
PHYSICAL REVIEW A 103, 022806 (2021)

Isolated core excitation of high-orbital-quantum-number Rydberg states of ytterbium
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We study isolated core excitation of ultracold ytterbium Rydberg atoms of high orbital angular momentum
quantum number �. Measurements were performed on the 6s1/240� → 6p1/240� transition with � = 5–9. The ex-
tracted energy shifts and autoionization rates are in good agreement with a model based on independent electrons,
taking interactions into account in a perturbative approach. We reveal a slow decrease in the autoionization rates
with �, explained by the strong coupling of the 6p1/2n� autoionizing state with the 5d3/2ε�

′ continua compared
to previously studied divalent atoms.
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I. INTRODUCTION

Rydberg atoms offer an ideal platform for quantum sim-
ulation experiments [1]. Thanks to their strong, long-range
and tunable interactions, they are good candidates to study
many-body phenomena. Atoms trapped in optical lattices have
been used to demonstrate spatial correlations in the Rydberg
excitation [2] and more recently, tunable arrays of Rydberg
atoms have been used to demonstrate the simulation of Ising
spin systems [3,4] and topological matter [5]. In these experi-
ments, the imaging technique relies on the fluorescence of the
atoms after returning them to their ground state. A drawback
of this technique is the false-positive detection of residual
nonevacuated ground state atoms. This typically sets a limit
on the maximum number of atoms to a few hundred, which is
a severe limitation for future quantum simulation experiments.

We investigate here the possibility of imaging the Ryd-
berg atoms through the fluorescence induced by isolated core
excitation (ICE) [6]. Possible in multivalent atoms such as
strontium, barium, ytterbium, etc., this technique could al-
low efficient and accurate in situ imaging of the Rydberg
atoms. However, due to the interaction between the two va-
lence electrons, doubly excited Rydberg atoms may rapidly
autoionize [7,8]. A first method to reduce autoionization is
to use high-principal-quantum-number states [6,9]. The au-
toionization rate is known to evolve as 1/n3, following the
Rydberg wave function amplitude evolution close to the core.
Another method is to use the strong centrifugal barrier of high
� states that prevents the Rydberg electron from interacting
with the ionic core. In both barium [10] and strontium [6]
doubly excited high � states’ autoionization rates exhibit a
10−� dependence, but unlike the evolution with n, this law is
not universal and cannot be demonstrated theoretically.
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In this article, we study the ICE 6s1/240� → 6p1/240�

for high � = 5–9 Rydberg states of 174Yb under ultracold
conditions. We show good agreement between our measure-
ments and a simple theoretical model based on independent
electrons, where interactions are treated perturbatively. In yt-
terbium, the coupling of the 6p1/2n� autoionizing state with
the 5d3/2ε�

′ continua is particularly strong, with the result
that the autoionization rate decrease with � is relatively weak,
compared to that of barium or strontium.

II. EXPERIMENTAL METHODS

The schematic of the experiment is represented in
Fig. 1. Cold 174Yb atoms are continuously loaded in a
three-dimensional magneto-optical trap operating on the in-
tercombination line 6s2 1S0 → 6s6p 3P1 at 555.8 nm. The
atomic cloud contains about 1 × 106 atoms and has a size
of about 1 mm. In order to selectively excite the 6sn� state
with high-orbital quantum number �, we use the so-called
Stark-switching technique [11]. The Rydberg excitation is per-
formed with two photons through the intermediate 6s6p 1P1

level. This first level is reached using an external cavity diode
laser (ECDL) locked on the 6s2 1S0 → 6s6p 1P1 resonance
(λ1), collimated to a 1 mm waist and with a peak intensity
of about 30 mW/cm2 on the atoms. The second photon is
provided by a cavity doubled titanium-sapphire laser at around
395 nm (λ2) with a waist of about 0.5 mm and a peak inten-
sity of 50 W/cm2. Both lasers are pulsed on simultaneously
during 5 μs.

The two-photon excitation is performed in the presence of
a static electric field in order to allow the excitation of states
connecting to the different 6s40� levels, as can be seen in
Fig. 2. The states appear as groups of two or three peaks and
we choose to excite the atoms at the strongest peak for each
group. Computation of the exact Stark structure of a divalent
atom has not been performed yet, which prevents predict-
ing the fine details of the zero-field state to which a Stark
state is connected. Nevertheless, it has been demonstrated
that they adiabatically connect to states of known orbital mo-
mentum [11]. The electric field is then ramped down with a
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FIG. 1. (a) Schematic of the experimental setup. (b) Time se-
quence of the experiment. A cold cloud of ytterbium atoms is laser
excited (λ1 + λ2) to a high-� Rydberg state in the presence of a
static electric field (provided by electrode EU ). After the adiabatic
ramp-down of the electric field, a third laser λ3 is applied to ex-
cite the isolated core transition. Resulting autoionized atoms are
guided towards an MCP detector by a pulse applied to electrode ED.
(c) Scheme of energy levels involved in this experiment.

2 μs time constant to minimize diabatic transfers to adjacent
6s40� ± 1 states. The total ramp-down time of 20 μs is chosen
shorter than the Rydberg levels total lifetime. In order to avoid
unwanted residual Stark mixing of the 6s40� states at the end
of the ramp, eight electrodes are used to null stray electric
fields to below 10 mV/cm.

FIG. 2. Rydberg excitation spectrum of the states connecting to
n = 40, � = 5 to � = 8 levels in the presence of a static electric field
of 13.9 V/cm . Frequencies are given relatively to the center of the
n = 40 multiplicity. The � labels correspond to the zero-field � states
to which the Stark states are adiabatically connected. For the lowest
� states a substructure of three peaks can be seen. For every � state,
the strongest peak was excited.

Afterwards, isolated core excitation is performed on the
6s1/240� → 6p1/240� transition at 369.5 nm (λ3) using an
ECDL laser which is pulsed on with a variable duration of
1–5 μs with an Acousto-Optic Modulator (AOM). The du-
rations were chosen to produce a significant autoionization
signal, without depleting the Rydberg cloud. The intensity
on the atoms is around 10 mW/cm2 and the wavelength
is measured thanks to a calibrated wavemeter (High-Finesse
WSU) providing an accuracy of 10 MHz. An electric field
ramp is then applied on the ED electrode in order to guide
ions resulting from autoionization towards a microchannel
plate (MCP) detector to be estimated as Nai with a gated
integrator. After around 2 μs, the electric field reaches the
ionization threshold of the Rydberg levels. The resulting ions
are subsequently guided to the same detector and arrive at a
different time, allowing us to determine the number of residual
Rydberg atoms and thus the total number of atoms initially
excited to the 6s1/240� Rydberg state (Ntot).

III. EXPERIMENTAL RESULTS AND ANALYSIS METHOD

In Fig. 3 is plotted the measured ratio of autoionized atoms
Rai = Nai/Ntot against the detuning from the 6s1/2 → 6p1/2

transition of the bare 174Yb+ ion. Its frequency can be found
in [12] and more recently in [13] which provides the value
we used of 811.291 500(40) THz for 174Yb. As expected, we
notice a decrease of the autoionization linewidth and of the
overall shift compared to the bare ion core (IC) transition with
�. This is a clear signature of the decreasing influence of the
Yb+ ionic core. Finally, we notice an asymmetry of the spectra
for the higher � states. We will first discuss the origin of the
asymmetry by an analysis of the spectra.

FIG. 3. Autoionization spectra at n = 40 for various �, with
a 3 μs ICE pulse duration. � is the detuning from the 6s1/2 →
6p1/2 Yb+ transition. Black circles: experimental points. Dashed
gray lines: Lorentzian fits. Solid blue lines: fit with asymmetric g(�)
function.
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FIG. 4. Evolution of the asymmetry parameter q with ICE pulse
duration τ for � = 7 (black circle), � = 8 (blue square), and � = 9
(red triangle). Error bars from the fit with asymmetric g(�) function.

The autoionization profile of doubly excited states is often
explained by a quantum interference between two excitation
paths: the ionization of the doubly excited state and the direct
excitation of the continuum, leading to the so-called Fano
profile [14] for the excitation cross section:

f (�) = (q�/2 + � − �0)2

�2/4 + (� − �0)2
, (1)

where �0 is the energy shift compared to the energy of
the doubly excited state, � is the autoionization rate, and
q is a symmetry factor, with growing asymmetry for de-
creasing q. The q parameter is often proportional to the
ratio of the excitation amplitudes of the doubly excited state
and the continuum. As we produce a significant autoionized
fraction, the cloud can become depleted, which appears as
a saturation broadening depending on the pulse duration.
The saturation can be modeled with the following fitting
function:

g(�) = η

[
1 − exp

(
−μ�τ

(q�/2 + � − �0)2

�2/4 + (� − �0)2

)]
, (2)

where τ is the laser pulse length and μ is a fitted parame-
ter proportional to the photon flux. Finally, we introduce an
efficiency parameter η which accounts for the geometrical
mismatch between the beam and the cloud and is fixed at the
value 0.7.

However, in the case of the isolated core excitation of
Rydberg states, the ICE laser is usually tuned well above the
I6s ionization limit and direct photoionization is then strongly
reduced. In that case, the relevant processes are interferences
between the excitation of the 6p1/2n� state and the neighbor-
ing 6p1/2n′� states [15]. For high � states, the autoionization
linewidth becomes much narrower than the energy difference
to the 6p1/2(n ± 1)� states and the spectrum can be approxi-
mated by a simple “saturated” Lorentzian [10].

Nevertheless, an asymmetric shape can be seen for the
higher � states. In order to understand this feature, one can
look at different pulse durations. In Fig. 4, we can see an
increase of the asymmetry with the pulse duration, although
it should be independent in the framework of Fano interfer-
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FIG. 5. Autoionization linewidth � as a function of ICE pulse
duration τ for � = 7 (black circle), � = 8 (blue square), and � = 9
(red triangle). Despite taking the depletion into account, we observe
a dependence on the pulse duration which is linked to the appearance
of asymmetry in the spectra. Error bars from the fit with asymmetric
g(�) function.

ences. This result discards a Fano-type phenomenon as an
explanation for the asymmetry.

On the other hand, experimental biases such as local
charge effects could explain these asymmetries in the spec-
tra. Charges in the cloud, induced by Penning ionizations
or autoionization of Rydberg atoms, will mix a fraction of
(� ±1) character in the 6s1/2n� state from Stark effect, thus
allowing transitions from 6s1/2n� to 6p1/2n(� ±1) states. The
sudden appearance of the charges may also project the atoms
into 6s1/2n(� ±1) states [16], thus allowing transitions from
6s1/2n(� ±1) to 6p1/2n(� ±1) states. Finally, the correspond-
ing Stark effect will shift all these transitions depending on the
distance to the charge. The resulting spectrum can then reveal
a strongly asymmetric profile. Considering our Rydberg atom
density of about 107 cm−3, these effects are likely to occur and
should increase with the pulse duration due to an increasing
number of charges. A more systematic study with smaller
pulse durations and varying densities might enable one to
determine exactly which of these effects are actually relevant.
Nevertheless, in order to extract the linewidth and shift from
the spectra, one cannot use the corresponding multiple sum
of Lorentzians as the different peaks are not resolved and it
would use too many fitting parameters. Therefore we decided
to use the g function anyway, as introduced in Eq. (2), in the
remainder of this article. This has the advantage of taking into
account the depletion effect as well as the asymmetry in a
simple function.

Using this fitting function, we extract the autoionization
linewidths and the frequency shifts as a function of the pulse
duration. The extracted linewidths are displayed in Fig. 5. One
can see that the autoionization linewidth depends significantly
on the pulse duration. Both the linewidth and the asymmetry
increase with increasing pulse duration, and accurate autoion-
ization rates can be obtained by extrapolating the curves
towards a zero pulse duration. However, the behavior at small
pulse duration is unclear and we prefer choosing the linewidth
at the smallest measured pulse duration. We then estimate
the error by taking the difference with the linewidth at twice
this duration. We also add the fitting procedure uncertainty.
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FIG. 6. Solid line: calculated energy shift of the ICE 6s1/240� →
6p1/240� transition. The shaded area represents the range spanned by
the possible values of the Yb+ 〈6p1/2|r2|6p3/2〉 radial integral. Black
points: measured energy shifts.

The experimental linewidths obtained are presented in Fig. 7
and compared to the theoretical predictions explained in next
section. They are also summarized in Table I, together with
the extracted shifts, which are presented in Fig. 6. Although
the center frequency shifts hardly depend on the pulse du-
ration, we applied the same procedure for their extraction.
Another significant error for the center frequency shifts is
the absolute uncertainty on the knowledge of the 6s1/2 →
6p1/2 frequency of the ytterbium ion. This adds a 40 MHz
error [13].

FIG. 7. Theoretical linewidths of the ICE spectrum 6s1/240� →
6p1/240� for K = � − 1/2 (blue solid line) and K = � + 1/2 (dashed
blue). We extract the largest (K = � + 1/2) of the two contribu-
tions of 6s1/2εl (light-blue dashed lines) and see it is negligible.
Comparison with the 6s1/240� → 6p1/240� of barium (red) and the
5s1/240� → 5p1/240� of strontium (yellow), both for K = � + 1/2.
Black dots: experimental results for ytterbium. Dotted gray line:
radiative linewidth for ytterbium of 20 MHz.

TABLE I. Experimental and theoretical results for the frequency
shifts and linewidths for ICE of Yb on the 6s1/240� → 6p1/240�

transition s.

Expt. shift Theor. shift Expt. width Theor. width
� (MHz) (MHz) (MHz) K = �2 − 1/2, �2+1/2

5 1520(100) 2297(600) 2570(170) 6062 2551
6 1001(90) 1236(230) 1175(170) 2389 942
7 525(60) 650(110) 461(70) 763 292
8 354(60) 358(55) 321(60) 201 76
9 257(60) 207(31) 220(90) 45 17

IV. THEORETICAL METHODS

Due to the weak overlap between the inner electron and
the Rydberg one, high-� Rydberg states of divalent atoms can
be described using a perturbative approach, taking into ac-
count two-electron interactions in the frame of the ( j1 − �2)K
coupling scheme where index 1 stands for the inner electron
and index 2 stands for the Rydberg electron. We follow pre-
vious works performed on barium [10,17] and apply them
to the case of ytterbium. We consider the following two-
valence-electron Hamiltonian H = H1 + H2 + HI where H1

is the independent inner electron Hamiltonian of the 174Yb+

ion. H2 corresponds to the Rydberg electron Hamiltonian.
The third term HI = 1/r12 − 1/r2 accounts for the interaction
between the inner and outer electrons. We have performed our
calculations with the following assumptions:

(1) The Rydberg electron radius r2 is much larger than the
inner electron radius r1.

(2) High-� Rydberg wave functions are approximated as
hydrogenic wave functions.

In zero order, that is to say, neglecting the interaction
Hamiltonian HI , the energy is given by the sum of the two
independent electron energies: E (0) = En1�1 j1 − 1/2n2

2. The
interaction Hamiltonian is then introduced perturbatively. For
that matter, we use a Taylor expansion of 1/r12 in terms of the
tensorial operators associated with the spherical harmonics
C(q)(θi, φi ) [18].

Autoionization rates are calculated using the Fermi golden
rule. From a 6p1/2n� state, only four continua contribute
to autoionization in first order: 6s1/2ε� ± 1 and 5d3/2ε� ± 1
where ε corresponds to the energy of the ejected electron. The
autoionization rate then reads

�ai =
∑
〈ε|

∣∣∣∣〈ε | r1

r2
2

C(1)
1 C(1)

2 | 6p1/2n2�2KM〉
∣∣∣∣
2

, (3)

where 〈ε | corresponds to the continua previously mentioned.
All inner electron dipolar radial integrals were deduced from
weighted oscillator strengths in [19], which was chosen for its
completeness. The weighted oscillator strengths from 6p1/2

down to 6s1/2 and 5d3/2 are 0.465 and 0.126, respectively. We
then find the reduced matrix elements 〈6s1/2 ||r|| 6p1/2〉 and
〈6p1/2 ||r|| 5d3/2〉 to be 2.38 and 3.18, respectively. Finally
we deduce the radial integral to be 2.91 and 2.75 in atomic
units, respectively. These values are similar to the ones in [20],
and references therein. The Rydberg electron integrals are
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found using the known analytical formula for hydrogen and
continuum integrals were calculated with a standard Numerov
technique [21].

In order to compute the transition energy shift, we com-
pute the shift of both states 6s1/2n2�2 and 6p1/2n2�2 and
take the difference. The first-order correction to the energy
is null and the second-order correction to the energy of the
|n1�1 j1n2�2KM〉 state is expressed as

E (2,q) =
∑
q,|i〉

∣∣〈n1�1 j1n2�2KM| rq
1

rq+1
2

C(q)
1 C(q)

2 |i〉∣∣2

En1l1 j1 − Ei
, (4)

where |i〉 = |n′
1�

′
1 j′1n′

2�
′
2K ′M ′〉 is every state other than

|n1�1 j1n2�2KM〉 and Ei = En′
1�

′
1 j′1 is the zeroth-order energy

of this state. To simplify the sum of Eq. (4) we have
made several approximations. We took into account the dou-
bly excited states with ion cores for which an oscillator
strength to either the Yb+ 6s1/2 or 6p1/2 state is provided
in [19] (21 and 14 states coupling to 6s1/2 and 6p1/2,
respectively).

They correspond to a complete set of the lowest energy
states, including states with an excited 4 f shell 4 f 13n1�1n2�2,
and other higher levels induce a negligible energy shift.
Quadrupolar (q = 2) interactions are typically an order of
magnitude lower for � = 5 and vanish for largest orbital
momenta so we ignore them, with one exception. We in-
clude the quadrupole coupling of | 6p1/240�2〉 to | 6p3/240�′

2〉
which is particularly close in energy. The corresponding radial
integral could not be found in literature but realistic bound-
aries from the reduced matrix elements 〈6p1/2 ||r2|| 6p1/2〉 =
32 and 〈6p3/2 ||r2|| 6p3/2〉 = 51 [22] can be deduced for the
radial integral: 39.2 < 〈6p |r2| 6p〉 < 44.2. Finally we use
41.7 ± 5%. We also take a ±5% uncertainty on the dipo-
lar terms [19] and consider a worst case scenario when
summing uncertainties. In Fig. 6, we show our experi-
mental extracted energy shifts compared to the theoretical
shifts within these boundaries. We see good agreement be-
tween theoretical shifts and experimental ones. The residual
difference with theory is probably explained by larger un-
certainties in the oscillator strengths and missing quadratic
terms.

V. DISCUSSION

Due to the relative complexity of the Stark excitation
spectrum, we were not able to determine which of the two
K states or if a linear combination of these two states was
excited. Therefore, we plot in Fig. 7 the theoretical linewidth
of both K states to compare to our results. We also plot the
contribution to the total rate by autoionization to the two
|6s1/2ε�

′〉 continua. As shown by Fig. 7 the coupling to the
other two continua |5d3/2ε�

′〉 dominates the autoionization
rate. Indeed, the small energy difference between the 5d3/2

and 6p1/2 states in the Yb+ ionic core implies a larger overlap
of the continuum wave function with the initial 6p1/2n� wave
function. Comparing to the case of barium and strontium,
for which the energy difference between the corresponding
d3/2 and p1/2 states is significantly higher, we find that the
autoionization rates are indeed much lower. The experimental

results compare very well with the theoretical ones especially
at low �. At larger � the growing mismatch is probably linked
to the appearance of the asymmetry in the spectra. Another ex-
planation, not explored here, is the possibility for the Rydberg
electron to interact not with just one core electron but with two
and couple to the ion core state |4 f 13(2F7/2)5d6s(3D), K =
3/2, J = 5/2〉 at only around 9 THz below |4 f 146p1/2〉.

We recall our motivation is to evaluate the feasibility of
nondestructive imaging of Rydberg atoms by fluorescence of
the IC. It is therefore necessary to reduce the autoionization
rate below the radiative decay rate. Theoretically, one can see
that this condition can be reached for � � 10 states for n = 40
states in ytterbium. However, as discussed above, those states
are very sensitive to electric field and even a relatively low
amount of charge in the cloud can affect the purity of the
state. Consequently this imaging technique should probably
be restricted to low densities. We also note that other atoms
like barium or strontium are more favorable. Ultimately, it
is preferable to choose circular states n, � = n − 1, m = �

which have the lowest Rydberg electron probability density
close to the core, and have the slowest autoionization rates.
Additionally, these states have the benefit of being insensitive
to electric fields. Even though the creation of these states de-
mands some effort [23], they are promising for an ICE-based
imaging technique.

VI. CONCLUSION

In summary, we have investigated both experimentally and
theoretically the isolated core excitation of ytterbium atoms
in the high-orbital 6s40� Rydberg states with � = 5–9. The
spectra obtained contained two main features: an unexpected
asymmetry for the higher � states, and a relatively low de-
crease of the linewidth when increasing �. The analysis of the
experimental spectra shows that asymmetry probably comes
from charge-induced effects. A theoretical model based on
perturbation theory has been used to compute the linewidth
and the central energy shifts of the spectra. Due to a strong
coupling between the 6p1/240� doubly excited level and the
5d3/2ε�

′ continua, the decrease of the linewidth with increas-
ing � is found to be relatively slow. This is in good agreement
with the experimental measurements. These results lead us to
the conclusion that with good control of the electric fields,
a nonautoionizing state may be reachable for � � 10 at n =
40 and could allow an ICE-based fluorescence imaging. Al-
though, circular states seems ultimately more promising for
that application.
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