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We present a method for achieving high fidelity state preparation and measurement (SPAM) using
trapped ion hyperfine qubits with nuclear spins higher than / = 1/2. The ground states of these higher
nuclear spin isotopes do not afford a simple frequency-selective state preparation scheme. We circumvent
this limitation by stroboscopically driving strong and weak transitions, blending fast optical pumping using
dipole transitions, and narrow microwave or optical quadrupole transitions. We demonstrate this method
with the I = 3/2 isotope '3’Ba™ to achieve a SPAM infidelity of (9.0 4 1.3) x 107> (=40.5 £ 0.6 dB),
facilitating the use of a wider range of ion isotopes with favorable wavelengths and masses for quantum

computation.
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State preparation and measurement (SPAM) is funda-
mental to quantum computation and covers two of the five
necessary DiVincenzo criteria [1]. Modern quantum sys-
tems are not error corrected, and the fidelity of an
uncorrected N-qubit register typically decreases exponen-
tially with size as (Fgpam)™, where Fgpay is the single-
qubit SPAM fidelity. Current error correction codes require
midcircuit measurement and reset (MCMR) and thus
SPAM errors contribute to the error correction budget as
the ratio of gates to measurements [2]. Given the historic
difficulty of improving gate fidelity, it will likely be
desirable to make the SPAM contribution as small as
possible. Moreover, the speed at which SPAM can be
performed can affect memory errors during MCMR, and
the compatibility of the exact SPAM technique with other
qubit operations must also be considered. More broadly, it
is desirable to have fast, high-fidelity SPAM in ionic qubits
with other practical advantages to quantum computation
such as light mass and visible wavelengths for gates.

Although the '7'Yb™ ion has a hyperfine clock qubit and
its I = 1/2 nuclear spin results in a singlet state for simple,
high fidelity state preparation [3], the limitations on
measurement fidelity (demonstrated 7 x 1073 infidelity
in 11 us [4]), necessity for high power UV light, and
associated photoinduced charging [5] present significant
engineering challenges. Other systems with a similar
structure (nuclear spin / = 1/2) have been explored, with
the most promising being '3*Ba™ [6] (demonstrated SPAM
infidelity of 4 x 107 in 5 ms [7]) due to its visible
wavelength transitions, but these species either require
lasers deep in the UV or are not naturally occurring,
presenting formidable challenges for scaling systems.
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Despite their complicated structure, ions with nuclear
spin I > 1/2 have advantages [8,9] and are used in
quantum information and quantum computing, including
%Be™ [10], ¥Ca* [11,12], Mg* [13], and "¥'Ba* [14,15].
Currently, all methods of state preparation in these species
are limited in performance by their requirement for either
light with high polarization purity or a series of coherent
gate operations to map a prepared state to the clock qubit
state, where this transfer infidelity shows up as a prepa-
ration error [10,16].

In this Letter, we prepare a single '*’Ba* ion into
the qubit states |0) = |6S,/,,F = 1,mp =0) and |1) =
68,5, F = 2, mp = 0) without the need of highly polar-
ized light or coherent mapping of the qubit to the clock
state. By alternating between standard optical pumping on a
dipole transition and driving narrow, state-selective micro-
wave or optical quadrupole transitions, we are able to
address and minimize the state preparation error in the
Zeeman sublevels of the ground state 65 ,. This technique
is both generalizable to many 7 > 1/2 species and high
performance, and we use it to achieve the highest SPAM
fidelity recorded with any qubit to the best of our knowl-
edge (previously Ref. [17] demonstrated 1.7 x 10~* SPAM
infidelity in 252 ms with '7'Yb™).

We present two varieties of the state preparation scheme,
both of which are cyclic in nature and seek to reduce state
preparation errors in all Zeeman sublevels of §;/, except
|0). The microwave scheme, shown in Fig. 1(a), is similar
to the microwave-assisted optical pumping (MAOP)
recently performed on an atomic ensemble [18] as well
as microwave techniques used on “3Ca* [16]. We first use
dipole optical pumping at 493 nm to “flush” out errors from
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FIG.1. (a) MAOP using coherent microwave pulses (black) and

493 nm flush pulses (aqua). (b) 1762 nm NBOP using coherent
1762 nm pulses (gray), 614 nm quenching (orange), and 493 nm
flush (aqua). (c) Cabinet shelving with repeated 1762 nm pulses
addressing |0). Hyperfine quantum numbers F and mgp are
omitted for clarity (see Supplemental Material for level diagram
and pulse sequences [19]).

the (S}/», F = 2) manifold, redistributing the errors in the
Zeeman sublevels of (S/,, F = 1). Next, errors in the
nonqubit Zeeman sublevels of the (S;/,, F = 1) manifold
are moved up to F' = 2 with microwave z pulses near the
hyperfine splitting, and are subsequently flushed by the
493 nm light when the cycle repeats. In an alternate
scheme, the errors in (S;/,, F = 1) can be addressed with
narrow-band optical pumping (NBOP) [17] to D5/, on the
1762 nm quadrupole transition, and then redistributed back
into the (S, F = 1) manifold with a 614 nm pulse
[Fig. 1(b)].

State preparation with either MAOP or NBOP can be
generalized to different ion species with high nuclear spin,
and we model MAOP state preparation for a general
alkaline earth ion with a dipole transition from S (hyperfine
states F, F + 1) to P (F', F' + 1) [19]. In the limit of many
cycles and low flush beam power, we derive the state
preparation error to be

TABLE L.
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where I is the transition linewidth, Sy  is the ground state
hyperfine splitting, and 7; ; denotes the branching from
state i to state j. The first term is identical to twice the limit
of state preparation in an I = 1/2 ion, and the second term
is a correction factor that depends on the branching ratio
and hyperfine splitting difference between the ground and
excited states 0_. The parameters for Eq. (1) and the
associated fidelities for various I > 1/2 hyperfine qubits
are shown in Table 1.

There are various high fidelity measurement schemes in
general, from quantum logic and quantum nondemolition
[34] to coherent and incoherent shelving. For *’"Ba* we use
a “cabinet shelving” procedure [11] shown in Fig. 1(c)
where |0) is shelved 3 times in succession to multiple
Zeeman sublevels in the metastable Ds ), state (30 s lifetime
[35]). We then apply resonant 493 nm light and repumping
650 nm light for 350 us to detect fluorescence. The
resulting bright and dark state histograms are well sepa-
rated, and the SPAM infidelity for 1762 nm NBOP is
measured to be (9.0 4 1.3) x 107> with a simple discrimi-
nator [Fig. 2(c)]. The data are taken without any prepro-
cessing or postprocessing, such as discarding trials based
on low fluorescence counts during Doppler cooling. We do
not perform statistical detection of D-state decays for our
SPAM fidelity [21], but consider the effect in the error
budget.

In this experiment, we trap single '3’Ba* ions 70 ym
above a planar surface trap similar to that described in
Ref. [36], and apply a magnetic field of 4.96 G to define the
quantization axis. Single qubit rotations between the states
|0) and |1) are driven by a microwave horn tuned near the
transition frequency of 8.038 GHz. The ion is Doppler
cooled by cycling through the §;, <> Py, (493 nm
cycling) and D3/, <> Pyj; (650 nm repump) transitions.
To address the many hyperfine levels of '*’Ba*, frequency
sidebands are applied to all of our lasers with electro-optic
modulators (EOMs) [19]. The 493 nm cycling light is
centered on the FF =2 <> F =2 (2 <> 2) hyperfine tran-
sition, and an EOM applies sidebands to address the other

Predicted state preparation infidelities in commonly used ion species. The infidelity generally decreases with mass with the

exception of »Mg™, which has a transition linewidth that is approximately 2 times broader than the other transitions considered here.

Species I NF 41 Fel NE Fi (I'/27) (MHz) Hyperfine S (GHz) Hyperfine P (GHz) €prep

‘Be ™t 3/2 1/2 5/6 22.4 [21] 1.25 [22] 0.194 [23] 5.4 x 1074
BMgt 5/2 4/9 7/9 42.4 [24] 1.788 [24] 0.307 [24] 1.0 x 1073
$Cat 7/2 5/12 3/4 22.4 [25] 3.226 [26] 0.581 [26] 8.9 x 1073
87Sr+ 9/2 2/5 11/15 21.5 [27] 5.0 [28] 0.89 [28] 34x107°
135Bat 3/2 1/2 5/6 20.1 [29] 7.18 [30] 1.33 [30] 1.4 x 1073
137Ba* 3/2 1/2 5/6 20.1 [29] 8.03 [14] 1.49 [14] 1.1 x 1073
173yb+ 5/2 4/9 7/9 19.7 [31] 10.5 [32] 1.85 [33] 6.3 x 107°
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(a) SPAM infidelity vs increasing cycles of MAOP (purple) and NBOP (green). Infidelities are calculated from datasets with

50 x 103 (for 0 to 9 cycles), 100 x 10° (10 to 18 cycles), and 200 x 10? (20 to 30 cycles) trials. Both techniques are initially close to 1/3
reduction in error per cycle (gray line), but level off at high fidelity. Inset: same data plotted as a function of absolute time, showing
4.3 ms and 4.55 ms for 35 cycles of MAOP and NBOP, respectively. Solid points and fluorescence count histograms represent separate
datasets for (b) MAOP (35 cycles) and (c) 1762 nm NBOP (30 cycles with 493 nm flush pulse and 5 cycles without flush), preparing the
|0) (orange) and |1) (blue) qubit state over 10° trials per state. The SPAM infidelities were measured to be (14.4 +1.7) x 107
(microwaves) and (6.1 £ 1.1) x 107 (1762 nm) [(22.0 £ 2.1) x 107> and (9.0 & 1.3) x 107 including leakage errors, respectively]
using state detection thresholds indicated by vertical lines. All error bars denote one Wilson interval.

possible hyperfine transitions (1 <> 1, 1 <> 2, and 2 < 1).
For state preparation and measurement, we address the
narrow shelving transition S/, <> D5, with a 1762 nm
laser locked to a high-finesse optical cavity. This laser is
red-detuned by 88 MHz from the |S, 5, 1,0) = [Ds/,.3,2)
transition to avoid off resonant shelving, and different
shelving transitions are addressed with sidebands generated
by an EOM. A 614 nm laser is used to deshelve ions from
D5, to P3p, from which ions preferentially fall into S ;.
We begin our state preparation with a fast (40 us)
polarization-limited step. We address the (S,. F =2) =
(Pi)2, F = 2) transition with z-polarized 493 nm light and
stroboscopically apply sidebands to address the 2 <> 1 and
1 <> 1 transitions (see Supplemental Material for pulse
sequences [19]). Because of the forbidden selection rule
IS1/2.1,0)«5|Py ), 1,0), this stochastically pumps the pop-
ulation into the qubit |0) state. The stroboscopic pulsing
prevents frequency mixing of the sidebands by the EOM
which would lead to unwanted driving of the 1 < 2
transition and could thus excite population out of the |0)
state. In our setup, we achieve state preparation infidelities
of ~8 x 1073 limited by polarization impurities and the
laser orientation with respect to the magnetic field [19].
While one could attempt to improve these imperfections, it
is technically difficult given vacuum window birefringence,
finite quality retarders, and incomplete magnetic field
control, all of which would be further exacerbated in a
larger system with many spatially separated qubits.

After polarization-limited state preparation, some pop-
ulation is left as error in the remaining Zeeman sublevels of
Si/2- To flush out the leakage population in the F =2
manifold, we apply a weak pulse (1 us, 90 mW/cm?) of
493 nm light carrying all polarizations and tuned to
(812, F = 2) = (Py,. F = 2) to pump population equally
into the three Zeeman sublevels of (S, F = 1). During
this pulse, 650 nm light is also applied to pump population
out of the D3/, manifold. Next, to address the leakage
population in |S, /2. 1 +1), we can use either microwave
pulses to [S)/,,2, +1) or shelving pulses to |Ds/», 1, F 1).
Under MAOP, two successive z pulses [S;,1,+1) —
1S1/2.2.£1) (~50 us) are applied to bring the population
into F = 2 in preparation for another 493 nm flush pulse.
Each cycle of this procedure should ideally transfer the
errors out of FF =1, mp = +1 with microwaves, and
then redistribute those errors equally back into the
F =1 manifold with the 493 nm flush pulse, leading to
a 1/3 reduction in error per cycle. Since the micro-
wave transitions are well separated from other transi-
tions (2z x 3.45 MHz) compared with our Rabi rates
(2z x 10 kHz), off resonant excitations of the qubit state
by the 493 nm enforce a more fundamental limit.

For NBOP, we apply two =z pulses of 1762 nm light
S1/2.1,£1) = |Ds;5. 1, F 1) (57, 46 ps) to pump error
into the D5, state. The orientation and polarization of the
1762 nm laser allows for only Amp = 42 transitions,
meaning that any accidental excitation of the qubit state is
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suppressed by frequency separation, polarization, and laser
k vector. Next, we apply a 4 us pulse of 614 nm light to
address the dipole transition (Ds/,,F =1) = (P5/,,F =0),
from which the population decays to the F' = 1 of the S,
state with branching at 74.2% (zero branching to F' = 2)
[35]. To address any population that falls back into Ds,,
we apply sidebands to the 614 nm light that march the
population to (P3/2,F: 0):2—->1,3—-2, and 4 - 3.
Similarly, 650 nm light is applied to repump the population
that falls into D /,. With this scheme, only a small fraction
of the population falls into ' = 2 states, reducing the need
for the flush pulses. We take advantage of this by running
35 cycles of NBOP where the final 5 cycles omit the flush
pulse, lowering the error from 493 nm off resonant
excitations.

To characterize SPAM fidelity, we must also prepare |1)
by applying a composite microwave 7 pulse (CP Robust
180 sequence [7,37]) at the qubit frequency after preparing
|0). To distinguish between the 2 qubit states, we cabinet
shelve the population in |0) with three 7 pulses to the states
|Ds/2.3.2),|Ds).2,-2), and |Ds)5,2,2) (172, 55, 49 ps).
Due to both magnetic field and laser intensity noise, these
pulses are limited to fidelities of 0.960, 0.990, and 0.988,
respectively, but with three pulses we are able to shelve
with an overall infidelity of 2.89 x 107> taking into account
correlated fluctuations in magnetic field and optical power
[19]. After shelving, 493 nm and 650 nm light are applied
with all sidebands to detect any population in S, /5, P2,
and Dj/,. Notably, this process only distinguishes the
population in |0) versus the population in every other
hyperfine state, including |1).

Figure 2(a) presents the SPAM performance of both state
preparation procedures over a variable number of cycles
including the 493 nm flush beam. After > 25 cycles of
either MAOP or NBOP, we observe a drop in the SPAM
infidelity of nearly 2 orders of magnitude compared with
using polarization state preparation alone. Both state
preparation schemes initially exhibit close to the expected
1/3 reduction in error (gray line), but other error contri-
butions begin to dominate at lower infidelities. The
performance of MAOP and NBOP appear comparable
up until 30 cycles with the flush pulse, but 1762 nm
NBOP proves superior in a larger dataset (10° trials) at 35
cycles, where we omit the 493 flush pulse in the final five
cycles of NBOP. Each cycle of MAOP and NBOP takes
roughly 122 us and 128 us, resulting in an overall time of
4.3 ms and 4.55 ms for 35 cycles of MAOP and NBOP,
respectively [Fig. 2(a), inset]. The fluorescence count
histograms for the 35 cycle data are shown in Figs. 2(b)
and 2(c), and using the same discriminator (vertical dashed
line) we extract SPAM infidelities of (2.20 & 0.21) x 10~
(MAOP) and (9.0 & 1.3) x 10~ (NBOP).

Because our measurement protocol only distinguishes
between |0) (shelved to Ds;, and observed as a lack of

TABLE II.  Error budget for 1762 nm NBOP SPAM results of
Fig. 2(c). The final SPAM infidelities correct for the |0) state
preparation error in the |1) error.

Error (x1077)

Error source |0) State [1) State
Depumping due to flush beam 0.34 0.34
Depumping due to 1762 nm beam < 0.1 < 0.1
|0) — |1) transfer 2.97+0.33
Cabinet shelving infidelity 2.89 .-
D5, decay 1.16

Shelving through P3/, — Ds), e <0.1
Histogram overlap error < 0.1 < 0.1
Correlated errors (measured) 2.8 2.8
Subtotal (predicted) 7.19 6.21
Total (predicted) 6.69

Subtotal (raw data) 8.79+1.83 3.69+1.18
Total (raw data) 6.15+1.08
Subtotal (corrected) 879 +£1.83 9.37+1.89
Total (corrected) 8.99 +£1.31

fluorescence) and not |0) (ion fluorescence), we can
incorrectly identify the ion as being in the |1) state when
it is actually in one of the other Zeeman levels of the S, /,
manifold. We correct for this by assuming any observed
state preparation error for |0) also occurs for |1) (in addition
to error in the microwave pulse required to prepare |1)). To
apply this correction, we subtract known sources of
measurement error from the |0) SPAM error, and add that
to the observed |1) state SPAM error. This correction is
applied to all reported SPAM values in this Letter, and is
described further in the Supplemental Material [19].

We list estimates for known error contributions to the
higher fidelity NBOP result in Table II, with extended
discussion in the Supplemental Material [19]. We approxi-
mate the state preparation error after 30 flush cycles of
NBOP to be equal to the MAOP value calculated from
Eq. (1), and further reduce this error by five no flush cycles
(separately measured to reduce error by a factor of 3.2) to
3.4 x 107%. Additional state preparation errors for the |1)
state occur due to the infidelity of the composite microwave
7 pulse, which we estimate to be (2.97 +0.33) x 107> by
repeating up to 1000 consecutive composite pulses and
extracting the average infidelity per pulse. Measurement
errors are dominated by shelved ions spontaneously
decaying from the D5/, state to the §;/, state, which is
bright to the measurement light, and these errors can be
reduced by shortening our measurement time and increas-
ing the shelving Rabi rates. Other errors include correlated
errors from sources like collisions and laser instability, and
we detail these errors further in the Supplemental
Material [19].

Our present implementation of these state preparation
techniques takes about 4.5 ms for 35 cycles using ~50 us
microwave and 1762 nm =z times [see Fig. 2(a), inset].
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These long durations can result in hot ions, limiting
achievable fidelities mainly through failed Ds,, state
shelving. Moreover, this timescale is significantly longer
than typical ion qubit gate times of 50 us, impacting overall
circuit runtime. We can reduce the required time for either
scheme by performing both 7z pulses in parallel.
Furthermore, if we allow an error of 10~ due to off
resonant excitation of |0), then the minimum allowed
microwave and 1762 nm z times are 12.5 ps and 2.5 us,
respectively, and could be lowered even further with pulse
shaping methods. We project that these improvements
could cut down the state preparation time to 450 us
(microwave) and 250 us (1762 nm). We envision using
this scheme in future quantum charge-coupled device
architectures where 1762 nm and 493 nm crosstalk during
shelving can be mitigated to 5 x 10™® spectator-to-target
Rabi rates between ions separated by 3.5 beam waists
(350 pm for the 1762 nm beam waists in this Letter). We
note that microwave and 1762 nm crosstalk during state
preparation is not resonant with the qubit space.

In this Letter, we have achieved the highest reported
SPAM fidelity of any qubit using a '*’Ba* ion with nuclear
spin I = 3/2. Our two similar state preparation techniques
are generalizable to many ion species with higher nuclear
spin [ > 1/2, facilitating quantum computation with new
ion species with benefits like visible wavelengths and
lighter masses.
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