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Observation of a narrow inner-shell orbital transition in atomic erbium at 1299 nm
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We report on the observation and coherent excitation of atoms on the narrow inner-shell orbital transition, con-
necting the erbium ground state [Xe]4f'2(*Hg)6s? to the excited state [Xeld 1 ((*Lis)°)5d (* D31, )65% (15/2, 3/2)5.
This transition corresponds to a wavelength of 1299 nm and is optically closed. We perform high-resolution
spectroscopy to extract the g, factor of the 1299-nm state and to determine the frequency shift for four bosonic
isotopes. We further demonstrate coherent control of the atomic state and extract a lifetime of 178(19) ms,
which corresponds to a linewidth of 0.9(1) Hz. The experimental findings are in good agreement with our
semi-empirical model. In addition, we present theoretical calculations of the atomic polarizability, revealing
several different magic-wavelength conditions. Finally, we make use of the vectorial polarizability and confirm

a possible magic wavelength at 532 nm.

DOI: 10.1103/PhysRevResearch.3.033256

I. INTRODUCTION

Ultranarrow atomic transitions are an extremely powerful
resource for high-precision measurements and for controlling
and manipulating atoms on a quantum level [1]. Prominent
examples are clock transitions in alkaline-earth-like atoms
[2—4]. The small spectral linewidth of these transitions en-
ables the high-resolution detection of energy shifts on very
fine scales. This unique property made it possible, e.g., to
observe SU(N)-symmetric interactions in both, ytterbium and
strontium [5,6]. An additional important avenue paved by
narrow transitions is the optical manipulation and coherent
control of ultracold atoms. The tuning of the interparti-
cle interactions using optical Feshbach resonances has been
demonstrated and benefits from the narrow linewidth due to
the suppressed photon scattering rate [7—11]. Coherent control
enabled the creation of ultracold molecules via Raman state
transfer [12—15], the preparation of the atoms in different
nuclear spin configurations [5,6], and the creation of spin-
orbit coupled quantum gases [16-19]. Finally, the coherent
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excitation allows for the realization of quantum computation
and quantum simulations, e.g., with neutral atoms loaded into
optical lattices [20-22].

Atomic species of the lanthanide family are multivalence
electron atoms and possess a special electron configuration, a
so-called submerged shell, in which the 6s subshell is filled,
while the lower-lying 4f or 5d subshells are open, being
partially unoccupied. This leads to a large variety of optical
transitions in these elements, whose linewidths range from
tens of wHz to tens of MHz [23-25]. In contrast to alkaline-
earth-like atoms, which do not carry a magnetic moment in
their ground state, a selection of lanthanides allow for the
combination of a narrow transition with a large magnetic
moment. While narrow and ultranarrow transitions have been
extensively studied in alkaline-earth and ytterbium atoms,
only little is known for the other elements of the lanthanide
series. Some spectroscopic studies have been carried out for
dysprosium [26] and thulium [27,28].

For the specific case of erbium, there is a prediction of a
narrow inner-shell orbital transition, which has a change in
the total angular moment of AJ = +1 (|[J =6) — |J/ =17))
and a change in the total spin of AS = 1 [23]. The transition
involves the excitation of a 4f ground-state electron to a 5d
state; see Fig. 1. Theoretical calculations predict a linewidth of
about 2 Hz [23], which fills a gap between ultranarrow tran-
sitions in the mHz regime and transitions having linewidths
on the order of kHz, available in alkaline-earth atoms and
previously explored in lanthanide atoms. Moreover, in con-
trast to most narrow transitions in other atomic species, the
wavelength of 1299 nm lies within the telecom-wavelength
window, which, e.g., is advantageous for the application in
quantum communication systems [29-32]. Here, we report on
the experimental observation of this transition. We perform a

Published by the American Physical Society
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FIG. 1. Schematic level scheme illustrating the [Xel4f'?
(*Hg)6s> — [Xel4 £ ((*Iis2)°)5d C Dy, )65%(15/2, 3/2)9 inner-shell or-
bital transition at 1299 nm (|g) — |e)) and the [Xe]4f'2(*Hg)6s*> —
[Xel4f'2(*Hg)656p('PY)(6, 1)I transition at 401 nm, used for ab-
sorption imaging. The horizontal lines indicate the energy levels
for |g) (blue, even parity), |e) (red, odd parity), and the state at
401 nm (black, odd parity). [Xe] stands for the electron configuration
of xenon. The insets illustrate the electron configurations. The grey
shaded boxes represent the Zeeman manifold for |g) and |e). Energies
are not to scale.

careful experimental survey and characterization of the 1299-
nm transition, realizing the first crucial step towards extended
applications, e.g., to explore novel few and many-body phe-
nomena in dipolar or large spin systems.

We experimentally observe the transition at 1299 nm for
the bosonic isotopes '**Er, '®Er, 'Er, and '"°Er and for
the fermionic isotope '*’Er. We perform high-resolution spec-
troscopy to determine the g, factor of the excited atomic
state (|e)) and to measure the frequency shift for the four
bosonic isotopes. We further demonstrate coherent control
of the atomic state and measure an excited-state lifetime of
178(19) ms. We carry out trap frequency measurements to
determine the atomic polarizability of the excited state relative
to the ground state with the trapping light at 532.2 nm. As
we vary the polarization of the light we take advantage of the
vectorial term of the atomic polarizability and we are able to
get close to a magic-wavelength condition, where the ground
state (|g)) and |e) feature the same polarizability. We finally
present theoretical calculations of the atomic polarizability
based on a sum-over-states formula and report on several
alternative options for magic wavelengths.

II. EXPERIMENTAL SETUP

We search for the narrow inner-shell transition by per-
forming spectroscopic measurements on a trapped quantum-
degenerate erbium gas. Our experimental procedure to create
an erbium Bose-Einstein condensate (BEC) follows Ref. [33].
In brief, after laser cooling in a magneto-optical trap, we load
the atoms into a crossed optical dipole trap (ODT) operating
at 1064 nm and perform evaporative cooling down to quantum

degeneracy. The BEC typically contains N = 1-3x 10* atoms
with BEC fractions ranging from 30-80%, depending on the
isotope choice. For the fermionic '%’Er isotope, we obtain a
degenerate quantum gas of N = 2x10* atoms at a tempera-
ture of T =~ 0.5TF, where Tr is the Fermi temperature. During
the evaporation, a homogeneous magnetic field B is applied
to ensure that the atomic cloud remains spin-polarized in the
lowest Zeeman level m; = —6 (mp = —19/2) for the bosonic
(fermionic) isotopes.

The light for driving the narrow inner-shell transition is
generated from an external-cavity diode laser (ECDL) oper-
ating at 1299 nm. We determine the absolute frequency of
the laser by measuring the frequency-doubled light with a
calibrated wavemeter [34], which has an accuracy of 60 MHz.
For our coarse spectroscopy, we use the wide tunability of
the ECDL via the control of a piezoelectric element, which
allows us to change the laser frequency. Furthermore, we can
narrow the laser linewidth and stabilize the frequency using
a high-finesse reference cavity made of ultralow expansion
glass. The reference cavity has a free spectral range (FSR)
of 1.4972462(3) GHz and finesse of about 175000. The stabi-
lized laser system has an Allan deviation of 3.1x 10~ over
an observation time of 1 s. The coherence time is extracted
from the phase noise power spectral density and corresponds
to 96 ms [35]. We measure a linear frequency drift of the high-
finesse cavity of 4.34(7) kHz/day. In the experiment, we use
the frequency stabilized configuration for the high-resolution
spectroscopy.

III. COARSE SPECTROSCOPY

In the 1960s, the atomic spectra of lanthanides began to
attract interest. Absorption lines were observed using King’s
furnace or oxyacetylene flames in the range between 650 to
250 nm [36,37]. In early spectroscopic works, the configu-
ration of the low-lying energy levels, and particularly that
of the odd parity states, was not known. The first work to
identify the odd-parity level 4f!'5d6s>—i.e., ortho-erbium
ground state—as the lowest-lying configuration above |g) was
Ref. [38]. In this configuration, the angular momentum J; =
7/2 of the 4 f!! core couples via J; — j coupling to the j of the
5d electron, which leads to a total of 10 fine structure levels
with J ranging from 5 to 10. The assignment of the fine struc-
ture levels has been deduced by analyzing energy differences
between absorption lines using a spectroscopic-level search-
ing algorithm. The NIST database reports the energies of the
corresponding fine-structure levels, referring to unpublished
measurements from mid 70 s [39]. For our level of interest
le) = 41 ((*is,)?)5d (° Dy, )65% (15/2, 3/2)9, the wavenumber
given by NIST [40], not accounting for the isotope shift, is

DnisT = 7696.956 cm ™! (D

To the best of our knowledge, prior to this paper, there has
been no direct measurement of the 1299-nm transition. Our
ultracold quantum gas provides a new opportunity to observe
and characterize this transition.

We start our search of the line by performing a coarse
spectroscopy over a broad frequency range around st
(corresponding to vnist = 230.738 THz). After preparing an
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FIG. 2. Coarse spectroscopy results for the four bosonic isotopes
1645y 16Ky, 19Er, and '"°Er at B = 1.355(5) G and for the fermionic
isotope '“’Er at B = 0.52(5)G. The normalized atom number in
|g) is plotted versus the laser frequency, which is controlled by the
piezoelectric element of the ECDL. The atom number is normalized
to the moving median formed by 21 data points.

optically-trapped ultracold erbium gas in |g), we shine the
1299-nm spectroscopy light on the sample. The spectroscopy
beam has a peak intensity of I ~ 0.8 W/cm? and a 1/
waist of about 110 wm. The irradiation time is 100 ms,
during which we sweep the laser frequency with an ampli-
tude of about +40MHz. After irradiation, we release the
atoms from the trap for a free expansion of 30 ms. We
record the number of remaining |g) atoms by performing
standard absorption imaging using resonant light at 401 nm
(see Fig. 1).

We record the absorption spectrum by repeating the mea-
surement over a wide frequency range with a step size
of 40 MHz. Figure 2 summarizes our results for the four
most abundant bosonic erbium isotopes (‘**Er, '%°Er, '®Er,
and "Er) and for the fermionic '®’Er isotope. As ex-
pected from their zero nuclear spin (I = 0), each bosonic
isotope exhibit just one resonant absorption line, detected
as a sharp dip in the number of |g) atoms when vary-
ing the 1299-nm laser frequency. For the fermionic '®’Er
isotope, possessing a hyperfine structure (I = 7/2), we iden-
tify three resonances. We attribute the three resonances to
the transitions |F = 19/2) — |F’' =21/2), |F =19/2) —
|F' =19/2), and |F = 19/2) — |F' = 17/2), respectively.
Notably, at the resonance positions, the population of |g)
reaches values below 0.5, indicating an underlying loss mech-
anism, such as heating from a reduced trapping potential for
|e) or an interaction-based loss processes.

IV. HIGH-RESOLUTION SPECTROSCOPY

Thanks to the coarse spectroscopy measurements, we can
now restrict the frequency region of interest and perform a
spectroscopy survey with a much higher spectral resolution
and lower laser intensity, allowing also to resolve the magnetic
Zeeman sublevels.

For this, we stabilize the laser frequency to the high-finesse
reference cavity and then precisely tune the laser frequency
using an acousto-optical modulator. The recorded absorption
spectra have a step size ranging from 1 to 8 kHz, depend-
ing on the measurement. Moreover, the spectroscopy is now
performed with a free-falling gas to eliminate possible ac
Stark shifts, eventually caused by the ODT light at 1064 nm.
Therefore, after sample preparation, we switch off all trap-
ping lights, and then irradiate the sample with a 1299 nm
spectroscopy pulse of 1 ms, corresponding to a Fourier lim-
ited linewidth of 800 Hz. The pulse has a peak intensity
of Iyeak & 25mW /cm?. To minimize the possible frequency
shifts caused by the Doppler effect in a free-falling sample,
the 1299-nm laser beam propagates in a plane orthogonal to
the vertical direction, defined by gravity. The quantization
axis, defined by our bias magnetic field, is oriented along the
vertical direction. The light contains contributions from all
light polarizations, such that the 1299-nm beam can induce
o™t, 07, and & transitions; see inset in Fig. 3(a).

Figure 3(a) shows the ground-state population for the '**Er
isotope as a function of the laser detuning, plotted with respect
to the central frequency of the 7 transition. We clearly observe
three resonant dips in the ground-state population, corre-
sponding to the transitions from the ground-state level m; =
—06 to the excited Zeeman sublevels m; = —7, —6 and — 5.
We extract the center frequency and the transition linewidth
by fitting the spectroscopy signals with a Lorentzian function.
The extracted linewidths are 2.4(1) kHz and 2.5(1) kHz for
the m and o™ transition and 20(1) kHz for the ¢~ transition.
The different linewidths of the spectroscopy resonances can
be explained by a power broadening effect, due to the different
Clebsch-Gordan coefficients of the magnetic sublevels, and
the composition of the light polarization.

We use the wavemeter to determine the absolute wavenum-
ber as

Dies = 7696.955(2)cm ™. )

Our measurement is consistent with the value reported in
the NIST database [40] [see Eq. (1)]. The accuracy of the
absolute wavenumber is limited by the wavemeter. However,
our spectroscopy measurement has a precision of about 2 kHz,
which provides the opportunity to improve the accuracy of
the absolute frequency by several orders of magnitude using

advanced measurement techniques, such as frequency combs
[41].

V. LANDE FACTOR FOR BOSONIC ISOTOPES

From the observed Zeeman structure in the bosonic iso-
topes, we can extract the Landé€ g, factor. This is an important
quantity, e.g., to describe the atomic interaction with an ex-
ternal magnetic field, to describe the interaction between
different atoms via their magnetic dipoles, and to benchmark
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FIG. 3. (a) High-resolution spectroscopy of '*Er at B =
1.358(2) G, unveiling the o=, 7, and o transition (|m; = —6) —
my = =T, |my=—6) > |my =—6), and |m; =—6) —
|my = —5)). The normalized population in |g) is measured against

the laser frequency relative to the frequency position of the m
transition. (b) Measured g, factor for the four bosonic isotopes
for the different atomic mass numbers. The error bars denote the
lo-standard deviation. The red solid line represents the weighted
mean of the experimental data and the grey shaded area corresponds
to the combined standard deviation. The black solid lines represent
the g, factor calculated using our semi-empirical method and the
value given in the NIST database [40].

atomic spectrum calculations. Here, we use the relative fre-
quencies of the 7 and o™ transitions to determine the value
of the g factor for the excited state. In small magnetic fields,
the Zeeman splitting is linear and the transition frequencies
can be written as

V' = vy —my(gs — gr)usB/h, 3
for the 7 transition and
*=vy — [mygy — (my + 1)gylugB/h, 4

for the o transition, where vy is the absolute transition fre-
quency at B = 0G, up is the Bohr magneton and % is the
Planck constant. By taking the difference of Eq. (4) from
Eq. (3) one obtains

U(T

(v<7+ — 7 ) h
87 iz B s (5 )
which allows us to extract the value of g;, where the uncer-
tainties are arising from the measured frequencies v7, v,
and the applied B.

We calibrate B, before and after each spectroscopic mea-
surement, by driving the atomic radio-frequency transition of
the atoms in |g) from m; = —6 — m; = —5. We evaluate
possible drifts of B from these spectroscopy measurements
and estimate them to be ~1mG. This uncertainty on B

TABLEI. Isotope shifts for three bosonic isotopes in dependence
of the '®Er isotope. The error bars denote the statistical error, mainly
given by uncertainties of B. Systematic errors are not taken into
account.

isotope pair vo — 1% (MHz)

164—168 ~2732.290(3)
166—168 ~1371.710(3)
170—168 1414.920(5)

represents the dominant limitation on the precision of our
measurements.

Figure 3(b) shows the experimentally extracted values of
the g, factor as a function of the isotope mass number for the
four bosonic isotopes. We find that, as expected, the values for
the g, factor are the same within one standard deviation for
all four isotopes. We combine the results by calculating the
weighted mean and determine the g, factor of |e) to

gy = 1.2599(5). 6)

The individual g; factors are weighted by their standard de-
viation and the final error corresponds to the combined lo
standard deviation. We compare our experimentally deter-
mined g, factor to the value specified in the NIST database
[40], ¢Y5T = 1.266, and find agreement at the 1% level. A
careful study of systematic effects such as calibration errors
on the magnetic field or collisional shifts (not included in the
presented uncertainty) could refine this comparison further,
providing a useful benchmark for atomic structure calcula-
tions.

VI. ISOTOPE SHIFT

In addition to the g, factor, the high-resolution spec-
troscopy allows us to extract the isotope shift between the
four bosonic isotopes with high precision. Because the m
transition is less sensitive to magnetic field fluctuations, we fix
B and, with the knowledge of the FSR, determine the relative
frequency difference directly from the individual transitions.
Table I gives the isotope shifts relative to the transition fre-
quency of the '®Er isotope.

At leading order, isotope shifts are caused by two effects,
the field shift and the mass shift, which arise from the change
of the nuclear size and the mass, respectively. Here, for the
involved 4f — 5d transition, both of the contributions are
comparably large [42,43]. Isotope shifts of two different tran-
sitions, plotted against each other, follow at leading order a
linear dependence, which is referred to as King’s linearity
[44]. Violations of the linearity can provide an exceptional
insight into intranuclear interactions and can help to shed light
on processes that are not described by the current theory of
the standard model [45-50]. The availability of four isotopes
that have zero nuclear spin and a large number of different
narrow transitions make erbium a potential candidate for in-
vestigations along this route. In particular, erbium features
further narrow transitions that involve the excitation of an
electron from the 4 f orbital to the 5d orbital. Consequently, in
combination with our transition at 1299 nm, the nonlinearity
might be less sensitive to field shifts induced by different
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electron configurations and therefore interesting for future
investigations [45,46,48].

VII. COHERENT CONTROL AND LIFETIME
MEASUREMENTS

An important opportunity that comes along with narrow
line transitions and plays a fundamental role, e.g., in quantum
information and communication protocols, is the possibility
to coherently control the atomic state. To demonstrate the
ability to drive coherent excitations, we measure Rabi oscil-
lations on the closed o~ transition for a thermal cloud of the
168Er isotope. We use a thermal cloud to reduce the effect of
interactions, by allowing for lower densities. From theoreti-
cal calculations (see description in Sec. VIII), it is expected
that the atomic polarizability of atoms in |e) is very low,
or even negative at 1064 nm, depending on the polarization
of the trapping light. Therefore, we transfer the atoms after
evaporation into a crossed ODT that is created by two inter-
secting laser beams at 532.2 nm and 1570 nm, resulting in trap
frequencies of (wy, wy, w;) = 2w[232(6), 117(7), 209(3)] Hz
for the ground-state atoms. At this stage, we measure 2x 10*
atoms at a temperature of 7 =~ 700 nK, corresponding to a
peak density of about 9x12cm™3. After the preparation of
the atomic cloud, we shine a resonant narrow-line laser with
a peak intensity of about 4.9 W/cm? for a pulse duration of
fpulse ONto the atomic sample and measure the atom number in
|g) after a time of flight of 10 ms.

Figure 4(a) shows the population in |g), normalized to the
maximum atom number as a function of #,,s.. We observe a
damped oscillation of the population in |g), which is well de-
scribed via p,(t) = 0.5¢ 7 cos(Qgt) + 0.5, where Qp is the
Rabi frequency and 7, is the !/ decay time of the contrast of
the oscillation. We find that Qr = 27 x50.02(8) kHz, which
corresponds to a normalized Rabi frequency of Q™ =

27 x0.76(6) kHz//mW /cm?. For the decay time of the
contrast we find 7o = 192(20) us, indicating a strong deco-
herence mechanism. Possible mechanisms that might lead to
the decoherence are, e.g. atomic interactions, intensity noise
on the trapping light, intensity inhomogeneities of the probe
light over the atomic cloud, or fluctuations of the magnetic
field. Nonetheless, the coherent control allows us transfer
atoms from |g) to |e) with an efficiency >97%.

The ability to transfer atoms from |g) to |e) with high effi-
ciency enables us to measure the lifetime of atoms in |e). At
high densities we observe a short lifetime of the sample in |e),
suggesting a density-dependent loss mechanism, similarly to
Ref. [51]. Therefore, we reduce the atom number to N ~ 300
atoms by using a shorter loading time of the magneto-optical
trap and we stop the evaporative cooling process at an ear-
lier stage, leading to a temperature of 7 ~ 1 uK. Here, we
obtain a peak number density of about 7.5x10'° cm~3. In
this regime of low density, radiative losses dominate over
few-body collisional losses.

To measure the lifetime of |e), we carry out two comple-
mentary measurements. First, we perform a s pulse to transfer
|g) atoms to |e) with high efficiency. To obtain a pure sample
of |e) atoms, we remove the small remaining fraction of |g)
atoms with a resonant pulse at 401 nm. Note that, the light at
401 nm is not resonant for atoms in |e). We then measure the
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FIG. 4. (a) Coherent Rabi oscillations for 'Er on the
|m; = —6) — |my = —7) transition. Shown is the normalized atom
number in |g) against the duration of the laser pulse. The dashed
line represents a fit of a damped sinusoidal oscillation to the ex-
perimental data points. (b) Schematic illustration of the two applied
measurement sequences to extract state populations (see main text).
(c) blue circles [red squares] represent the atom number in |g)[|e)] in
dependence of the hold time for the measurements sequence (i) [(ii)].
The grey diamonds represent the total atom number. The solid lines
are exponential fits to the experimental data. Error bars denote the
standard error of 4 (a) and 10 (c) repetitions.

lifetime of the excited sample in two independent measure-
ments, (i) the number of atoms in |g), which decayed from |e)
due to spontaneous emission, and (ii) the atomic population in
le) by applying a second m pulse to invert the populations in
le) and |g) in order to directly measure the excited-state atoms;
see Fig. 4(b).

Figure 4(c) shows the measured atom number for both
measurement sequences at different holding times #,,1q. We
observe a decay of the atom number in |e), which is consistent
with the simultaneous growth of the atom number in |g). Note
that, the sum of the atom number in both states remains con-
stant over the observed timescale, indicating that atoms in |e),
indeed, decay dominantly to |g). We extract the lifetime, for
both measurement protocols, by fitting an exponential func-
tion N(t) = ae™"/™ + d to the non-averaged atom numbers.
Here, a denotes the amplitude and d the offset of the growth
(decay) of the atom number in |g) (|e)). The characteristic
time 7, represents the lifetime of |e). We extract a lifetime of
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162(23) ms [212(33) ms] through the measurement sequence
(i) [(i1)]. We combine both results by calculating the weighted
mean and obtain a mean lifetime of

7, = 178(19) ms. (7)

This lifetime corresponds to a natural linewidth of 0.9(1) Hz,
which is in agreement within error bars with the theoreti-
cal predicted value of 2(1) Hz in Ref. [23]. Note that, the
measured lifetime is consistent with the natural linewidth
predicted from Qx determined above.

VIII. THEORETICAL PREDICTIONS

We compare our experimental findings with the results
of a semi-empirical model, which has previously been very
successful in predicting the properties of broader optical tran-
sitions in erbium and dysprosium [52,53]. Our calculations
are based on the semi-empirical method provided by the
COWAN suite of codes [54,55], and extended by us [52].
In a first step, ab initio radial wave functions P,, for all the
subshells n¢ of the considered configurations, with n and £
being the principal and orbital quantum numbers, are com-
puted with the relativistic Hartree-Fock (HFR) method. Those
wave functions are then used to calculate energy parameters
that are the building blocks of the atomic Hamiltonian. In
a second step, the energy parameters are adjusted so that
the eigenvalues of the Hamiltonian best fit the experimental
energies of the NIST database [40], using Kramida’s version
of the least-square fitting COWAN code RCE [55]. The P,
wave functions also serve to calculate the mono-electronic
transition integrals (nf|r|n'€’) = [ drP,(r)rPyy(r), that are
the building blocks of Einstein coefficients for spontaneous
emission Aj. In a third step, the (nf|r|n’'¢’) integrals are ad-
justed to minimize the difference between experimental and
theoretical A;; coefficients [52].

For the even-parity levels of erbium, we use the same
energy parameters as Ref. [56]. Briefly, the even electronic
configurations are separated into three groups:

411265 + 4f'75d6s + 41" 656p,
411265* +4f"1546s6p,
and
411265 + 4£12657s + 4f2656d + 4£'26p%.

Each group is associated with a different least-square fitting
calculation with experimental levels belonging to the corre-
sponding configurations.

Compared to Refs. [56,57], the odd-parity level calcu-
lations have been improved by adding some high-lying
experimental energy levels that were previously excluded
from the fitting procedure, as well as incorporating a larger
number of free configuration-interaction parameters into the
fitting procedure. The following configurations are included in
the calculation: 4f115d6s%, 4f115d%6s, 4f'26s6p, 4f'25d6p,
and 4f'36s. The latter is included for technical purpose, but
does not play a physical role. The fitting procedure is per-
formed using a total of 30 free groups of parameters and
219 levels. The standard deviation between experimental and
calculated energies is equal to 53 cm ™!, which is satisfactory

for a semi-empirical calculation. Details on the parameters
for the first four odd parity configurations are given in the
Appendix.

The (nl|r|n'¢’) transition integrals were adjusted using
the set of experimental A; coefficients of Ref. [58], es-
pecially the transitions involving levels of the ground-state
configuration [Xel4 f 12642, Following Ref. [52], we seek to
minimize the standard deviation o4 on Einstein coefficients
Ajr [52]. Because the latter is poorly sensitive to (4 f|r|5d),
we could not find a value of that integral minimizing oy,
we have taken a scaling factor with respect to the HFR in-
tegral equal to firsq = 0.95, following previous works on
dysprosium [53] and holmium [59]. We applied the fitting
procedure on (6s|r|6p), and found fs, 6, = 0.786. We have
fitted 77 experimental lines and found a standard deviation
o4 = 8.085%x10° s~1.

With this optimized set of energies and transition inte-
grals, we have calculated the polarizabilities of the ground
and excited states using the sum-over-state formula coming
from second-order perturbation theory. The polarizability of
the excited level also depends on (5d|r|6p), for which we took
a scaling factor of 0.8.

From our theory we obtain a wavenumber of " =
7729.3cm™!, a gy factor of g = 1.2622, and an excited-state
lifetime of ™ = 602ms. For 7™ and g% we find satisfac-
tory agreement with the values reported from the current
experimental work. Note that, by included least-square fitted
energy parameters in the theoretical calculations (compared
with Ref. [60]), we obtain better agreement with the exper-
imental data. The extracted lifetime is about a factor of 3
longer compared to the experimentally measured value. This
discrepancy comes from the fact that the underlying transition
dipole moment involves small components in the eigenvector
associated with level |e). Those small components are more
difficult to optimize, as they are less affected by the least-
square fitting procedure on energies.

Figure 5(a) shows the calculated atomic polarizability o (w)
for |e) in a broad wavelength range from 350 nm to 1500 nm.
The polarizability spectrum becomes very dense at lower
wavelengths. The background value of «o(w) is dominantly
positive; however, a strong transition at around 1140 nm
causes a negative value of «(w) around 1064 nm, commonly
used for optical dipole traps. Further, this strong transition
creates two interesting situations appearing at 1010 nm and
1070 nm. Here, while a(w) is finite for |g), @ (w) of |e) is either
0 (1010 nm) or has the same absolute value with opposite
sign (1070 nm). These circumstances are beneficial for the
realization of spin-dependent lattice configurations [61]. Due
to the weak coupling to |g), the effect of the transition at
1299 nm is not visible in this plotting range.

IX. MAGIC-WAVELENGTH CONDITIONS

A very important ingredient for the coherent control of our
two-level system is the atomic polarizability of each state,
o(w), and their ratio @e/ay,. Figures 5(b)-5(d) show exam-
ples of interesting wavelength regions in which, for a given
light polarization (), the |g) and |e) state polarizabilities
cross, meaning that atoms in both states will experience the
same optical trapping potential. These specific values of the
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FIG. 5. (a) Theoretically calculated «(w) for |e) as a function of the wavelength A for w-polarized light. [(b)—(e)] Zoom-in into specific
wavelength regions showing «(w) for |e) (red) and |g) (blue). The green stars indicate possible magic wavelengths. The dashed black lines in

(e) denote the wavelength of 1010 nm, 1064 nm, and 1070 nm.

wavelength realize the so-called magic condition. Our calcu-
lation shows wavelength values for which both red-detuned
[Figs. 5(c) and 5(d)] or blue detuned magic [Fig. 5(b)] trap-
ping is possible. Moreover, Fig. 5(e) shows a case in which the
polarizability of |g) and |e) has opposite sign. This situation
might be interesting to create an effectively subwavelength
lattice in which |g) and |e) atoms are spaced by */4.

The existence of such type of crossings is a rather general
feature also in more simpler atomic species. Additionally,
@0/ay, and thus the exact crossing position, can be tuned
by changing the light polarization or the magnetic-field
orientation [56,62-64]. These features, named in analogy
“magic”-polarization condition [64,65], originate from the
vectorial and tensorial part of the atomic polarizability, fol-
lowing the equation:

B Ju* xua]-J
a(w) = ag(w) +i oy oy (w)
JU+1)=3m21 - 2
(J+1)—3mj1—3cos epa,(a)). ®
J2J —-1) 2

Here, o (), a,(w), and o, (w) are the scalar, the vectorial, and
the tensorial polarizabilities and u is the polarization vector of
the laser field. The angle 6, defines the orientation of u with
respect to B.

We aim at exploring the impact of the vectorial polariz-
ability on @e/a, for a commonly used trapping wavelength
of 532.2 nm. As for Sec. VII, we prepare our |g) atoms in a
crossed optical dipole trap, with a horizontal (vertical) beam
operating at 532.2 nm (1570 nm). For reference, we first excite
the center-of-mass (COM) motion and extract the vertical trap
frequency (mainly determined by the light at 532.2 nm) of
the atoms in |g); see Fig. 6(a). We then repeat the same trap-
frequency measurements for atoms in |e) and use the relation
of ®a/ay = (@e/wy)? [63].

To study the impact of the vectorial polarizability, we mea-
sure %o/a, for different polarization of the light at 532.2 nm.
In each measurement, 6, = 90°, while the angle ¢ defining u
is varied [66]; see inset in Fig. 6(b). Figure 6(b) summarizes
our results. We observe a periodic behavior of @/« as a
function of ¢, which reaches its maximum for o ~-polarized
light (¢ = 45°). At this angle, we find /o), = 0.98(3), which
is consistent within the experimental uncertainty to the magic-
trapping condition. The figure also shows our theoretical
calculation, which qualitatively reproduces the experimen-
tal values, although with a smaller amplitude, which might
indicate a shift of the close by transition as well as an under-
estimation of the transition strength. At ¢ = 45°, the theory
gives (%a/wg e = 0.97, and predicts crossings at 528.9 nm
and 532.5 nm, which are interesting options to explore with
tunable laser systems. The polarizabilities for the special cases
of 07~ and o T-polarized light are shown in Fig. 6 for an
extended wavelength region.

‘We estimate from our theoretical calculations, that the rela-
tive change of aj¢y — o) for ¢ = 45°, in linear approximation,
follows a slope of about 4 a. u./nm at 528.9 nm and a slope of
about 80 a. u./nm at 532.5 nm. This implies that a sufficient
laser stability to resolve our observed linewidth can be reached
with standard laser locking techniques. Further, the measured
BEC lifetime at 532.2 nm is about 2 s, which suggests a low
photon scattering rate. Furthermore, as the detuning to the
nearby ground-state transition is increased, for the crossing
at 528.9 nm a potentially lower scattering rate can be found
[see Fig. 6(c)].

X. CONCLUSION

In conclusion, we have observed the narrow inner-shell
orbital transition at 1299 nm for the four bosonic, as well
as for the fermionic isotope. We characterized the transition
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FIG. 6. (a) Center position of the thermal cloud in dependence
of the hold time for |g) (blue) and |e) (red) for the case of linearly
polarized light with u pointing along y and B aligned opposite to
the propagation axis of the 532.2 nm trapping light. Atoms are
transferred to |e) following the protocol (ii) described in Sec. VIIL.
(b) Polarizability ratio @/« for different polarizations of the trap-
ping light defined by the angle ¢ between u and the optical axis of
the */4-waveplate. The black solid line is a guide to the eye based on
a sinusoidal fit to the experimental data and the grey solid represents
theoretical results obtained from the sum-over-states method. The
inset illustrates the experimental configuration for the shown data.
(c) Theoretically calculated o(w) for |e) (red) and |g) (blue) in their
lowest magnetic sublevels as a function of the wavelength A for o~ -
(solid line) and o "-polarized (dashed line) light. The green solid line
indicates the wavelength for the measurement in (b) and the green
stars indicate possible magic wavelengths for o ~-polarized light.

by measuring the g; factor and the atomic polarizability at
532.2 nm, which we compare to a semi-empirical model.
Further, we demonstrated the ability to coherently control the
atomic state. The narrow transition, at a wavelength within
the telecom window, with a linewidth of 0.9(1) Hz and a
related long lifetime of 178(19) ms, represents a very versatile
tool with outstanding potential for a broad range of possible
applications.

For the realization of efficient long-distance quantum
communication, atom-photon interfaces at wavelengths that
are compatible with telecom wavelengths are highly desired
[29-31]. To date, most of the existing approaches rely either

on frequency conversion of the photons [67,68], leading to
undesired noise and reduced efficiency, or suffer from vari-
ous other dephasing mechanisms [69,70]. Here, our transition
at 1299 nm, lying within the O-band of the telecom wave-
length architecture, is a potential candidate to circumvent
these issues. Finally, the photon storage time can be drastically
improved by collective scattering in ordered atomic arrays,
exceeding the natural lifetime [71,72].

The relatively long wavelength of this transition may also
provide a favorable platform for studies of collective scatter-
ing from ordered atomic samples. Such effects, which include
geometry-dependent enhancement or suppression of emission
[73,74], can be more significant when the spacing between
atoms is small relative to the transition wavelength. For our
266 nm spacing, typical of lattice confinement with 532 nm
light [75], this condition is well met in our system, in con-
trast to the more common situation present in alkaline atoms
where the wavelength of trapping light typically exceeds the
wavelength of the scattering transition.

Additionally, the advantages of encoding qubits in the
ground and the metastable state and the possibility for inde-
pendent control of atomic motions by lattice light is promising
for quantum computational tasks [20-22]. Moreover, the
contact interaction can be tuned using the technique of a
narrow-line optical Feshbach resonance, where the system
suffers only weak atom loss [7-9].

Finally, this transition enables the coherent control of mag-
netic Zeeman levels for dipolar bosonic atoms, which has been
elusive so far, due to the absent hyperfine interactions [76].
The 13 magnetic Zeeman levels in the ground state of erbium

TABLE II. Parameter names, constraints (see text), fitted values

and scaling factors fy = Xy /Xurr, for the 4 £1'5d6s* and 41! 5d°6s

configurations of neutral Er. All parameters are in cm™'.

Parameter X  Constraint Xiic fx Xiic fx
41 5d 652 4! 54 65

E. 464120 65531.6

F2(4f 4f) r 981776  0.761 98004.7 0.761
F*(4f 4f) r 692640 0.856 69134.0 0.856
FO(4f 4f) r 500680 0.861 499722 0.861
o s 200 20.0

B fix -6500 -650.0

y fix 20000 2000.0

F?(5d 5d) 21668.3  0.663
F*(5d 5d) 17208.2  0.831
Cay rs 23898  0.984 2387.8 0.984
Csa Ts 7882  0.831 652.6  0.831
F(4f 5d) ry 7417 741.7

F?(4f 5d) g 157117 0.775 13597.8 0.775
F*(4f 5d) Ty 105582  1.149 8970.9 1.149
G'(4f 5d) 1o 50541  0.580 4325.8 0.580
G?(4f 5d) m 17174 1717.4

G3(4f 5d) 2 64003  0.928 5422.6  0.928
G*(4f 5d) 13 16306 1630.6

G (4f 5d) T4 38097 0.732 3216.7 0.732
G (4f 65) s 12543  0.844
G?(5d 6s) r7 11696.8  0.609
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can be employed as spin states and allow for the realization
of large bosonic spin systems with dipolar interactions. In
combination with optical lattices, this enables the possibil-
ity to study many-body dynamics in extended Bose-Hubbard
models [77,78]. Generally, in such large spin systems, the long
lifetime of the excited state is helpful for the realization of
advanced, spin-resolved imaging-shelving techniques [79,80].
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APPENDIX

Odd-parity energy parameters

Here we present the parameters of the first four odd-parity
configurations of neutral erbium. The ones of the 4f!36s
configuration are not shown, as the latter does not play any
physical role in the level interpretation.

Tables II and III show the one-configuration parameters,
like the direct F*, exchange G¥, or spin-orbit ¢, integrals.
Table IV shows the configuration-interaction ones. We also
give the scaling factor fy = Xj;/Xypr between the fitted and
ab initio value of the parameter X. During the fitting pro-
cedure, some groups of parameters are constrained to vary
within the same scaling factors; such groups are characterized
by the same fx = r, value in the second column of Tables II—
IV. The word “fix” means that the corresponding parameters
are not adjusted. Finally, we use so-called “effective” param-
eters, like «, B, y, or Fi(4f5d), which cannot be calculated
ab initio, but which are there to compensate the absence of
electronic configurations not included in the model. Their
initial values are known from previous studies.

TABLE IV. Configuration-interaction parameters: parameter
names, constraints (see text), fitted values and scaling factors fy =
Xii/Xurr, for odd-parity configuration pairs of neutral Er. All param-

eters are in cm ™.

Parameter X Constraint Xiic fx

41 5d 6% - 4f1 54% 65

R? (4f 6s, 4f 5d) ) -799.8 0.852
R (4f 6s, 4f 5d) ) 1128.5 1.465
R? (5d 6s, 5d 5d) r7 -13663.3 0.621
41 5d 6s% - 4112 65 6p
R' (5d 6s, 4f 6p) 20 -3173.6 0.461
R? (5d 6s, 6p 4f) 0 -679.9 0.461
41 542 65 - 4112 65 6p
R' (5d 5d, 4f 6p) o 2405.6 0.647
R? (5d 5d, 4f 6p) o 643.7 0.647
411 542 65 - 4f'2 5d 6p
R' (5d 6s, 4f 6p) o -2536.8 0.427
R? (5d 6s, 4f 6p) o -564.5 0.427
4112 65 6p - 4112 5d 6p
R? (4f 6s, 4f 5d) 3 -5359.9
R3 (4f 65, 5d 4f) 3 2758.3
R? (6s 6p, 5d 6p) I -6833.7
R! (65 6p, 6p 5d) o —7463.2
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