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Trapped ions constitute one of the most promis-
ing systems for implementing quantum comput-
ing and networking1,2. For large-scale ion-trap-
based quantum computers and networks, it is
critical to have two types of qubits, one for com-
putation and storage, while the other for auxiliary
operations like runtime qubit detection3, sym-
pathetic cooling4–7, and repetitive entanglement
generation through photon links8,9. Dual-type
qubits have previously been realized in hybrid
systems using two ion species3,10–13, which, how-
ever, introduces significant experimental chal-
lenges for laser setup, gate operations14 as well
as the control of the fraction and positioning of
each qubit type within an ion crystal15. Here
we solve these problems by implementing two
coherently-convertible qubit types using the same
ion species. We encode the qubits into two
pairs of clock states of the 171Yb+ ions, and
achieve fast and high-fidelity conversion between
the two types using narrow-band lasers. We fur-
ther demonstrate that operations on one qubit
type, including sympathetic laser cooling, gates
and qubit detection, have crosstalk errors less
than 0.03% on the other type, well below the
error threshold for fault-tolerant quantum com-
puting. Our work showcases the feasibility and
advantages of using coherently convertible dual-
type qubits with the same ion species for future
large-scale quantum computing and networking.

Quantum computers have attracted wide research in-
terest owing to the potential exponential speedup over
any classical computers on certain tasks like factoriz-
ing large integers and quantum simulation of material
properties1. However, quantum states are also fragile
and requires quantum error correction to protect against
environmental noise and control errors1,16. It is thus cru-
cial to have two types of qubits in fault-tolerant quantum
computing1, one for the storage and the computation of
the logical states and the other for the runtime detection
and the correction of the error syndromes. For trapped
ions, one of the leading platforms for quantum comput-
ing, these two types of qubits need to be spectrally sepa-
rated to avoid crosstalk on one type due to the scattered
photons during the measurement of the other3,10–13. Be-
sides, such ancilla ions are also required to provide sym-
pathetic cooling for the computational ions and help
stabilize the trapped ion system as the qubit number

increases5–7. Furthermore, ancilla ions also play a piv-
otal role in the photonic quantum network scheme for
scaling up the ion trap quantum computers by continu-
ally generating ion-photon entanglement8,17,18.

Previously it was assumed that such frequency-
separated dual-type ion qubits have to be imple-
mented in hybrid systems of two ion species, which
has attracted large experimental efforts with remarkable
progress3,10–13. For hybrid systems, apart from the ex-
perimental complexity to trap and cool two ion species
and the lower mixed-species gate fidelity than the same-
species case, it is also challenging to control the frac-
tion and the positioning of each qubit type in many-ion
crystals. Moreover, the mass mismatch between the ion
species makes it very difficult to realize sympathetic cool-
ing and high-fidelity gates with the transverse phonon
modes14, a choice that is necessitated for more scalable
quantum gates in larger ion crystals18–20.

In this paper, we experimentally realize dual-type
qubits that are coherently convertible to each other with
the same species of 171Yb+ ions. Coherent conversion
between different qubit types allows us to dynamically
tune the fraction and the positioning of each qubit type
on demand in many-ion crystals during the computa-
tion, which is highly desirable for efficient sympathetic
cooling15 and quantum error correction1,16 in large-scale
systems. In addition, the capability of fast and high-
fidelity qubit type conversion indicates that entangling
gates between different qubit types can be performed
in exactly the same way as the gates within the same
qubit types, hence eliminating a challenging requirement
of mixed-species high-fidelity gates. Both types of qubits
in our experiment are realized with clock states of 171Yb+

ions, in the S and F manifolds, respectively, which have
long coherence time and almost no relaxation. The co-
herent conversion is achieved with dual-tone narrow-band
laser beams at wavelengths of 411 nm and 3432 nm, re-
spectively, with a fidelity about 99.7% already in the first
experiment. We then demonstrate that, during the op-
erations on one qubit type such as cooling, gates and
detection, the coherence of the other qubit type is well
preserved with the crosstalk error rate below 0.03% per
operation. Note that the transition to the meta-stable
D or F levels have been used before in ion trap experi-
ments for qubit detection through electron shelving21–23

and for temporary protection of the optical qubits under
detection24,25. The contribution here is that we achieve
the first fast coherent conversion between dual types of

ar
X

iv
:2

10
6.

14
90

6v
1 

 [
qu

an
t-

ph
] 

 2
8 

Ju
n 

20
21



2

1D[3/2]3/2

2D 5/2

2S 1/2

2P 1/2

2F 7/2

3
7

0
 n

m

9
7

6
 n

m

3.6205 GHz

8.89 GHz

2.105 GHz

1′

0′

0

1

191 MHz

2D 5/2

2S 1/2

2F 7/2

1′

0′

0

1

S-qubit

F-qubit

a

b

c

Coherent conversion

F-qubit preparation

F-qubit detection

S-qubit detection

Focused beams

Global beams

S-qubit

F-qubit

171Yb+

12.6428 GHz

SF

FIG. 1. Schematic of the experiment. a, We use two trapped 171Yb+ ions to demonstrate the dual-type qubits. A focused
narrow-band laser beam is used to convert the qubit types for a selected ion. Broad global laser beams can then operate the
two types of qubits separately without affecting each other. b, Relevant energy levels of 171Yb+ and the schematic paths for
the initialization and the detection of the dual-type qubits. The S-qubit is encoded in the commonly used clock states |0〉 and
|1〉 of the S1/2 levels, with routine qubit operations. For example, the detection process uses 370 nm laser (blue) together with
935 nm laser for repumping from the D3/2 states (not shown). The F-qubit is encoded in another pair of clock states |0′〉 and
|1′〉 of the F7/2 levels. The F-qubit is initialized by first preparing the ion in |0〉 and is then transferred to |0′〉 by successive π
pulses of 411 nm and 3432 nm laser (purple). To detect the F-qubit, we apply continuous 3432 nm and 976 nm laser (green) to
optically pump the population in |0′〉 back to S1/2, which is a bright state under 370 nm laser, while |1′〉 remaining a dark state.
c, Coherent conversion between the S-qubit and the F-qubit. The two transfer paths |0〉 ↔ |0′〉 and |1〉 ↔ |1′〉 are traversed
simultaneously by turning on suitable sidebands for the hyperfine splitting in the 411 nm and the 3432nm π pulses.

qubits both carried by robust clock states with long co-
herence time and almost no relaxation. This allows us
to realize the required whole set of protected operations
through dual types of qubits with the below-threshold
crosstalk error rates, including the first demonstration of
the sympathetic cooling using the same ion species with
negligible crosstalk errors.

To demonstrate the protection by the use of dual types
of qubits, it suffices to consider two ions. Our exper-
imental setup consists of two 171Yb+ ions, as shown
schematically in Fig. 1. Each ion can be in one of
the two qubit types, encoded either in the clock states
|0〉 ≡ |F = 0,mF = 0〉 and |1〉 ≡ |F = 1,mF = 0〉 of
the S1/2 levels (S-qubit), or |0′〉 ≡ |F = 3,mF = 0〉 and
|1′〉 ≡ |F = 4,mF = 0〉 of the metastable F7/2 levels
(F-qubit). The S-qubit can be manipulated by routine
laser and microwave operations26 such as optical pump-
ing, qubit state detection, Doppler cooling and single-
qubit gates. For a single S-qubit, we achieve 98.3% fi-
delity for detection using 370 nm laser and 99.98% fidelity
for single-qubit rotations via 12.6 GHz microwave, which

suffice for our experiment. If higher detection fidelity is
needed, we can apply the electron shelving technique21–23

and have gotten a detection fidelity above 99.9% in our
experiment. More details can be found in Methods.

To prepare an F-qubit, we first initialize the ion in |0〉
through optical pumping and then transfer its population
to |0′〉 via the intermediate state of D5/2 using a 411 nm π
pulse followed by another 3432 nm π pulse (from a house-
made narrow-band laser, see Methods). The 411 nm laser
is focused to a beam waist radius of about 4µm and sup-
ports selective control of one ion with small crosstalk on
the other ion at a distance of about 14µm. Because of
the finite laser linewidth, the population transfer fidelity
does not reach unity. Therefore we add a verification step
to check if the ion remains in S1/2 or D5/2 levels, and dis-
card these unsuccessful events. The F-qubit can then be
operated by 3.6 GHz microwave with a single-qubit gate
fidelity of 99.99% (see Methods). For its detection, we
perform electron shelving by incoherently pumping the
population in |0′〉 back to the S1/2 levels through continu-
ous 3432 nm and 976 nm laser with 20µs duration. In this
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FIG. 2. Coherent conversion between the two qubit
types. a, We use the transfer paths in Fig. 1c to coherently
convert an S-type qubit to the F-type and then back to the
S-type, and repeat this cycle for N times. To further increase
the fidelity of the conversion, sideband cooling is applied to
reduce phonon numbers (see Methods). b, We initialize the
qubit in the mutually unbiased bases (MUBs) |0〉, |1〉, |+〉,
|−〉, |L〉 and |R〉, and measure the average fidelity between
the initial and the final states after N rounds of S-F-S con-
version. The average fidelity is fitted as F = F0(1 − εt)

N

where F0 ≈ (96.6± 0.4)% characterizes the state preparation
and measurement (SPAM) fidelity and εt ≈ (0.65 ± 0.03)%
for the round-trip transfer error. Error bars represent one
standard deviation and are smaller than the data marker in
the plot.

way, |0′〉 is mapped to a bright state under 370 nm de-
tection laser while |1′〉 remains a dark state, which gives
us a detection fidelity of 99.86% at 250µs detection time.
Higher detection fidelity of 99.97% is also demonstrated
in our experiment using longer detection time (see Meth-
ods).

The two qubit types can be converted into each other
coherently in less than one microsecond. As shown in
Fig. 1c, an S-qubit can first be transferred to the D5/2

levels through a 411 nm π pulse with suitable microwave
sidebands for |0〉 and |1〉 simultaneously. Then another
3432 nm π pulse, again with suitable microwave side-
bands, finishes the conversion to the F-qubit. By re-
versing the order of the two π pulses we can similarly
achieve the conversion from an F-qubit back to the S-
type. During this process, the phase noise in the laser
beams appears as a global phase for the qubit and thus
does not lead to decoherence. In Fig. 2 we use the fi-
delity between the qubit states before and after the co-
herent conversion to quantify its performance. Specif-
ically, we initialize an S-qubit state |ψ〉 through a mi-
crowave pulse, perform N rounds of S-F-S conversions,
and measure the fidelity of the final state ρ with the
initial state 〈ψ|ρ|ψ〉 by mapping |ψ〉 back to |1〉 using
another microwave pulse followed by detection in the
|0〉/|1〉 basis. By averaging the initial state |ψ〉 over
a complete set of mutually unbiased bases (MUBs)27

|0〉, |1〉, |+〉 ≡ (|0〉 + |1〉)/
√

2, |−〉 ≡ (|0〉 − |1〉)/
√

2,
|L〉 ≡ (|0〉+i|1〉)/

√
2 and |R〉 ≡ (|0〉−i|1〉)/

√
2, we get the
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FIG. 3. Crosstalk error of S-qubit operations on the
F-qubit. a, We prepare an S-qubit and an F-qubit. The
cooling, detection and gate operations on the S-qubit will not
affect the F-qubit owing to the difference in their operating
frequencies. b, We initialize the S-qubit in |0〉, drive the Ra-
man transition between |0〉 and |1〉 using 355 nm laser, and
measure the population in |1〉 versus the evolution time. As
shown in the inset, we observe a Rabi oscillation and the de-
cay mainly comes from the decoherence of the laser. The
average fidelity F of the F-qubit in the MUBs drops slowly
with the number of π/2 Rabi pulses Nπ/2 and is fitted as

F = F r0 (1 − εr)Nπ/2 where F r0 ≈ (99.91 ± 0.02)% again rep-
resents the SPAM fidelity and εr ≈ (0.0010± 0.0002)% is the
crosstalk error per π/2 pulse. c, We apply Doppler cooling,
optical pumping to |0〉, and detection on the S-qubit and re-
peat this cycle for N times. The average fidelity of the F-qubit
versus N is fitted as F = F 0

0 (1−ε0)N with F 0
0 ≈ (99.8±0.1)%

and ε0 ≈ (0.009± 0.001)%. The measured probability of the
S-qubit in |1〉 is shown in the inset, whose deviation from zero
represents the SPAM error. d, We add a microwave π pulse
in the experimental sequence of (c) after optical pumping to
prepare the S-qubit in |1〉. Here we fit F = F 1

0 (1− ε1)N with
F 1
0 ≈ (99.1±0.2)% and ε1 ≈ (0.013±0.001)%. The deviation

of the inset from one comes from the SPAM error. All error
bars represent one standard deviation.

average fidelity F over the Bloch sphere28 which is fitted
as F = F0(1− εt)N . We thus extract about (3.4± 0.4)%
state preparation and measurement (SPAM) error from
F0, and about (0.65± 0.03)% coherent transfer error for
each round of S-F-S conversion (or about 0.3% error for
one-way S-to-F or F-to-S conversions), with error bars
representing one standard deviation.

In Fig. 3 we analyze the crosstalk error of the S-qubit
operations on a nearby F-qubit. We begin with two S-
qubit ions in |0〉 after Doppler cooling and optical pump-
ing, and then initialize one ion into an F-qubit in the
state |ψ′〉. As shown in Fig. 3b, we apply co-propagating
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355 nm Raman laser beams29 to drive the resonant tran-
sition between |0〉 and |1〉 of the S-qubit, with the Rabi
oscillation presented in the inset. The average fidelity F
of the F-qubit over the MUBs decays slowly with the du-
ration t of the Raman laser, or measured in terms of the
number of π/2 pulses Nπ/2 ≡ t/τπ/2 where τπ/2 is the
required Raman laser duration to achieve a π/2 pulse.
We fit the data by F = F r0 (1 − εr)

Nπ/2 and extract a
crosstalk error of εr ≈ (0.0010±0.0002)% on the F-qubit
for a π/2 Raman pulse on the S-qubit. In Fig. 3c, after
initializing the F-qubit, we turn on the Doppler cooling,
optical pumping and state detection cycle for the S-qubit,
and repeat this sequence for N times after which we mea-
sure the F-qubit fidelity. As we can see from the inset,
we have about 1% SPAM error when preparing an S-
qubit in |0〉 and detecting in |1〉, which mainly comes
from the imperfect S-qubit detection. The error bar in
the inset is reducing for larger N because we are aver-
aging over more experimental trials, but the mean value
should stay constant; the weak decreasing tendency in
the plot may be due to the slow parameter drifts in the
experiment. In this case we fit the average F-qubit fi-
delity F = F 0

0 (1 − ε0)N with ε0 ≈ (0.009 ± 0.001)% as
the crosstalk error on the F-qubit when initializing and
detecting a |0〉 state S-qubit. Similarly, in Fig. 3d we
add a microwave π pulse in the experimental sequence to
initialize the S-qubit in |1〉 and we fit a crosstalk error of
ε1 ≈ (0.013± 0.001)%.

The Doppler cooling stage in the sequence above turns
out to be important for our experiment because otherwise
the spatial motion of the ions will be heated during the
evolution time of tens of milliseconds, which will hinder
the accuracy of the subsequent laser manipulations. In
Fig. 4 we explicitly study this sympathetic cooling dy-
namics. Before initializing the F-qubit when both ions
are in the S-type, first we heat them by blue-detuned
370 nm laser. Then we prepare an F-qubit in |0′〉 and
turn on the Doppler cooling beam for the S-qubit for
various duration. Finally we repump the F-qubit back to
the S-type |0〉 to measure the temperature of the two-
ion crystal through the carrier Rabi oscillation of the
sideband-resolved 411 nm transition (see Methods). In
comparison, we also apply the heating-cooling sequence
without preparing the F-qubit such that both ions can
be cooled by the Doppler cooling beam. As we can
see, the cooling dynamics for the sympathetic cooling
and the global Doppler cooling cases are similar, which
proves the efficiency of the sympathetic cooling. In the
inset, we further measure the average F-qubit fidelity F
(similarly over the MUBs) versus the sympathetic cool-
ing time t and fit F = F c0 e

−t/Tc to get a decoherence
time Tc = (2.9± 0.9) s. This corresponds to about 0.03%
crosstalk error for a sympathetic cooling operation of a
typical 1 ms duration. Note that in our experiment, the
411 nm laser is perpendicular to the two-ion chain, so it
probes the temperature of transverse phonon modes. It
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FIG. 4. Sympathetic cooling and crosstalk error.
We prepare an S-type qubit and an F-type qubit, and ap-
ply Doppler cooling on the S-qubit using 370 nm laser with
10 MHz red detuning. Starting from a high temperature, we
observe a decay in the measured average temperature versus
the cooling time (red square). In comparison, blue dots are
the measured average temperature under global Doppler cool-
ing when both ions are in the S-type. The cooling rates and
the final temperatures are comparable in the two cases. The
inset shows the average fidelity of the F-qubit over the MUBs
when the Doppler cooling laser is on. Fitting with an ex-
ponential function F = F c0 e

−t/Tc , we get a decoherence time
Tc = (2.9±0.9) s, which corresponds to about 0.03% crosstalk
error during a sympathetic cooling operation of a typical 1 ms
duration. Error bars represent one standard deviation.

has been shown that sympathetic cooling of the trans-
verse modes is inefficient in hybrid systems using two ion
species due to localization of the modes caused by the
mass mismatch14, but our dual-type qubits within the
same ion species allow efficient cooling for these modes,
which can be used for more robust entangling gates in
larger ion crystals and thus advantageous for scalable
quantum computing18–20.

In summary, we have experimentally demonstrated
dual-type qubits within the same ion species. The two
qubit types can be coherently converted into each other
using microsecond narrow-band laser pulses, with about
99.7% transfer fidelity each way. The fidelity is currently
limited by the imperfect population transfer due to the
technical noise of the laser power and frequency fluctua-
tion and can be improved by better frequency locking
of the laser or using more robust composite pulses30.
Crosstalk errors from sympathetic cooling, optical pump-
ing, detection and single-qubit gates on the S-qubit are
measured to be all below 0.03% for the F-qubit. The
demonstrated below-threshold crosstalk errors between
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the dual types of qubits, together with their fast high-
fidelity coherent conversion, opens up prospects of wide
applications in large-scale quantum computing and quan-
tum networking.
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request.
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METHODS

Experimental setup

In this experiment, we use a single 370 nm laser beam
which drives transitions between S1/2 and P1/2 of the
171Yb+ ions for Doppler cooling, optical pumping and
detection of the S-qubit26. To switch the role of the laser
beam, we use an acousto-optical modulator (AOM) con-
trolled by a home-made direct digital synthesizer (DDS)
to quickly change the carrier frequency and we turn on
different electro-optical modulators (EOMs) to generate
the desired microwave sidebands. For Doppler cooling,
the laser is set to be about 10 MHz red detuned from the
|S1/2, F = 1〉 ↔ |P1/2, F = 0〉 transition with a 14.7 GHz
sideband for the |S1/2, F = 0〉 ↔ |P1/2, F = 1〉 transi-
tion. For optical pumping into |0〉, the laser is set to be
resonant with the |S1/2, F = 1〉 ↔ |P1/2, F = 0〉 tran-
sition with a 2.1 GHz sideband for the |S1/2, F = 1〉 ↔
|P1/2, F = 1〉 transition. The detection beam is resonant
to the |S1/2, F = 1〉 ↔ |P1/2, F = 0〉 transition with
no microwave sideband. The optical power for this laser
beam is about 10µW with a beam waist diameter (where
the intensity drops to 1/e2) of about 60µm. The small
population leaked to the D3/2 levels is pumped back to
S1/2 by 935 nm laser, with an optical power around 1 mW
and a beam waist diameter around 100µm.

The conversion between the S-qubit and the F-qubit
is accomplished via 411 nm and 3432 nm laser to bridge
S1/2 ↔ D5/2 and D5/2 ↔ F7/2 transitions, respectively.
The frequency of the 411 nm laser is stabilized by a cav-
ity, and its decoherence time is measured to be around
230µs. It has an optical power of tens to thousands of
µW and a beam waist diameter of about 8µm, which
generate a Rabi frequency of hundreds of kHz. This fo-
cused beam allows selective control of one ion with small
crosstalk on the other ion. The house-made 3432 nm
laser, with optical power up to 1.1 W, is produced by
difference-frequency generation using 30 W 1064 nm laser
and 30 W 1542 nm laser in a LiNbO3 crystal31. With the
frequencies of the 1064 nm and the 1542 nm laser stabi-
lized by the same cavity, a coherence time of about 20µs
for the 3432 nm laser is achieved. In this experiment, we
only use an optical power of several mW for the 3432 nm
laser, and get a Rabi frequency of a few MHz. The car-
rier Rabi oscillations under typical parameters for these
two laser beams are presented in Extended Data Fig. 1.

To maintain the coherence during the qubit type con-
version, we drive the two transition paths for the two ba-
sis states of the qubit simultaneously. This is achieved by
using the two first-order sideband frequency components
generated by an EOM. We tune the carrier frequency of
the 411 nm (3432 nm) laser to the central frequency of
the S1/2 ↔ D5/2 (D5/2 ↔ F7/2) transitions (see Fig. 1c
for the two paths), and set the driving frequency on the

EOM to be half of the frequency difference between the
two paths, that is, 6.42 GHz (1.91 GHz), respectively.

To repump the D5/2 states back to S1/2 and to incoher-
ently transfer the population from |0′〉 (together with a
continuous 3432 nm laser), we use a 1.5 mW 976 nm laser
beam to drive the D5/2 ↔ [3/2]3/2 transition, which can
depump the D5/2 states in about 10µs.

We use a blade trap to hold the ions. To measure
the crosstalk between two ions, we use trap frequen-
cies ωx = 2π × 3.15 MHz, ωy = 2π × 2.97 MHz and
ωz = 2π × 120 kHz such that the ion separation is about
14µm. For the coherent conversion of qubit types, simi-
lar trap parameters and Doppler cooling lead to a round-
trip transfer error of about (1.98± 0.05)%, which we be-
lieve is influenced by the large phonon number. There-
fore we slightly raise the transverse trap frequencies to
ωx = 2π × 3.63 MHz and ωy = 2π × 3.48 MHz, and ap-
ply preliminary sideband cooling using 411 nm laser to
reduce the average phonon number to about 3. Then we
achieve about (0.65± 0.03)% round-trip transfer error as
reported in the main text using 0.54µs 411 nm π pulses
and 0.39µs 3432 nm π pulses.

Detection through Electron shelving

In our experiment, the F-qubit is detected by electron
shelving as shown in the main text with a detection fi-
delity of (99.86±0.03)% at 0.25 ms detection time, which
can be further improved to (99.97±0.004%) at 2.5 ms de-
tection time. The S-qubit can be detected by the routine
370 nm laser with a detection fidelity of (98.3 ± 0.2)%,
or by the electron shelving method22 with a detection
fidelity of (99.91± 0.007)%.

Similar to the preparation of an F-qubit, we can trans-
fer the population in |0〉 of the S-qubit to the |F7/2, F =
3,mF = 0〉 state via 411 nm and 3432 nm π pulses. How-
ever, this population transfer is not perfect, so we further
transfer the population in |0〉 to several Zeeman levels of
the |F7/2, F = 4,mF = 0,±1〉 states sequentially using
3.62 GHz microwaves. Then we achieve a detection fi-
delity of around (99.913±0.007)% for the S-qubit within
a detection time of about 2.5 ms.

Microwave single-qubit gates

We use 12.6428 GHz microwave fields to implement
single-qubit gates for the S-qubit, and 3.6205 GHz mi-
crowave fields for the F-qubit. We characterize the
gate fidelity via the standard randomized benchmarking
method32. The results are shown in Extended Data Fig. 2
with the measured average gate fidelity of (99.98±0.04)%
for the S-qubit and (99.99 ± 0.04)% for the F-qubit.
Therefore we can ignore the error in the microwave op-
erations in the initialization and the measurement stages
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compared with the other SPAM errors.

Fit average temperature

We use the decay of the carrier Rabi oscillation ampli-
tude of the 411 nm laser to investigate the motional infor-
mation of the two-ion chain33. The propagation direction
of the 411 nm laser is perpendicular to the axial direction
and is at an angle of 45◦ to both the x and the y axes, thus
it probes the four transverse modes (the stretch mode and
the common mode in each direction). Here we define an
effective temperature T under the assumption that all
the motional modes share the same temperature. The
average phonon number for mode i with frequency ωi is
then ni = 1/(e~ωi/kBT − 1). The probability that the
four modes have phonon number {ni} = {n1, n2, n3, n4}
is thus P{ni} = Π4

i=1n
ni
i /(ni + 1)ni+1.

The carrier Rabi frequency under {ni} is21 Ω{ni} =

Ω0Π4
i=1e

−η2i /2Lni(η
2
i ) ≈ Ω0[1−

∑4
i=1(ni + 1/2)η2

i ] where
we have dropped the higher order terms of nη2, since in

our case η ≈ 0.024.
Now if we initialize the ion in the S1/2 state, its prob-

ability to remain in S1/2 is PS(t) =
∑
{ni} P{ni}(1 +

cosΩ{ni}t)/2 = (1 + Re[f(t)])/2 where f(t) ≡
eiΩ0t(1−

∑
i η

2
i /2)

∏
i 1/(ni + 1 − nie−iη

2
iΩ0t). We use it to

fit the two parameters Ω0 and T from the carrier Rabi os-
cillation. An example is shown in Extended Data Fig. 3.
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Extended Data Fig. 1. Carrier Rabi oscillation of a, the 411 nm laser and b, 3432 nm laser. The 411 nm laser has an optical
power of about 0.8 mW and a beam waist diameter of about 8µm, which generates a Rabi frequency of about 2π × 859.4 kHz.
The 3432 nm laser has an optical power of about 0.5 mW and a beam waist diameter of about 73µm, which gives a Rabi
frequency of about 2π × 1.2 MHz.
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Extended Data Fig. 2. Randomized benchmarking of the microwave-driven single-qubit gates for a, the S-qubit and b, the
F-qubit. The average gate fidelity is (99.98± 0.04)% for the S-qubit and (99.99± 0.04)% for the F-qubit.
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Extended Data Fig. 3. Carrier Rabi oscillation of 411 nm laser after 500µs sympathetic cooling. The fitted effective temperature
is about (9.2± 0.2) mK.
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