Single strontium Rydberg ion confined in a Paul trap
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Trapped Rydberg ions are a promising new system for quantum information processing. They
have the potential to join the precise quantum operations of trapped ions and the strong, long-range
interactions between Rydberg atoms. Combining the two systems is not at all straightforward. Ry-
dberg atoms are severely affected by electric fields which may cause Stark shifts and field ionization,
while electric fields are used to trap ions. Thus, a thorough understanding of the physical proper-
ties of Rydberg ions due to the trapping electric fields is essential for future applications. Here we
report the observation of two fundamental trap effects. First, we investigate the interaction of the
Rydberg electron with the trapping electric quadrupole fields which leads to Floquet sidebands in
the excitation spectra. Second, we report on the modified trapping potential in the Rydberg state
compared to the ground state which results from the strong polarizability of the Rydberg ion. By
controlling both effects we observe resonance lines close to their natural linewidth demonstrating
an unprecedented level of control of this novel quantum platform.

PACS numbers: 32.80.Ee, 37.10.Ty, 32.70.-n, 32.60.+i

Trapped ions are one of the most mature implementa-
tions of a quantum computer. The trapped ion approach
has set several benchmarks with qubit lifetimes up to
minutes [1], entanglement operations with error proba-
bilities smaller than 1073 [2, 3], and with up to 14 en-
tangled qubits [4]. Trapped ions also assume a leading
role in the implementation of quantum algorithms [5-8],
quantum error correction [9-11], and quantum simula-
tions [12-15].

The standard method to realize quantum information
processing with trapped ions uses the common motion
for entanglement operations between the ion qubits [16].
A current limitation of trapped ion quantum computa-
tion is the limited storage capacity as it becomes more
difficult to perform entanglement operations in large ion
crystals due to the increasingly complex motional mode
structure. Possible schemes to reach larger quantum sys-
tems include segmented ion traps [17], ion-photon net-
works [18], and, trapped Rydberg ions [19, 20].

Trapped Rydberg ions are a novel quantum system.
Here, the outermost electron of an ion is excited into
Rydberg states far away from the atomic core. Pairs of
Rydberg ions are envisaged to couple strongly via electric
dipole-dipole interaction. Quantum gates using Rydberg
interactions may be realized independently of the ionic
vibrational modes [21], thus Rydberg ions may be used
in larger ion crystals for entanglement operations [19, 22].
A similar entanglement method has been demonstrated
with neutral atoms [23-25]. In this sense trapped Ryd-
berg ions promise to join the advantages of both tech-
nologies: they combine the strong dipolar interaction be-
tween Rydberg atoms with the precise quantum control
and long storage times of trapped ions.

Combining these systems is by no means trivial. The

trapping electric fields will need to stay active while ex-
citing ions to Rydberg states, else the strong Coulomb re-
pulsion will quickly push the ions apart. Rydberg atoms,
however, are extremely sensitive to electric fields which
cause Stark shifts and may even ionize the Rydberg elec-
tron. In neutral Rydberg atom experiments any elec-
tric fields are carefully compensated and so it seems at
best far-fetched to excite an ion trapped in strong electric
fields to a Rydberg state. Remarkably, trapped Rydberg
ions have been realized [26] using single-photon excita-
tion of 4°Cat ions with vacuum ultraviolet laser light
at 122nm. Also, selective manipulation of the ground
state was combined with optical pumping via the Ryd-
berg state [27].

Here we report on a two-photon Rydberg excitation of
88Sr* ions. The wavelengths used for Rydberg excita-
tion (243nm and 309nm) are significantly easier to han-
dle than the vacuum ultraviolet light used before [26]. In
particular, the laser photons contain significantly lower
energy, thus no surface charging of the trap electrodes
is observed. Also, in a two-photon excitation the lasers
can be sent from opposite sides which puts the ions in
an effective Lamb-Dicke regime and thus avoids Doppler
broadening of the resonances. These advantages allow
us to achieve an unparalleled level of control and to in-
vestigate the fundamental physical effects of the trap on
Rydberg ions.

Modifications of the Rydberg properties due to the
strong electric fields of the Paul trap have been pre-
dicted [19, 20]. One of the expected effects is that the
Rydberg electron will interact with the trapping electric
quadrupole fields. While Rydberg S /5- and P, /o-states
do not possess quadrupole moments due to their symme-
try, and thus do not interact with the quadrupole fields,
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FIG. 1. Experimental setup. (a) An ion is trapped in a linear Paul trap and manipulated by laser beams for Doppler cooling
and fluorescence detection (422 nm), repumping (1092 nm and 1033 nm), electron shelving (674nm), and Rydberg excitation
(243nm and 309 nm). A magnetic field with B = (0.3564 £ 0.0008) mT defines the quantization axis and is oriented parallel to
the trap axis and the Rydberg excitation lasers. (b) Energy level scheme of 889rT and detection sequence of successful Rydberg
excitation. Before Rydberg excitation the Doppler cooled ion is initialized in the metastable 4D3/, state via optical pumping.
(i) The Rydberg excitation lasers couple the initial 4D/, state to a Rydberg Sy /5- or D3/p-state, which then quickly decays in
multiple steps to the 55,5 ground state with 95% probability in <~ 20 us. (ii) Rydberg-excited population which subsequently
decayed to the ground state is transferred to the metastable 4D5 5 state, allowing fluorescence detection to distinguish between
successful Rydberg excitations (population in 4D5/; — no fluorescence) and cases with no Rydberg excitations (population in
4D3,, — fluorescence) in the final step (iii). This sequence is typically repeated 100 times for each data point.

higher angular momentum states will be affected. We ex-
perimentally investigate this fundamental effect, explore
the different behavior of Rydberg S;/2- and D3 /,-states,
and compare the experimental results to theoretical sim-
ulations.

A further novel property of Rydberg-excited ions is
that their trapping potential is modified compared to
their ground state which can e.g. induce structural phase
transitions in an ion crystal [28]. This effect is caused by
the strong polarizability of the Rydberg state which be-
comes polarized in the trapping electric fields. Depend-
ing on the sign of the polarizability the induced dipole
either weakens or increases the trapping electric field ex-
perienced by the ion and thus modifies the confining po-
tential. We observe a first signature of this effect investi-
gating a single Rydberg resonance. In particular, we see
the modified trapping potential as a line broadening for
a Doppler cooled ion with a thermal population distribu-
tion, as compared to a sideband cooled ion where most
of the population resides in the motional ground state.

I. EXPERIMENTAL SYSTEM

A single 3SrT ion is confined in a linear Paul trap
and excited to Rydberg S;/5- and D3 /p-states by a two-
photon process as shown in Fig. 1. 243nm laser light
drives the first step from the metastable 4D3/, state to

6P /2, while tunable laser light at 304-309 nm excites the
second step to reach Rydberg S; /- and D3 /o-states.

During Rydberg excitation the ion is confined in the
electric fields of a linear Paul trap. Note that the Ry-
dberg ions do not get doubly ionized by the trapping
electric fields, as ions are generally held at the null of
the electric quadrupole fields, at least given stray elec-
tric fields leading to micromotion of the ion are properly
compensated. For further details on the experimental
setup and the micromotion compensation see Appendices
A and B.

II. IONIC RYDBERG STATES IN A LINEAR
PAUL TRAP

In the following we provide the theoretical background
concerning the Rydberg excitation of a strontium ion
held in a linear Paul trap. This will allow us to under-
take a comparison between experimentally obtained and
theoretically calculated excitation spectra. Specifically,
it will enable us to identify and quantify the influence of
the trapping fields on the Rydberg-ion level structure.

The electric potential of the Paul trap reads

O(r,t) = acos U (x? —y?) — B(x* +1y* —22%) (1)

where « and 8 are electric field gradients and 2 is the
frequency of the radio-frequency (RF) electric field. In
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FIG. 2. Rydberg electron-quadrupole field interaction.
Quadrupolar energy shifts and radio-frequency (RF) coupling
due to the Rydberg electron-quadrupole field interaction Heq
for a Rydberg D3 /o-state.

contrast to low-lying states, the weakly-bound Rydberg
electron can exhibit a sizable coupling to the trap electric
fields. To illustrate this, we write the coupling Hamilto-
nian Heq(r,t) as [20],

Hagtryt) = er? [, 1675000

—1/ %a cos Qt Y2 (0,¢) + H.c.

where 6§ and ¢ are polar and azimuthal angles with re-
spect to the trap axis z, and Y;"(6, ¢) are spherical har-
monics.

For a Rydberg state [nLJm ), with n, L, J the prin-
cipal, angular, and total angular quantum numbers, and
my the projection of J on the quantization axis (along
the trap z-axis), the quadrupole coupling is non-zero
when J > 1/2, while it vanishes when J = 1/2 due to
selection rules. This shows that there is no first order
effect for Rydberg S o-states (L = 0 and J = 1/2).
However, the coupling becomes significant in Rydberg
D j-states (J = 3/2 or J = 5/2), as illustrated in Fig. 2.
Specifically, for J = 3/2 and magnetic field B||z the static
part of the trap potential causes an energy shift to state
InD3m,),

(2

2

Es = g(_D‘mJ'_l/zﬁQS/z- (3)

where Q; = —e(nDJ|r?*|nDJ) denotes the correspond-
ing quadrupole transition moment. For n > 1, its ap-

proximate value is Qj =~ %[5712 +1-3L(L+1)],
with core charge Z. = 2 and Bohr radius ag. From

Eq. (3) it follows that the energy shifts for |m ;| = 1/2
and |my| = 3/2 have the same strength but opposite
signs, as depicted in Fig. 2.

The RF dependent part of Hamiltonian (2), on the
other hand, couples different Zeeman states with Am; =
42, see Fig. 2. As the RF frequency is much smaller than
the fine structure splitting (2/27 ~ MHz), we restrict the
coupling to within the same Zeeman manifold (for states
with identical quantum numbers n, L and J). The RF

dependent part of Eq. (2) then assumes the form

3/2
Hgrr = hC cos Ot Z

m1:1/2

{|nLJ(mJ —2)¥{(nLJmy| + H.c.|,

where the constant C = —2Qja/5\/§h is the effective
Rabi frequency of the RF field.

In the current experiment, typical trap parameters are
a=~3x108Vm~2, B~ 6x10° Vm~2 and  ~ 27 18 MHz.
This yields a static frequency shift |Es|/h ~ 27 43kHz
and effective Rabi frequency C' = 27 12 MHz in the Ry-
dberg state [24D3m ). Note that the latter is compa-
rable with the RF frequency, C' ~ Q. An emerging fea-
ture is that Floquet sidebands will be populated [29], as
the rotating wave approximation is not applicable in the
quadrupole coupling Hamiltonian Hgrp.

All subsequent calculations of the Rydberg spectra
(shown in Figs. 3 and 4) are performed with coupling
Hamiltonian of the form (2). We take into account the
experimental trap geometry and laser parameters (see
Appendix D for the laser-ion interaction). The laser ex-
citation dynamics is described through a quantum master
equation.

III. RYDBERG ELECTRON-QUADRUPOLE
FIELD INTERACTION

According to the previous considerations Rydberg
S1/9-states are expected to not interact with the trap-
ping electric quadrupole fields, thus we expect an ex-
citation spectrum with a simple structure. The exper-
imental results for 255;,, are shown in Fig. 3. Peaks
in the 4D5,, population result from the excitation of
the ion to 25S;,, Rydberg state at excitation energy
(88081.84 4 0.04) cm~! with respect to the ground state
of St consistent with values reported in [31]. Depend-
ing on the laser polarizations used, one, two or four peaks
are observed. The observed resonance lines can be easily
explained by the Zeeman splitting in the applied mag-
netic field of B = (0.3564 £0.0008) mT where each of the
four equally populated initial Zeeman levels couples to
exactly one Rydberg level, see Fig. 3b. The simulation
results corroborate this explanation. Relative amplitudes
agree with the difference in Rabi frequencies due to the
respective Clebsch-Gordan coefficients. Thus, the spec-
troscopy of the Rydberg S-state can be fully explained by
the Zeeman effect in the applied magnetic field. No effect
of the trapping electric quadrupole fields on the S-state
Rydberg electron is observed.

The effect of the Rydberg electron-quadrupole field in-
teraction becomes evident in the excitation spectra of the
24D3/, Rydberg state (experimental excitation energy
(88101.36 4= 0.04) cm 1), see Fig. 4. We observe a multi-
tude of resonances with Floquet sidebands caused by the
RF coupling between Zeeman sublevels within the 24D /5
manifold. The simulation matches the experimental data
when the Rydberg electron-quadrupole field interaction
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FIG. 3. Zeeman splitting in Rydberg S, ;-states. (a) Two-photon excitation spectra to state 25S;,5. The frequency of the
second Rydberg excitation laser at 309 nm is scanned while the frequency of the first Rydberg excitation laser at 243 nm is
kept 27 160 MHz blue-detuned from the intermediate state resonance. The two-photon detuning is defined as the sum of the
two UV-photon frequencies minus the frequency difference of the 25S,,, and 4D3/, states in the absence of a magnetic field
w243 + UJSOQ—%(E%sl 2 — Eap, /2). Successful Rydberg excitation is signaled by a high probability for shelving the ion to state
4D5/5. The excitation spectrum shows four resonance peaks for both lasers in an equal superposition of 0T and o~ polarization
(denoted as (£/+)), two peaks when the second step 309 nm laser is changed to o~ (+/—), and a single peak when both lasers
are ot (+/+). Black dots are the measured data points with error bars due to quantum projection noise, blue lines are the
simulated Rydberg excitation spectra (Rabi frequencies Q243 = 27 0.47 MHz, Q309 = 27 49 MHz, dephasing of the Rydberg state
dwass = 2m 2.2 MHz). Off-resonant scattering from the intermediate state and spontaneous decay from the initial 4Dg3 /o state
each contribute to the background signal. (b) Allowed transitions for Rydberg excitation to 25S;,;. The Rydberg-excitation
beams are aligned with the direction of the applied magnetic field at the position of the ion, thus electric dipole transitions
which preserve the magnetic quantum number (7-transitions) are not excited. With this constraint, only four non-degenerate
transitions between the 4Ds/, and 255,/ Zeeman sublevels remain. As the frequency of the 309nm laser is scanned, each of
the four transitions comes into resonance at a different frequency.

[Eq. (2)] is included. Also, matching the positions of the
AC-Stark shifted resonances in the simulation and the ex-
perimental data allows the Rabi frequency of the 309 nm
laser to be determined to within 10%. Smaller devia-
tions between the experimental data and the theoretical
model may be explained by experimental imperfections
and ion motion, such as imperfect polarization, motional
sideband transitions, thermal broadening, and micromo-
tion effects, which are not included in the simulation.

The observed resonance lines can be explained in sim-
ple terms as depicted in Fig. 4b. Due to the RF cou-
pling of the Rydberg electron-quadrupole field interac-
tion, sidebands at +{2 relative to neighboring Zeeman
levels (Am; = £2) become visible. For high Rabi fre-
quencies the lines are offset by AC Stark shifts. The res-
onance frequencies can be identified by a diagonalization
of the coupling Hamiltonian within the 24D3/, manifold,

see Appendix E. For instance for o~ /o™ polarizations for
the first/second Rydberg excitation steps and the Rabi
frequencies as in the matching simulation, we obtain four
eigenfrequencies at 27 {5.8,9.2,14.1,29.0} MHz detuning
with corresponding eigenstates

1 3

[4) = +0.72 |5, 0) — 069 |, +1)
3 1

|B) = —0.21 \§,O> +0.98 \§,+1>
1 3

|C) = +40.69 \§,O> +0.72 \§,+1>
3 1

where we use |my,n) = [24D3m,n), with n being the

number of quadrupole excitations of the Floquet side-
bands. The corresponding states |A) to |D) are marked
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FIG. 4. Rydberg electron-quadrupole field interaction for Rydberg Ds,,-states. (a) Excitation spectra and simulation results
for 24D3/3. The frequency of the second Rydberg excitation laser at 309 nm is scanned while the frequency of the first
Rydberg excitation laser at 243 nm is kept 27 160 MHz blue-detuned from the intermediate state resonance. The two-photon
detuning is defined as the sum of the two UV-photon frequencies minus the frequency difference of the 24D3/5 and 4Ds/
states in the absence of a magnetic field, trap effects and AC Stark effects woa3 + wgog—%(E25sl/2 — E4D3/2). The trapping
parameters are {Waxial, Wradial 1, Wradial 2} = 27{ (254 £ 3), (600 £ 10), (760 £ 10) } kHz, radio-frequency drive = 27 18.153 MHz.
The experimental data (error bars due to quantum projection noise) largely match the simulation results (dark blue line)
when the Rydberg electron-quadrupole field interaction is taken into account (simulation parameters Rabi frequencies Q243 =
27 0.09 MHz, Q309 = 27 135 MHz, dephasing of the Rydberg state dwoap = 2m4.1 MHz). (b) Energy level scheme explaining
the RF sidebands in the excitation spectra. Sidebands appear at £ the RF trapping frequency €2 with respect to a neighboring
Zeeman state Amj = £2. The resonances are additionally shifted due to the AC Stark effect by the Rydberg excitation laser
at 309 nm.

in the top right panel of Fig. 4. In these states, the “ab-
sorbing” states |mj, —1) have negligible contributions,
since the Rydberg electron-quadrupole field interaction
is further detuned, see Fig.4b.

IV. MODIFIED TRAPPING POTENTIAL IN
THE RYDBERG STATE

The strong polarizability of the Rydberg state is ex-
pected to modify the effective trapping potential of the
ion. The change in the radial trapping potential of the
Rydberg state compared to lower-lying states is [28]

Vadd = — (& +28%) Pup p* = —a*Ppr p®,  (4)

where p is the radial center-of-mass coordinate of the ion,
and P, 1, is the polarizability of the Rydberg state with
quantum numbers n, and L. The polarizability scales
as ~ n7, thus the influence of V,qq should increase for
higher Rydberg states.

We now investigate the effect of the modified trap-
ping potential by analyzing the Rydberg excitation spec-
trum of state 425/, (experimental excitation energy
(88680.74 + 0.04) cm™!). The controlled preparation of
the ion in a single Zeeman sublevel combined with driv-
ing only a single transition in the Rydberg excitation
leads to the observation of a single Rydberg resonance
as depicted in Fig. 5a. The details on state prepara-
tion and detection of Rydberg excitation in this context
are given in Appendix C. After Doppler cooling we ob-
serve a linewidth of 27 (1.4 4+ 0.1) MHz, which is signifi-
cantly broader than the expected natural linewidth cal-
culated from quantum defect theory of 27w 39 kHz. How-
ever, with radial sideband cooling the observed linewidth
is reduced to 27 300 kHz. This sideband cooled linewidth
can be fully explained by natural and laser linewidths
(=~ 27200 kHz).

Commonly, one would suspect the broadening to be
caused by the Doppler effect, however, we do not observe
a reduced linewidth after axial sideband cooling (along
the direction the excitation lasers propagate). Instead,



1
(b) 425 meat
| i 2hAw
7 # 1hAw

laser excitation
1 (243nm & 307nm)

405;\\\

Energy

(a) o Sideband cooled ion | '
0.41 » Doppler cooled ion
w 03¢ I
LN
£ !
g !
2 024
)
S
(o}
@)
- 014 ]
f"H——L 0TS +
0.0 4==lllalall ol laa Gl all ¢ ‘ ,
-3 -2 -1 0 1
Two-photon detuning / 2 MHz
FIG. 5.

4D5/omy = 7% to the Rydberg state 42S;/,mj = —3.

=

lon position x

Modified Rydberg trapping potential. (a) Observation of a single Rydberg resonance starting from the state
L The frequency of the second Rydberg excitation laser at 307 nm is

scanned while the frequency of the first Rydberg excitation laser at 243 nm is kept 2w 20 MHz red-detuned from the interme-
diate state resonance. The two-photon detuning is defined as the sum of the two UV-photon frequencies minus the frequency
difference of the 425, m; = —% and 4D5/, my = —g states wou3 + w307—% (E(42$1/2 mjy = —%) —E(4Ds/om; = —g)) With
sideband cooling we observe a single resonance with linewidth 27 (300 £ 50) kHz mainly limited by the laser linewidths.
With only Doppler cooling the resonance is shifted lower in energy, has smaller amplitude and asymmetric shape with
~ 27 (1.4 = 0.1) MHz linewidth. The model curves represent a single resonance with 27 (300 £ 50) kHz linewidth for the
sideband cooled case, and a thermally broadened line with Aw = —27 20kHz (red) [Aw = —27w 42kHz (blue)] for the Doppler
cooled case. No fit parameters were used in the model curve of the Doppler cooled ion resonance. The trapping parameters are
{Waxial, Wradial 1, Wradial 2} = 2m{ (872 £+ 5), (1660 + 30), (1720 £ 30) } kHz, radio-frequency drive Q = 27 18.153 MHz. (b) Energy
scheme of the motional state during Rydberg excitation. Due to the different trapping potential in the Rydberg state compared

to the ground state the laser excitation is shifted out of resonance for higher motional quantum numbers.

we observe a reduced linewidth after radial sideband cool-
ing (perpendicular to the laser propagation direction).
This effect can be explained by the modified trapping
potential in the radial directions. The polarizability of
42S /5 was calculated to be Pyag = 2.9 x 10731 C?m?J 1.
This was achieved by diagonalizing the electronic model
potential [30], which yields radial wavefunctions and
eigenenergies consistent with the Rydberg series previ-
ously measured for Srt in free space [31]. As a result
the radial trapping frequencies in the Rydberg state, wq,
should be smaller than the trapping frequencies in a low-
lying state, wg, by Aw = w; — wp ~ —27 20kHz when
the electric field gradient a = 8.3 x 103 Vm~2. Con-
sequently, the motional energy levels are closer in the
Rydberg state than in low-lying states, and the vibra-
tional wavefunctions are modified, see Fig. 5b. When the
Rydberg excitation lasers drive transitions between the
low-lying state and the Rydberg state, the transition fre-
quency is shifted depending on the initial motional state.
In particular, the resonance frequency for phonon num-
ber conserving transitions is shifted by nAw, when the

ion has n radial phonons, see Fig. 5b. Since the wave-
function in Rydberg and low-lying state are not perfectly
orthogonal, the phonon number is not necessarily con-
served during Rydberg excitation. Nevertheless, as the
trapping potentials in our case are still very similar, so are
the vibrational components of the wavefunctions. Thus,
the Franck-Condon factors for the Rydberg excitation are
approximately given by Kronecker-delta functions &,
and population should be mainly transferred to quan-
tum states with the same motional quantum number. In
principle, with sufficiently high resolution one should be
able to identify individual lines separated by Aw with
relative amplitudes due to the thermal population. In
our experiment we cannot resolve the splitting for 425 /5
since our lasers are broader than the shifts. Neverthe-
less, we observe a red-shifted, asymmetrically broadened
line due to thermal population of the two radial modes
of motion, see Fig. 5a.

We model the asymmetric lineshape in Fig. 5a taking
into account the measured thermal population of the two
radial modes after Doppler cooling of (n,) = 14.7 £0.9



and (n,) = 9.5+£0.8. The measured data in Fig. 5a seems
to deviate from this model for the theoretical value of
Aw = —2720kHz. If we use Aw as a free fitting param-
eter, we reach good agreement for Aw = —2m 42 kHz.

The theory neglects coupling between the ionic motion
in the three orthogonal directions. This may account for
the difference between the theoretical prediction and the
experimental results.

V. CONCLUSION

We have investigated several elementary trap effects
of Rydberg ions, which will be essential for future appli-
cations in quantum technologies. In particular, we have
observed the effect of the Rydberg electron-quadrupole
field interaction on Rydberg states with different sym-
metries. While Rydberg S-states are unaffected by the
Rydberg electron-quadrupole field interaction, Rydberg
D-states interact with the trapping quadrupole fields. In
the future the quadrupole moment of Rydberg D-states
might lead to new types of interactions like quadrupole-
charge, quadrupole-dipole or quadrupole-quadrupole in-
teractions that could be used for directional coupling in
quantum information tasks. Nevertheless, Rydberg S-
states remain the less intricate system and might thus be
easier to control.

Moreover, we have been able to deterministically con-
trol the initial state for Rydberg excitation which has
allowed us to investigate a single Rydberg resonance.
The modified trapping potential in the Rydberg state
has become visible as an increase in the Rydberg res-
onance linewidth of a Doppler cooled ion compared to
a sideband cooled ion. As predicted, the large polariz-
ability of the Rydberg states in the electric fields of the
Paul trap leads to different trapping potentials in low-
lying and Rydberg-excited states, and to broadening of
the resonances for a Doppler cooled ion. The resultant
weaker or stronger localization of a Rydberg ion might be
used in the future in quantum information processing to
cut longer ion chains into smaller sub-units for localized
quantum operations [32] or for implementing exotic inter-
actions through vibrational mode shaping [33]. A side-
band cooled ion instead is largely unaffected by the mod-
ified trapping potential due to its precise localization.
Thus, sideband cooling might be required for coherent
Rydberg excitation and to avoid unwanted entanglement
between the electronic state and the ion motion dur-
ing Rydberg excitation. Alternatively microwave-dressed
Rydberg states with zero polarizability could be used for
realizing Rydberg quantum gates independently of the
motional mode structure [21]. Such states would experi-
ence the same trapping potential as low-lying states, thus
sideband cooling would not be required. Such Rydberg
gates would make trapped Rydberg ions a novel system
for quantum information processing.

Appendix A: Rydberg excitation lasers

The 243 nm laser light for the first Rydberg-excitation
step is produced in a commercial system, in which 970 nm
infrared laser light from a diode-laser pumped tapered-
amplifier system is frequency-quadrupled to 243 nm.
Similar systems are used for the two-photon excitation
of hydrogen [34]. Tunable 304-309nm laser light for
the second Rydberg-excitation step is produced in two
stages. In the first stage two infrared photons, from
a 1551 nm diode-laser fiber-amplifier system and a tun-
able 998-1030 nm diode-laser pumped tapered-amplifier
system, are combined by sum-frequency generation in a
periodically-poled lithium niobate crystal [35, 36]. The
resultant 608-618 nm laser light is frequency-doubled to
produce tunable 304-309 nm laser light, which covers the
wavelength range for excitation of Rydberg states from
principal quantum number n=24 up to the second ion-
ization threshold. The first Rydberg-excitation laser is
frequency stabilized to ~27 100kHz linewidth (in-loop
estimate) by locking the 970 nm fundamental to a refer-
ence cavity. The second Rydberg-excitation laser is fre-
quency stabilized also to &2 100 kHz linewidth (in-loop
estimate) by referencing 608-618 nm laser light to a cavity
and applying feedback to the 998-1030 nm fundamental
laser.

The lasers are sent from opposite sides along the trap
axis. The counter-propagating beams significantly re-
duce thermal effects in the two-photon Rydberg excita-
tion. The effective Lamb-Dicke parameter for the two-
photon transition is 7 = 0.044 at an axial trapping fre-
quency of w, = 2w 872kHz. Thus, after Doppler cool-
ing the ion resides within the Lamb-Dicke regime and
Doppler broadening can be neglected.

The Rydberg-excitation lasers are sent through
hydrogen-loaded, single-mode photonic crystal fibers.
Such fibers offer laser mode cleanup and stable beam
pointing while resisting ultraviolet solarization [37]. The
lasers are focused by two commercial achromat lenses
which image the 10 um diameter fiber core with unity
magnification onto the ion. The laser beams are sent
through holes in the end-cap electrodes and up to 120 nW
(16.8mW) of 243nm (309 nm) laser light is focused to
(5.14+0.8) ym ((6.8£1.7) um horizontally, (4.9+1.0) pum
vertically) beam waist at the position of the ion.

Appendix B: Ion trap

The ion is confined in a macroscopic linear Paul trap
with titanium electrodes in a sapphire mount. The
trap consists of four blade electrodes for radial con-
finement and two end-cap electrodes with optical ac-
cess holes for axial confinement. Since Rydberg atoms
may be extremely sensitive to electric fields (polarizabil-
ity P, ~ n7) with n the principal quantum number of
the Rydberg state, the ions are confined very close to the
electric quadrupole null to minimize any detrimental ef-



fects of the fields to the stability of Rydberg ions. Using
the “cross-correlation” and the “resolved sideband” tech-
niques [38, 39] micromotion is minimized and the resid-
ual electric field at the position of the ion is estimated
to be (372%) V. The trap electrodes are electroplated
in gold (work function ~5.3€eV) to avoid the emission of
photoelectrons if ultraviolet laser light hits the electrode
surfaces (243 nm photons carry 5.1eV energy). Photo-
electron emission causes time-varying stray electric fields
and thus worsens the residual electric field at the ion posi-
tion. Due to the gold-coating, the micromotion compen-
sation parameters do not change over weeks of working
with the ultraviolet Rydberg-excitation lasers.

Appendix C: State preparation and detection of a
single Rydberg resonance

A single isolated Rydberg resonance is accessible in
the Rydberg excitation from the initial state 4D5/5 to
the Rydberg state 42S; /5. This excitation scheme is in-
teresting from a quantum information perspective, since
4D5/5 may be used together with the 5S; /5 ground state
to store an optical qubit. The Rydberg excitation could
be used for entanglement operations between two such
optical qubits.

For state preparation, a Doppler (or sideband) cooled
ion is initialized in the 4Dg /5 m; = f% Zeeman sublevel.
First any population in 4Dj /5 is returned to the ground
state using the 1033nm “repump” laser and the ion is
Doppler cooled. The 674nm “qubit” laser, which drives
the 5S;/5 <> 4D5/o transition, has a narrow linewidth
(<27 600 Hz) which allows transitions between specific
Zeeman sublevels to be individually addressed. By al-
ternately driving the 5S;/, m; = +% — 4D5/ my = —%
transition and removing population from 4Dj /5 using the
1033nm “repump” laser, population may be optically
pumped to the 551/, m; = —% Zeeman sublevel. Next
population is transferred from the initial 55; /5 Zeeman
sublevel to a specific 4D5/, Zeeman sublevel using the
narrow 674 nm “qubit” laser. The fluorescence detection
lasers are then turned on to check whether the population
transfer was successful.

The detection of successful Rydberg excitation from
initial state 4D5 /5 is simpler than for 4Dj3 /5, as the initial
state 4D5/5 can be directly distinguished from the final
state 5S5;,, by fluorescence detection without any need
for additional shelving pulses. The Rydberg excitation
and detection sequence is as follows. (i) Both Rydberg
lasers are turned on, coupling 4D5 » my = —3 via the in-
termediate state 6P3/o my = —2 t042S; o my = —1. Ac-
cording to quantum defect theory calculations 95% of the
population in 425, /5 quickly decays to the 5S; /5 ground
state. (ii) Finally fluorescence detection is used to dis-
tinguish between successful Rydberg excitations (popula-
tion in 5S; /5 — fluorescence) and cases with no Rydberg
excitation (population in 4D5,5 — no fluorescence).

Appendix D: Laser-ion interaction Hamiltonian

The Hamiltonian used to simulate the laser-induced
two-photon transition to Rydberg S- and D-states includ-
ing the magnetic field-induced Zeeman effect is [19-21],

H = H, + Heq(r,t) + Hg + Hy, (D1)
Ho =Y en L)L, (D2)

L

e

Hp = — B,|(L, +28S,), D3
b=~ |BLI(L. +25.) (D3)
Hy, = Z —er - é;E; cos(k; - R — wjt), (D4)

J
where H,, Heq(r,t) = —e®(r,t), Hg and Hi, stand

for the Hamiltonian for the valence electron, Rydberg
electron-quadrupole field coupling, Zeeman effect and
laser-electron interaction. In the Hamiltonian, r and m,
are the position and mass of the electron, R the center-of-
mass position of the ion, and L the multi-index quantum
number L = {n, L, J, m}. €L, is the energy in the elec-
tronic state |L). e and ¢ are the elementary charge and
speed of light in vacuum. B, is a static magnetic field
parallel to the z-axis. S, and L, are the z-components
of the spin and angular momentum operators. E; and
€; are the electric field and polarization of the j-th laser,
whose wave vector and frequency are k; and wj.

In the experiment, the first laser couples low-lying
states [4AD2m ;) (denoted by |gm,)) and [6Pim;) (de-
noted by |e,,,)) and the second laser couples the state
|6P1m;) and Rydberg state |R.,,). We neglect the
sideband transitions, as the two lasers are counter-
propagating and the effective Lamb-Dicke parameter n <
0.1. Using the relevant electronic states as bases, the
laser-ion interaction can be expressed as

Hi, = Z [hQLM cosw1t|em1>(gmf]|
M

+ A cos w2t|RmJ>(emf]| + H.c] , (Db)

where M = {m;, m/;} is a two-index number, and Rabi
frequencies Q1 v = —eEi(em, |- €1[gm,) /I and Qa2 v =
—eE2(Rp,|r - é2]e,,) /I depend on respective electronic
states and laser polarization.

It shall be pointed out that both micromotion and the
trap field mediated Rydberg electron-center of mass cou-
pling are relatively weak [19, 20, 28]. Both effects are
not experimentally resolved for low lying Rydberg states
n < 30, as polarizability and temperature of the ion are
small, and micromotion is carefully compensated. There-
fore we do not consider these effects in the numerical sim-
ulation. However the Rydberg electron-center of mass
coupling is observed for the higher lying Rydberg state
4285, /5 as discussed in section IV.



Appendix E: Spectra of the Rydberg 24D3,, state

Here we provide a simple theory to explain the spectra
shown in Fig. 4a. First, we note that electronic states
will be completely specified once laser polarizations are
given. This allows us to omit the labeling of the quan-
tum number m; in the electronic low-lying states. The
two Rydberg states that are coupled by the quadrupole
fields will be labeled by |R;) and |Rz) for convenience.
Upon applying rotating-wave approximations to the laser
induced transitions, the Hamiltonian to describe the Ry-
dberg excitation dynamics [see Eq. (D1)] becomes

Hp = hA le){e| + Y hAj|R;)(R;| + Hrp  (E1)
j

+ g [ule){gl + QulRi){e| + Hael,

where we have assumed that the polarization is cho-
sen such that state |e) couples to Rydberg state |Ry).
Ae = (Ee — Eg) /h—wl and Aj = (E] —Eg)/h—wl — W2
(j = 1,2) give detuning of the electronic transition
with respect to the laser frequencies, where the energy
E,=¢5+ EgB) (s = g,e,1,2) takes into account of both
the electronic energy ¢, and Zeeman shift EgB).

As |A.| is typically larger than other quantities in the
Hamiltonian, we can adiabatically eliminate state |e),
which yields

hQ2 2

Qu
o~ ~fclallal +1 (81— 3 ) IR

h
+ M| Ro)(Ro| + 3 [ R1)(g| + Hc]
+ HRF7 (EQ)

where Q' = —OQ,/2A, is the two-photon Rabi fre-
quency. Using the experimental parameters, we find
that Q2/4A, ~ 2r10MHz and ' ~ 2710kHz while
|2 /4A,| is in the sub-kHz range, which can be neglected.

We proceed by expanding the Rydberg states in terms
of Floquet states |R;, k) (k =0,=£1,...), where k denotes
quadrupolar excitations of the RF field. To explain the
main peaks in Fig. 4, we only need to take into account

transitions |Ry,0) — |Rg, 1), i.e. by absorbing or emit-
ting one quadrupolar RF excitation. Eq. (E2) becomes

h
Hp ~hAy Y |R;)(R,| + 5 (IR {gl +Hoe] + He,
J

(E3)
where
hQ2
Hp = — 3 [Ro) (Ra| + (B5”) — E”))|Ra) (Ry|

+ > khQ| Ry, kQ) (R, kQ)|
k

+ g[|R2,Q><R1| + R, —Q)(Ry| + H.c.]. (E4)

Hamiltonian Hy is the key result. The eigenenergy of

Hy determines the peaks shown in Fig. 4a. One example
for the ¢~ /o™ transition is given in Section III.
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