
spectroscopic tools for quantum science. For example,
the van der Waals and Casimir-Polder potentials induce
atomic energy shifts at various surface-to-atom distances.
These shifts are on the order of 50-100 kHz and are thus
detectable using the narrow, 7.6-kHz transition of 3¥Sr
[35,36]. Building on the work in this paper, it is possi-
ble to vary the trap distance from the dielectric surface
between 200 and 300 nm. In this case, shelving-type spec-
troscopy as above can be used to probe the van der Waals
and Casimir-Polder effects, specifically in the crossover
region between the two. However, the small diameter of
the fiber lessens the measurable surface effects. Alternative

waveguide photonic structures, discussed below, afford the
ability to generate trapping potentials < 200 nm from the
dielectric surface and have a larger surface area to better
observe these effects spectroscopically.

We envision that two-color evanescent field traps for
alkaline-earth atoms, as demonstrated here, could also be
implemented in the evanescent field above nanowaveg-
uides in photonic integrated circuits. These structures
could solve any vibrational heating mechanisms, which
limit the trapping lifetime in nanofiber-based traps since
the devices would be integrated circuits on a chip instead
of a suspended fibers. Here, microring resonators are par-
ticularly appealing because they may allow one to realize
ring-shaped trapping potentials. If strontium atoms were
loaded and cooled to quantum degeneracy in such a chip-
based ring trap, the corresponding matter wave could then
be coherently split into two clouds that rotate with opposite
sense [74,75]. Recombining the clouds, one would then
obtain a gyroscope that is potentially orders of magnitude
more sensitive than laser gyroscopes [76—78]. For these
applications, the small collisional scattering length of %3Sr,
which is almost 2 orders of magnitude smaller than *'Rb,
would reduce collisional dephasing significantly [79,80].
Encouragingly, ultrahigh Q ring resonators that operate at
the blue strontium wavelength have recently been demon-
strated [81]. Moreover, photonic devices with an on-chip
MOT for strontium are currently being developed [82].
When combined with the state-insensitive evanescent field
trapping of strontium demonstrated here, this then sets
the stage for future photonic-atomtronic integrated cir-
cuits with potential applications ranging from quantum
sensing to complex quantum many-body physics with
light.
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APPENDIX A: EVANESCENT FIELDS
1. Nanofiber-based trapping potentials

A complete optical dipole trap around the nanofiber con-
fines the atoms in all radial, axial, and azimuthal directions
[23]. As discussed in the main text, we achieved this by
employing a red-detuned attractive light field combined
together with a blue-detuned repulsive light field. Due
to the smaller decay length of the blue-detuned evanes-
cent field compared to the red-detuned field, the resulting
total potential has a minimum at some distance from the
nanofiber surface, which provides the radial confinement.
In this radial direction, we have to take into considera-
tion the van der Waals potential of a strontium atom near
the nanofiber dielectric surface. For a flat silica wall, an
approximation for our configuration, this potential is given

by

e—1C
Usaw (r) = P
where € is the dielectric permittivity and C; is the van
der Waals coefficient for atom-surface interaction [84],
and we consider the value of C; for strontium from refer-
ence [85]. We then scale the van der Waals potential down
appropriately to account for the fact that the nanofiber has
a cylindrical shape [22,86]. Taking all contributions into
account, the trapping potential in the radial direction has
a depth of about 3.5 pK at 320 nm from the nanofiber
surface [see Fig. 6(a)].
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FIG. 6. (a) Computed total trapping potential of the nanofiber-
based trap (black curve) as a function of the radial distance
from the nanofiber surface for our experimental parameters. The
total potential arises from the sum of the red-detuned and blue-
detuned optical potentials (red and blue), as well as the van
der Waals potential (green). At the radial distance of the total
potential minimum, we show the trapping potentials in (b) the
axial direction along the nanofiber and (c) the azimuthal direction
around the nanofiber.

Along the nanofiber axis, the axial confinement is
achieved by an optical lattice formed by two counterprop-
agating red-detuned beams calibrated to have the same
power at the nanofiber waist. In addition, the blue-detuned
running wave provides a constant repulsive potential,
thereby, together with the red-detuned beams, forming sep-
arate regularly spaced trapping sites along the nanofiber
[see Fig. 6(b)].

Azimuthal confinement of the nanofiber-based trap is
generated by setting orthogonal quasilinear polarizations
for the red-detuned and blue-detuned trapping fields.
Around the nanofiber, with quasilinear polarization, the
evanescent field intensity is stronger along the polarization
direction. Therefore, another benefit of setting the polar-
ization of the trapping fields to be orthogonal is to achieve
a deeper trapping potential with less optical power because
the azimuthal intensity maximum of the red-detuned field
overlaps with the azimuthal intensity minimum of the blue-
detuned field [see Fig. 6(c)]. Furthermore, the longitudinal
component of the electric field vanishes at the trap loca-
tions that lie orthogonal to the quasilinear polarization
axis. This ensures the blue detuned optical field is linearly
polarized at the trap locations [21]. For the red-detuned
trapping field, the longitudinal electric field components
of the counterpropagating beams interfere destructively at
the trap locations, resulting in purely linear polarization in
the resulting optical lattice sites.

2. Polarization calibration

To calibrate the polarization of the propagating fields in
the nanofiber, we rely on imaging of the Rayleigh scatter-
ing of the dipole emitters in the fiber material [23,24,87]
and across the surface. Assuming a polarization maintain-
ing scattering process, the dipole excitations are directly
related to the polarization of the guided fields. A cam-
era images the side of the fiber encoding the polarization
angle 6 into an intensity measurement that is o sin?(6),
the dipole radiation pattern. At the side camera, there is a
maximum (minimum) intensity when the dipole is excited
horizontally (vertically) [see Fig. 7(a)].

Due to a longitudinal electric field component along
the fiber axis, it is possible to excite the dipoles in this
direction [21]. We place a linear polarizer aligned orthog-
onal to the fiber axis (vertically) to filter out this nonzero
component [see Fig. 7(a)]. We use a half-wave plate and
quarter-wave plate to adjust the polarization of the fiber
guided fields. For all three trapping fields and probe field,
we first incrementally adjust the half- and quarter-wave
plates to achieve a minimum intensity /yin. Then, we incre-
mentally adjust the wave plates again to reach a maximum
intensity I,,.. From these measurements, we calculate
the visibility of the 436-nm beam, as well as the for-
ward propagating (+) and the backward propagating (-)
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emitter

R

T

H | A
h > | mera ]
1 I} ]\ \DA—{ 5‘/
Polarizer \/
L
FIG. 7. (a) Experimental setup for polarization calibration of

the trapping beams. We adjust the input polarization by rotating
the half-wave (1/2) and quarter-wave (A/4) plates. A camera is
used to record the fluorescence scattering from the fiber through
a polarizer, whose axis is set perpendicular to the fiber’s axis.
(b) Uncertainty in the polarization state of light in the nano-
tapered fiber (red circle) depicted on the Poincaré sphere. The
radius of the circle is inversely proportional to the visibility of
the polarization measurement.

473-nm beams as ¥V = (Inax + Imin)/ (Fmax
{Vaze, Varzy, Vaza— } ={70, 61, 45} %.

The visibility defines an uncertainty from purely hor-
izontal or vertical polarization. The maximal intensity
occurs when the polarization angle, relative to vertical, is
6 = m /2 while the minimum intensity should occur at 8 =
0, assuming a dipole radiation pattern. However, an error
in the polarization means the minimum intensity occurs at
O instead

_Imin)s to be

. 1—|—sini(9m),
1 — sin“(Berr)

11—V

14+ V

The {6err 4365 Oerr 47345 Oerrars-} = {24.8,29.5,38.0}° mea-
sured in our setup defines an angle of deviation on the
Poincaré sphere from purely vertical or horizontal polar-
ization [see Fig. 7(b)]. Unfortunately, circularly polarized
and diagonally polarized propagating fields will induce
a similar dipole oscillation with phase differences unde-
tectable in our single camera setup [87,88]. Being unable
to discern the two, a circle can be drawn on the Poincaré
sphere around purely horizontal and vertical polarization
for the possible polarization of the propagating field. The
radius of this circle is defined by Ge.

The uncertainty in polarization of the trapping fields
affects the trap parameters as well as the magic wavelength
measurement. We propagate these uncertainties for the
trap parameters reported in the main text. In Appendix E,
we discuss the systematic shift in the experimental magic
wavelength.

Oerr = arcsin

3. Power calibration

For the absorption measurements and trapping
potentials, we require precise knowledge of the trapping

to our vacuum chamber geometry, the fiber tails on either
side of the waist incur different bending losses. We begin
by denoting three sections of the fiber as 4, B, and C where
A is one of the tails, B is the nanofiber waist, and C is the
other fiber tail. We send two counterpropagating reference
beams from 4 — C and C — A through the entire fiber
and measure each power at the corresponding output Py_, ¢
and Pc_, 4, respectively. The power of each beam is then
set so the fluorescent scattering at the fiber waist is equal,
Py_c(B) = Pc_, 4(B). With the percentage of power lost
in each section denoted as Ly, Ly, and L., we then have a
relationship between the losses in each tail given as

Pyc(C)  Pesa(4)
1—Le  1—Ly

It should be noted that the loss Ly includes all losses up
to and including the adiabatic taper to the waist while Lp
considers only losses across the region that overlaps with
our MOT cloud and is thus negligible since Lp < Ly, Lc.

This provides us with a relationship between L4 and L.
At this point, we also need a measurement of the total loss
through the fiber, which requires knowledge of the cou-
pling efficiency from our free-space beam. We characterize
the fiber coupling using a straight, 0.5 m identical fiber so
that the propagation losses are negligible. We repeatedly
perform the fiber end splicing, placement, and coupling
procedure identically to that of the nanofiber. Through
this process, we find a repeatable coupling efficiency of
(1 — Leoupling) = 80(5)% into the optical fiber. We then
measure Py, before coupling into the fiber and P, at the
output of the fiber to determine the full relationship as
Pout = Pin(1 - Looupling)(l - LA)(I - LC)

The empirical values are Pc_,4(4) =75(4) pW,
Py.c(C) =53(3) wW, and Py = 0.53(4) x Pi, for both
directions. Using the fiber coupling efficiency of 80(5)%,
we determine the losses to be Ly, = 32(2)% and Lo =
3.18(12)%. Ultimately, we are concerned with the total
power in the region of the nanofiber waist where the
MOT cloud will be overlapped. For the blue-detuned trap-
ping field, the probe field, and the forward propagating
red-detuned trapping field, this is given by Py_.c(B) =
Pot/(1 — L¢), while the counterpropagating red-detuned
trapping field power at the nanofiber waist is given by
PC—)A(B) = Poutx(l - LA)

APPENDIX B: HEATING RATES

Heating of the atoms in our nanofiber trap has contri-
butions from various sources. The trapping light, being
nearby the ground state of the 461-nm resonance and
the excited states of the 436-nm and 473-nm resonances,
results in spontaneous emission in both states. The spon-
taneous emission heating rate from a photon with recoil
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energy E, = (hk)?/2m is given by E,.I';./kp, and the scat-
tering rate [y is

r
rsc = U(-ratoms) (E) 3

where U(raoms) is the optical potential for each individual
trapping field, A is the detuning from the nearest tran-
sition, and I' is the natural linewidth of the transition.
Since our trapping wavelengths are close in proximity to
both ground- and excited-state transitions, we consider the
heating rates for all relevant detunings in Table 1.

Because the trap position is dependent on the intensity of
light at the nanofiber waist, fluctuations of the total power
will cause heating in the radial direction. This heating is
dominated at the radial trap frequency and scales as v?
[89]. We implement intensity stabilization for each of our
trapping beams prior to coupling light into our nanofiber,
which stabilizes the input beam powers up to 100 kHz.
The main source of intensity fluctuations are on the order
of hours due to coupling drifts into the fiber tails, and
thus, have no effect on heating rates during the exper-
iment. With the input intensities stabilized, we estimate
a heating rate of around 5.3 x 104 pK/ms for the 436-
nm trapping field and 2.5 x 10~* wK/ms for the 473-nm
trapping fields. Neither of these rates limits the trapping
lifetime.

In addition to intensity fluctuations, the optical lattice
generated from the counterpropagating red-detuned trap-
ping lasers contributes heating proportional to the large
axial trap frequency o v?. The measured phase noise of
10~1° rad? /Hz at the axial trap frequency contributes 6 x
10~! wK/ms, about 3 times higher than the largest sponta-
neous emission heating rates. However, the potential well
in the axial direction is approximately 20 pnK in depth and
will not limit our trapping lifetime unless all of the axial
phase noise couples into the radial trapping potential where
the potential depth is not as low, which is highly unlikely.
This heating source can be reduced with interferometric
stabilization.

There is also a known issue with heating from vibra-
tional and torsional modes of the suspended fiber structure
[65]. For our experimental parameters this yields a heat-
ing rate of around 16 wK/ms, which limits the lifetime

TABLE L

of our trap to <1 ms. Unfortunately, these calculations
and the phonon-photon coupling parameters were calcu-
lated under the assumption that a large number of motional
states were trapped. While in our experiment, given the
approximately 1 pK atom temperature and the shallow trap
depth, we are trapping far fewer motional states. However,
we suspect the vibrational noise is limiting our trap life-
time, especially considering this was the limiting case in
the first nanofiber-based traps as well and was solved with
continuously cooling the trapped atoms.

APPENDIX C: EFFECT OF THE BLUE-DETUNED
FIELD

1. Atom density enhancement

The number density of an atomic ensemble around the
nanofiber is modified relative to the free-space number
density. It has been shown that the atomic number den-
sity is lowered due to the van der Waals and light-induced
potentials [90]. An attractive potential caused by the van
der Waals and a red-detuned beam significantly decreases
the number density around the nanofiber. Interestingly, in
a repulsive blue-detuned potential, the number density is
lowered at short distances, but it is greatly enhanced at fur-
ther distances. We calculate the relative number density of
an atomic ensemble in the presence of a potential U(r) with

[91]

") _ [ e YE g
ng kT Jo VE=TU@

where ng is the free-space optical depth as r - o0, T
is the atomic cloud temperature, and U(r) is the radially
dependent potential. In Fig. 8(a), we solve this integral
numerically for various potentials U(r), for an atomic
cloud temperature of 1 pK.

The black line shows the atomic density assuming only
Uyaw(r), which decreases the atomic density close to
the fiber. When also taking the potential generated by a
red-detuned trapping field with a power of 30 pW into
account Uygw(7) + Ued (), we obtain the density distribu-
tion shown as solid red line. Further considering 500 (800)
W of blue-detuned trapping field Uygw () + Uppe (7), the

Spontaneous emission contributions to the heating rates of the ground and excited states in the trapping light at 435.97

and 473.251 nm. Calculations consider only contributions to the nearest transition given in the second column.

State Resonance (nm) Wavelength (nm) Scattering rate (Hz) Heating rate (K /ms)
5s5p 3Py 472.359 473.251 3.8 1.9 x 1073
435.97 0.4 2.3 x 10~*
436.293 473.251 0.02 9.8 x 106
435.97 104 6.0 x 1073
552 18, 460.86 473.251 19.6 9.6 x 1073
435.97 51 2.9 x 1072
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FIG. 8. (a) Relative atom number density of the atoms in a

MOT with 1-pK temperature as a function of distance from
the nanofiber’s surface in the presence of different evanescent
field potentials. (b) Calculated 4 ¢ based on parameters exper-
imentally determined as shown in Fig. 9(c), as a function of
atom-surface distance, and total radial potential with 500 and
800 wW of repulsive blue-detuned trapping field (purple and
blue). Interestingly, the distances at which we probe the atoms
coincides with the position where the total potentials are both
approximately 3.3 pK (black).

repulsive force increases the atomic density some distance
from the fiber surface as indicated on the purple (blue) line.

With the atom cloud around the nanofiber, the fraction
of the guided probe beam that is absorbed depends on
the decay of the evanescent field from the surface, the
density of the atom cloud, and the shift of the atomic res-
onance induced by the van der Waals potential. Closer to
the fiber, the atomic density is lower, but the optical depth
per atom (ODyom) is higher. Inversely, farther from the
fiber, the atomic density is higher, but the OD,,,, is lower.
The contribution from the van der Waals potential is only
appreciable below distances of 50 — 100 nm. Balancing
all of these contributions, there exists an average distance
from the surface where we are probing the atoms.

With only the blue-detuned evanescent field, there is
no potential minimum and saturation absorption measure-
ments can be performed without concern for removing
atoms from the trap. From the measurements in Fig. 9(c),
we extrapolate the effective mode area 4. of the evanes-
cent probe beam through the fiber (see Appendix D). This
provides us with a first-order approximation to the average
distance where the atoms are being probed. With 500 pW
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FIG. 9. (a) Spectroscopy ofthe 552 1Sy-5s5p ! P, transition of a
cloud with a temperature around 1 pK with (purple) and without
(red) 500 pW of 436-nm blue-detuned evanescent trapping field.
(b) The absorption decays with a time constant of 2.8(2) ms in the
presence of the blue-detuned field. (c) Saturation absorption mea-
surement at different powers of 436-nm light. We fit the data to
the generalized Beer law for absorption (see Appendix D). Each
fit yields an ensemble-averaged effective mode area Aes, from
which we can deduce an effective distance between the atoms
and the nanofiber surface.

(800 wW) of blue-detuned field, we measure this to be
Aegr = 20(3) pm? [30(3) pm?] corresponding to distances
of 355(11) nm [386(9) nm] from the fiber surface [see
Fig. 8(b)]. Interestingly, the blue-detuned optical potential
in each case is about +3.3 pK and the atomic density is
around 0.7, relative to 0-pK potential and an atomic den-
sity of 1 in the free-falling atomic cloud. This implies that,
without a trapping potential, atoms from our cold atomic
cloud are stopped by the potential barrier in such a way
that we consistently probe them where the potential barrier
is approximately 3.3 wK. With larger blue-detuned intensi-
ties, the distance from the fiber surface where the barrier is
3.3 wK will increase. Therefore, the atoms will be exposed
to the same optical intensity, despite increasing the total
blue-detuned power.

2.'S, —! P, transition spectroscopy

With only the blue-detuned, repulsive field in the fiber at
powers greater than 500 wW, we observe about —8-MHz
shift in the 'Sy — ' P, resonance [see Fig. 9(a)]. We ver-
ify that blue-detuned field is indeed the cause of the shift
by varying the power from 0 to 500 wW and performing
spectroscopy measurements through the fiber (see Fig. 10).

Additionally, the 461-nm spectroscopy data does not
exhibit any broadening of the natural linewidth of I' =
2w x 30.5 MHz. This may seem counterintuitive since
the shallow trap depth allows for uncertainty in the atom
positions in the trap, thus exposing the atoms to differ-
ent intensities of the blue-detuned field. In principle, this
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FIG. 10. Measurements of the frequency shift of the probing
transition as a function of the blue-detuned field power. The inset
shows the absorption spectrum where the blue-detuned power is
60 pW.

induces different shifts for each trapped atom effectively
broadening the linewidth, however, the intensity differ-
ence across the position uncertainty likely induces a small
enough shift relative to the natural linewidth to not be
detected. Calculating these shifts is difficult for the excited
1P, state due to reasons discussed in the main text.

APPENDIX D: ATOM NUMBER ESTIMATION

For a constant total power P at the waist of the nanofiber,
the evanescent fields have an intensity given by I(r) =
P/A.(r), thus the intensity and effective mode area A.g
are inversely proportional to each other (see Fig. 11).
A probe beam resonant with the atomic transition will
have an intensity given by I (Fyoms) = P/Aer(Fatoms), Where
Fatoms 18 the distance of the atoms from the fiber surface.
Furthermore, the atoms have an optical depth ODyom =
00/ Aeii(Fatoms), Where 0 = 3A2/27r is the on-resonant scat-
tering cross section.

This is also the cooperativity of a single atom with the
evanescent probe field. For the 461-nm probe field and the
fiber diameter of 230 nm, we see the single atom coop-
erativity approach C; = 1 around » = 30 nm. This close
to the fiber surface, however, the van der Waal’s potential
(o 1/13) dominates over the repulsive field (o 1/#%) and a
trapping potential cannot be formed. One benefit of using
the waveguide-confined modes is that C; extends across
the length of the fiber allowing N atoms to interact with the
probe field so the total cooperativity becomes N x Cj. In
practice, we can trap further from the fiber surface to min-
imize the effect of the surface potentials, while sacrificing
the single atom cooperativity. One can then counteract the
loss of cooperativity by increasing the number of atoms
that are trapped along the waveguide.

With atoms spread along the fiber axis, the probe beam
will decrease in total power as each atom absorbs a fraction
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FIG. 11. Intensity of a 50-pW probe beam at 461 nm as a func-
tion of distance from the fiber surface (blue curve). For reference,
the saturation intensity of the probing transition is approximately
equal to 40.7 mW /cm?. Independent of the light power, the A is
a function of distance (black curve). Atom-surface separation can
be extracted from the 4.4, which is obtained from the saturation
absorption measurement.

of the propagating field (see Fig. 12) [23]. For a total num-
ber of atoms N, assuming linear density along the fiber of
length L, this power decrease along the fiber axis z, is given
by [24]

P(z)
dz B L Aeﬂ'(ratoms) 1+ P(z)/Psat.

P N o

Solving this differential equation with boundary con-
ditions of P(0) = Pi, and P(L) = Pyy and letting Pyps =

Top view

FIG. 12. Top view of the cold atomic cloud’s fluorescence
(red) around the nanofiber scattering (blue trace). These cold
atoms explore a trapping region of (x,y,z) =500 nm x
325 nm x 230 nm for a single lattice site and there are approxi-
mately 3000 sites, given by the size of cold atomic cloud from the
MOT. The densest part of the cold atomic cloud gives enough flu-
orescence signal to be detected by our imaging setup and leads to
an apparent transverse size of the MOT cloud of about 300 pm,
in contrast to that more accurate from absorption imaging of
about 600 pwm, as shown in Fig. 3(d).
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Pin — Poy results in a LambertW (ProductLog) function.
Through a saturation absorption measurement, where the
input power is varied above a saturation threshold of all
the trapped atoms, the LambertW function can be fit for
the total number of atoms, N, the effective mode area at the
atoms Ag(Fatoms), and the saturation power Pg,. At large
powers Pi, >> Pgy, if all the atoms are saturated, a fixed
amount of the total power will be absorbed resulting in
a plateau of the absorption measurements. Unfortunately,
strontium is too light of an element to remain in the trap
when probing with saturation-level powers. Performing
these measurements at various holding times, we confirm
that excess atoms from the atomic cloud are refilling the
trap up to approximately 4 ms (see Fig. 13).

As an alternative to saturation absorption measurements,
which are difficult to perform reliably given strontium’s
lightness compared to cesium, we estimate the num-
ber of trapped atoms using the optical depth. From the
spectroscopy data in Fig. 3(c), we fit to a Lorentzian
spectrum parameterized with the total optical depth OD,
given as

T(w) = exp (—OD/ [1 + 4(w — w0)?)/ T?]),

where I is the spectral linewidth [23].

Using the estimated trapping distance of 320(10) nm,
the total OD of all trapped atoms is Nog/A.(320 nm) =
0.25(3). With Ae#(320 nm) = 10.5 wm?, we measure the
number of atoms in the trap at f = 6 ms to be 27(3) atoms.
Given the number of atoms in the trap falls off over time as

a b
( ) Trapped ( ) & t=4ms
0.5 atoms 18 F @ t=45ms
& Lattic': «
Switch of
0.4 Blue detuned
1.2
503 s
g =
o -
202 o
0.6
0.1 !
1
i
0.0 \ * 0.0
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Time (ms) Pin (nW)

FIG. 13. (a) Atomic absorption lifetime measurements. In the
switch-off configuration the lattice beams are turned off for
200 ps shortly before probing atomic absorption. As in Fig. 3,
we compare lifetimes in three settings: switch-off, lattice trap,
and blue-detuned field only. (b) Saturation absorption measure-
ments at holding times of t =4 ms and f = 4.5 ms. Strontium
atoms strongly absorb and scatter photons of the high probing
intensities inherent to these measurements. Thus these absorp-
tion data are a result of atomic absorption enhancement by the
blue-detuned field. By approximately 4.5 ms and higher probing
powers, the atoms scatter faster than they absorb incoming light.

Noe~"/*, we use the experimentally measured decay con-
stant of the trap v = 7.4(7) ms to extrapolate the trapped
number of atoms at 0 ms to be Ny = 27/e~%"* = 61(7)
atoms.

APPENDIX E: MAGIC WAVELENGTH OF THE
55 1Sy — 555p *P; TRANSITION

1. Theoretical calculation of the magic wavelength

Polarizabilities can be computed using the sum-over
formulas [92]:

(k ID|| v)*(Ex — E,)
(Ek _Ei.r)2 - a)2 ’

ay(w) =

2
327 +1) Xk:
ag(w):—4ch:(—1)v’+fk+‘l"l' } jz }

(k|ID|| v)*(E; — E,)
(Ex —E)} —a?

(E1)

where a quantity in {} brackets is a Wigner 6-j symbol and
Jk as the total angular momentum of the state k. The value
of C is given by

_( 5727 — 1) )‘”
S \6U+ DI+ 1T +3))

However, the sums over k in the above formulas must
include all possible transitions. While these sums con-
verge rather rapidly in the case of dynamic polarizability,
truncating these sums for highly excited states leads to a
significant loss of accuracy. Therefore, we use a hybrid
approach. First, we use a combination of the configuration
interaction (CI) and the linearized coupled-cluster method
(refereed to as the CI + all-order method) to solve the inho-
mogeneous equation of perturbation theory in the valence
space, which is approximated as [93]

(Ey — Hegt) | W (v,m')) = Degrg|Wo(v,J,m)) (E2)
[64,68], where v is the state of interest, with the total angu-
lar momentum J and projection m. Deg is the effective
dipole operator that includes RPA corrections, and Heg is
the effective Hamiltonian used in configuration interaction
(CI) calculations that includes all-order corrections calcu-
lated using the linearized coupled-cluster method with sin-
gle and double excitations. The resulting parts of the wave
function W (v, m") with angular momenta of J' = J,J + 1
are used to determine the scalar and tensor polarizabilities.

The advantage of this approach is that it automati-
cally includes contributions from all possible states. How-
ever, while CI + all-order computation produces accurate
energies, even small inaccuracies in theoretical energies
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TABLE II. Contributions to the 5s5p P polarizability in atomic units at the 435.827 nm 'Sy — 3P magic wavelength. Transition
energies AE in cm~! [69] and the recommended values of the electric-dipole matrix elements D (see the text) in atomic units are also
listed. 5s5p 3P| |m| = 1 polarizabilities are obtained as a(|m| = 1) = ag + o2.

Contrib. AE D p s a(lml =1)
5s4d°D, 3655 2.318(5) -2 -1 -3
5s4d°D, 3714 4.013(9) -6 1 -5
556535, 14534 3.435(14) -27 —13 —40
5s5d°D, 20503 2.005(20) —38(1) —-19 —57
555d°D, 20518 3.671(36) —128(3) 13 —115
5p2 3P, 20689 2.658(27) —72(1) 72(1) 0
5p23p, 20896 2.363(24) —63(1) —32(1) —95
5p2 P, 21170 2.867(29) —108(2) 11 —97
5p2'D, 22457 0.230(11) -3 0 -3
5ptls, 22656 0.301(17) —8(1) 8(1) 0
557535, 22920 0.922(28) —842(51) —421(25) —1263
556d°D, 25181 1.025(9) 12 6 18
556d°D, 25186 1.730(12) 34 -3 31
Other 66(7) -1 65
Coret+ve 6 6
Total —1178(51) —380(25) —1558(57)

may significantly contribute to uncertainties in the reso-
nant terms in Eq. (El) close to the magic wavelength.
Therefore, we separately computed several most impor-
tant terms in Eq. (E1) using ab initio energies and matrix
elements that exactly correspond to our calculations using
the inhomogeneous Eq. (E2) and determined the remain-
ing contribution of all other states. Then we computed
the same terms using the experimental energies [69] and
the recommended values of the matrix elements com-
piled in Ref. [64], retaining the theoretical values of
the matrix elements where recommended values are not
available.

This calculation is illustrated in Table II where we list
contributions to the 5s5p *P; polarizability in atomic units
at the 435.827 nm 'Sy —3 P; magic wavelength. The scalar
polarizability has a small contribution from polarizability
of the ionic Sr** core and a “vc” term that compen-
sates for a Pauli principle violating core-valence excitation
from the core to the valence shells. It is calculated using
the random phase approximation (RPA) [94] and listed
in the row labeled “Coret+vc”. Since the core has zero
angular momentum, there is no core contribution to the
tensor polarizability. Transition energies AE in cm~! [69]
and the recommended values of the electric-dipole matrix
elements D from the compilation of Ref. [64] or the
CI + all-order calculation are listed in atomic units.

The breakdown of the contributions shows that the 3 P,
polarizability is strongly dominated by the contributions
from the 5s5p 3P, — 557538, transition. This was not the
case in Ref. [64] where the contributions of the transitions
to 5p? 3P; states strongly dominated.

To evaluate the uncertainties of the theory matrix ele-
ments, we carry out another calculation using a method

that combines CI and second-order many-body perturba-
tion theory (MBPT). Since the treatment of the two valence
electrons is essentially complete in the CI method, the
main source of the uncertainty is the treatment of the core
and core-valence correlations included via the effective
Hamiltonian. The CI+4+ MBPT method does not include
higher-order corrections to the effective Hamiltonian, and
the difference of the matrix elements calculated with CI 4
all-order and MBPT techniques give the size of the dom-
inant higher-order corrections. We take the full size of
the higher-order correction as an estimate of the uncer-
tainty. This method has been tested on the computation of
matrix elements that are experimentally known. The uncer-
tainty of polarizability comes from the uncertainties in the
matrix elements and the small “Other” remainder. At the
magic wavelength, the entire uncertainty comes from the
uncertainty in the 5s5p 3P; — 5s7s3S, matrix elements as
illustrated in Table II.

The determination of the magic wavelength and its
uncertainty is illustrated in Fig. 14, where we plot the cal-
culated polarizabilities for the 55 'Sy and 5s5p 3Py, |m| =
1 states. Magic wavelength is obtained as the crossing
points. We plot @ + da and & — dar, where S is the uncer-
tainty on the polarizability. The uncertainty in the value of
the magic wavelength is determined from the crossings of
these additional curves.

Finally, regarding the calculation of the experimentally
observed shift of the 1Sy — ! P transition, it is instructive
to first note that there are several major classes of methods
used to determine atomic wave functions and energy lev-
els that can be adapted to generate polarizabilities. Besides
the configuration interaction, there are density-functional
theory (DFT), correlated basis function methods, coupled
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—1535 1 1 polarization settings. Given the low visibilities reported in

VT Sy . -

= L3 . Appendix A2, we propagate these errors as a systematic
£ —1540 ! Py Im|=1:a . .
< S DA uncertainty to our trapping field. Unable to reach purely
g —1545 |- < lsgias horizontal (vertical) polarization defines a possible range
% L :P1» |m| =1:0-5 of magic wavelengths given the theoretical polarizabilities.
z —1s%0 ,‘Pll"" L The evanescent trapping fields can be written as a com-
3 1555 \aassas bination of the right-hand circular E* and and left-hand
bt % circular E~ fields as
S 1560 [ R
o I~ i X

1565 ;:‘%35-851 E(¢,0) = cos(8/2)Et + e sin(6/2)E,

—1570 - i N

“ls7s 4380 43582 43584 43586 43588 where ¢ and 6 are defined on the Poincaré sphere to

Wavelength A (nm)

FIG. 14. Calculated polarizabilities for the 5s*'S; and
555p 3P jmi1 levels and determination of the magic wavelength.

cluster (CC) methods, many-body perturbation theory, and
many of their different types and implementations. Each
of these methods has its own features, scope, and short-
ages. The CI + all-order method (a combination of CI and
linearized CC methods) is one of the most powerful and
accurate methods as it includes higher-order corrections to
a much larger extent than other approaches. To the best
of our knowledge, the dynamic polarizability in the con-
sidered part of the wavelengths for the !P; state of Sr I
has not been previously calculated by any other method.
The problem mentioned in the paper is a numerical issue
that appears to originate from the use of B-spline basis
sets built in large in the configurational interaction calcula-
tions, not present for smaller cavity sizes. A large cavity is
required to correctly reproduce properties of higher-lying
states, such as 5s11d that give a large contribution to ' P
polarizability at 435.8 nm. We have done extensive numer-
ical tests that led us to believe solving this problem likely
requires introducing different basis sets of modifying the
grid that is beyond the scope of the present work.

2. Experimental shift

The magic wavelength measurements and theoreti-
cal calculations are strongly dependent on proper field

TABLE III. Theoretical atomic polarizabilities of the 1Sy and
3P} =1 states in a.u. for the two trapping wavelengths. The sin-
glet 'Sy only has a scalar contribution «;, while the triplet state
contributes scalar, vector, and tensor polarizabilities (ay, oy, ),
which are used to determine the total energy shift caused by the
evanescent fields.

1S 3P jmi=1
Wavelength o, o @, o
435.97 —1570.14 —1555.57 1925.03 —567.66
473.251 3651.76 3444.04 9051.92 —442.87

be the azimuthal and elevation angles. Given the polar-
ization uncertainty measurements described above, the
circle around purely horizontal (vertical) polarization is
parameterized by a single angle qr, thus ¢ = ¢ (Oerr).

Given the theoretical atomic polarizabilities in Table I11
and the evanescent field, we calculate the total frequency
shift of the 1Sy — 3P, transition as

hAf = —Aas|E©6)]* + a,(iET(6) x E(©))

(3|E(l9)y|2 - IE(9)I2)
5 ,

_at

where E(8), is the field component along the quantization
axis y and Aq is the difference of the 1S, and 3P scalar
polarizabilities a; in Table III. Maximizing (minimizing)
the energy shift with respect to the polarization angle 6
around the circle on the Poincare sphere, yields a range of
possible zero crossings of the frequency shift (see Fig. 15).
The minimum energy shift occurs when the blue-detuned
field is completely linearly polarized, but diagonal, while
one red-detuned beam is completely linearly polarized and
the other is completely circularly polarized. The maximum
energy shift occurs with oppositely polarized beams so that

436.1

— -

g 436.0

E [ ]

g’ 4359

% 435.8 | e Experiment

= ! Min shift

—— Max shift

435.7 !

=750 =500 =250 O 250 500 750
Shift (kHz)

FIG. 15. Total energy shift of the 1Sy — 3P transition in the
lattice trap. For different configurations around the polariza-
tion uncertainty region [red circle on Fig. 7(c)] for each trap-
ping beam, the minimum (maximum) energy shift at various
wavelengths is illustrated with the green (purple) line.
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the blue-detuned field is completely circularly polarized
and the two red-detuned beams also switch polarization.

APPENDIX F: SHELVING CALIBRATION

The shelving beam was calibrated by free-space absorp-
tion imaging on the strong 'Sy — ! Py, 461-nm transition.
The external shelving beam is aligned in the downwards
direction while the magnetic field sets the quantization
axis to be in the upwards direction. The polarization of
the shelving beam is set to o~ to maximize transfer of the
3P1,m=_1 state on resonance. The shelving beam, measured
at 6 cm from the atoms, has a power of approximately
200 W and a beam waist of wp &~ 1.5 mm.

We first perform shelving spectroscopy to find the 'Sy —
3P} m—_1 resonance before varying the shelving pulse time
to measure the Rabi frequency Q2 = 27 x 148(3) kHz
consistent with a beam intensity of 2.3 mW /cm?, as shown
in Fig. 16. The spectral linewidth is broadened from the
natural I' = 27 x 7.6 kHz to Awpwam = 27 x 240 kHz
by power broadening and thermal Doppler broadening.

With a shelving pulse time of 4 ps, we trans-
fer around 70% of the cold atom population to the
excited 3P1,m=_1 state, consistent with the on-resonance
absorption measurements during the shelving spectroscopy
through the nanofiber shown in Fig. 5(a). With the
low probing power of 50(3) pW, shorter pulse lengths,
<« 21 ps, limit the signal recorded by the SPCM while
longer pulse lengths, around 21 ps, allow atoms to decay
back to the ground state and can contribute to the absorp-
tion signal. We empirically determined the pulse length of
15 s to be optimal.

(a) (b)

300

o]

(=]

[=]
T

100 -

o[+

Atom number (103)

—-200 0 200 0 4 8 12 16

Frequency (kHz) Pulse time (us)

FIG. 16. Calibration of the shelving beam for the narrow-
line intercombination transition 'Sy — 3P1,m=_1 with the MOT
cloud at 3-ms time of flight. (a) Resonance of the transition by
shelving spectroscopy. We measure the number of atoms in the
excited state 3Py ,,__; transferred by the shelving beam. (b) Rabi
frequency calibrated by varying the shelving beam pulse time.
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