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Mid-circuit measurement and reset of subsets of qubits are crucial ingredients of quantum error correction
and many quantum information applications. Measurement of atomic qubits is accomplished through resonant
fluorescence, which typically disturbs neighboring atoms due to photon scattering. We propose and prototype a
scheme for measurement and reset that provides both spatial and spectral isolation by using tightly focused laser
beams and narrow atomic transitions. The unique advantage of this scheme is that all operations are applied
exclusively to the read-out qubit, with little overhead and negligible disturbance to the other qubits of the
same species. In this paper, we pave the way for noninvasive and high-fidelity mid-circuit measurement and
demonstrate all key building blocks on a single trapped barium ion.
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I. INTRODUCTION

Atomic qubits are unsurpassed carriers of quantum in-
formation because of their natural indistinguishability, long
coherence times [1], high-fidelity operations [2-5], and near-
perfect measurement efficiency [6]. Many exciting areas of
quantum information, such as coherent noise detection [7],
quantum many-body simulations [8,9], measurement-induced
quantum phase transitions [10-14], and quantum error correc-
tion [15], require mid-circuit measurement and reset (MCMR)
operations that extract information from only a subset of
qubits while preserving coherence in other data qubits.
MCMR is particularly challenging in atomic systems such
as trapped ions and neutral atoms, where even focused laser
beams that drive dissipative operations may induce crosstalk
with neighboring atoms.

Existing methods for MCMR isolation in atomic systems
include the use of multiple atomic species [7,16], atom shut-
tling to well-separated spatial zones [17-19], and the use of
multiple spectrally distinct qubits in the same atom—the so-
called omg architecture [20-23]. The omg architecture stands
alone as a programmable method for select qubit isolation
without the significant overhead of shuttling or particular spa-
tial ordering of multiple species.

In this work, we propose and demonstrate elements of
a novel omg method to implement dissipative operations in
the middle of a quantum circuit. Tightly focused laser beams
are exploited to spectrally Stark-shift qubit levels in targeted
auxiliary atoms to be cooled, measured, or reset. While Stark-
shifting has previously been used to isolate data qubits from
dissipative operations [23-26], this involved shifting the data
qubits themselves. In contrast, here the selected and shifted
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auxiliary atoms are driven through a metastable state and
repumped through a strong transition that decays back to the
original qubit state, forming a cycling transition for dissipa-
tive processes. The other data qubits are well-isolated from
these cycles, as the transition frequencies of the auxiliary
qubits are shifted far outside the (narrow) bandwidth of the
transition to the metastable states. This method of MCMR
confers three advantages: (i) all operations are performed with
a single atomic species in a stationary arrangement in situ, (ii)
the data qubits are not shifted or shelved, and (iii) the tightly
focused shifting beams may already be in place for quantum
gate operations.

II. PROPOSED SCHEME

An example of energy-level structures supporting this
scheme can be found in alkaline-earth atomic ions such
as Ba' having 2§, ground-state qubits, *D3/, metastable
excited states, and a dissipative cyclic path back to the
qubit state through the 2Py level [27]. We specifically con-

sider the 25, /2 Zeeman ground state qubit of 138Ba+, where
|0) = |6S1/2,m = —1/2) and |1) = |68, m = +1/2). It is
straightforward to apply this scheme to other qubit types, such
as the clock-state qubits in 137Ba™ and '¥*Ba”.

Trapped 138, " qubits can exploit tightly focused 532 nm
laser beams for both conventional quantum gates [28]
[Fig. 1(a)] and site-selective Stark shifts at the heart of this
MCMR scheme. To mitigate intensity crosstalk between ad-
jacent ions, the individual beam waists at the ion positions
are set much smaller than the ion pitch [30]. Global beams
address the entire chain for cooling, electron shelving, and
qubit readout as shown in Fig. 1(b). The global beams are
tuned to address the shifted transitions to the metastable D3/,
and Ds ), states, and are therefore off-resonance from the other
data qubits in the chain.

©2026 American Physical Society
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FIG. 1. Proposed mid-circuit measurement and reset (MCMR) scheme in the atomic 1388, " system. (a) Individual-addressing laser beams
(at 532 nm for Ba™, for example) conventionally drive stimulated Raman transitions and entangling gate operations [28,29]. (b) Beam layout
for executing coherent quantum gates and dissipative mid-circuit operations. MCMR uses the same individual-addressing 532 nm beams as in
panel (a), but now for Stark shifting selected auxiliary qubits during operations performed by the other global beams. (c)—(e) Sequence of qubit
control for mid-circuit operations in 1388," . Ground-state qubit levels are Stark shifted by 4., with a smaller shift of the D levels (not shown).
Selective shelving, measurement, and reset operations are programmed by using the particular beams to shift levels and drive transitions as

indicated.

We follow the sequence illustrated in Figs. 1(c)-1(e): A
1762 nm laser pulse transfers the population of the qubit state
|0) to the long-lived Ds;, manifold, making that state dark
during fluorescence detection. To read out the auxiliary qubit,
global 2052 and 650 nm beams drive the cycling transition
from S5 to Py > via D3, [31] and through the Py, manifold,
where spontaneously emitted 493 nm photons are collected
[27]. After the mid-circuit measurement, the auxiliary qubit
is reset to |0) with the 2052 nm beam, along with 650 and
614 nm repump beams to clear population from metastable
states [Fig. 1(e)].

III. EXPERIMENT

To demonstrate the viability of the proposed scheme, we
conduct several tests on an existing trapped ion system. In the

experimental setup, we trap a single '**Ba™ ion in a four-rod
Paul trap that is not equipped for ion chain operations with
individual addressing. To implement Stark shifts and emulate
the individual-addressing beams, we tightly focus a single
532 nm beam, forming an elliptical waist with approximately
3 um x 2 um semi-axes, and align it to the single ion. We first
demonstrate Stark-shifted auxiliary readout with a sequence
consisting of cooling, shelving, and fluorescence detection.
We Doppler-cool the ion for 1 ms and prepare it in |0) with
a 10 yus pulse of 493 nm o~ -polarized light. To measure
detection fidelity when the ion is in the dark |0) state, we
first shelve the ion from [0) to the |Ds;, m = —1/2) state
using a 9 us 7w pulse of 1762 nm light, followed by 9 ms of
fluorescence detection with MCMR light [650 and 2052 nm,
as shown in Fig. 1(d)]. To measure the detection fidelity of
the bright |1) state, we repeat the procedure but without the
1762 nm shelving pulse, leaving the ion in the S;,, ground
state. To address both Zeeman sublevels of S;,,, we apply
2052 nm light with two different frequencies to drive both

Am = 0 transitions from the |0) and |1) states, with Q950 =
27 x 100 kHz. To maximize the power of each frequency
tone, we alternate between the two tones, switching every
6 us. We implement Blackman (BM) pulse shaping [32] on
the 2052 nm pulses to eliminate frequency sidebands from the
fast switching.

Without a Stark shift, we obtain dark (bright) state
detection fidelities of 99.0(3)% [99.6(2)%] using the un-
shifted scheme from Fig. 1(d). With a Stark shift of 1.5(2)
MHz, we measure dark (bright) state detection fidelities of
98.6(4)% [97.0(5)%] [Fig. 2(a)]. This result is largely limited
by intensity fluctuations of the 532 nm beam, which broadens
the narrow 2052 nm transition (see Appendix D). As the Stark
shift is increased by turning up the intensity of the 532 nm
light, the bright state detection fidelity degrades from these
fluctuations, while the dark state detection fidelity suffers
from excess 532 nm scattering background, as shown in the
inset of Fig. 2(a). For standard state-dependent fluorescence
detection, we detect for 1 ms with 99.7(2)% fidelity. This
fidelity is limited by our 1762 nm shelving laser.

Next, we measure the reset time and fidelity of the auxiliary
qubit when using 2052 nm. The reset time is defined as the
time required to prepare the auxiliary qubit in the |0) state
after mid-circuit measurement without disturbing the data
qubit. Because only one tone of 2052 nm light is applied,
no BM pulse shaping is needed. To estimate the longest reset
time, the ion is pumped to |1) using 10 us of 493 nm o*-
polarized light. Then, we Stark shift the ion by 2.6(3) MHz
while the 650 nm repump and the m = +1/2-addressing tone
of 2052 nm are on together for varying amounts of time. We
shelve the population in |0) with a 1762 nm pulse and read
out the auxiliary qubit using both 650 and 493 nm light. For
a sufficiently long reset duration, the reset fidelity saturates at
the 99.7(2)% level limited by the 1762 nm electron shelving
pulse. The data are fit to an exponential function, as shown in
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FIG. 2. Measurement and reset experimental results. (a) His-
togram of 493 nm fluorescence counts from detection using MCMR
light with a 1.5(2) MHz Stark shift. Detection fidelities of the dark
and bright ion states are 98.6(4)% and 97.0(5)%, respectively. (inset)
As we increase the Stark shift, the ion state detection fidelity de-
creases due to 532 nm power instability. (b) Population in |0) during
reset with a 2.6(3) MHz Stark shift [Fig. 1(e)]. The solid blue line is
an exponential decay fit with 7, = 47 us. The reset fidelity saturates
at the level defined by the 1762 nm electron shelving, 99.7(2)%
(orange dashed line). All error bars are derived using the standard
deviation of a binomial distribution, where each point has 1000 shots.

Fig. 2(b), and have a characteristic reset time 7, = 47 us. To
reach a reset error of 0.1%, a reset time of 326 us is needed,
compared with 127 us without a Stark shift. The reset time
could be much faster with a higher 2052 nm intensity.

Finally, we conduct Ramsey measurements to determine
the coherence time of the data qubit during MCMR. Ide-
ally, the data qubit should maintain perfect coherence and be
minimally affected by the measurement and reset sequences.
We prepare an optical qubit with 1762 nm light and perform
Ramsey spectroscopy with a detuned 2052 nm beam, mimick-
ing the conditions during MCMR on a Stark-shifted auxiliary
ion. In a typical system, the individual beam crosstalk on a
neighboring data ion is small [30,33,34], so it is not necessary
to turn on the 532 nm beam during the Ramsey free evolution
time. The results of measuring the data qubit coherence time
for different cases are shown in Fig. 3.

The measurement without 2052 nm exposure serves as a
baseline, subject to 1762 nm laser noise and magnetic-field
drifts, with a coherence time of 8.0(6) ms. The 2052 nm detun-
ings are chosen such that the laser frequency avoids both the
micromotion sidebands and the Zeeman-sublevel transitions
between S/, and D3/,. With a modest detuning of 12 MHz,
the coherence time is 7.2(5) ms, indistinguishable from the
baseline. A smaller 3.6 MHz detuning shortens the coherence
time to 5.0(3) ms. Without the use of BM pulse shaping, the
coherence time is reduced to only 3.3(1) ms, indicating its ef-
ficacy. These coherence times are limited by fluctuating Stark
shifts from the 2052 nm beam, causing dephasing of the qubit
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FIG. 3. Time evolution of Ramsey fringe contrast on the
1762 nm transition, indicative of the data qubit coherence during
MCMR. The blue circles serve as a baseline measurement without
MCMR light. The measurement is repeated with MCMR light on
during the Ramsey delay time at 3.6 MHz (solid red squares) and
12 MHz (solid orange triangles) detuning of 2052 nm. The empty
red squares show the 3.6 MHz result without Blackman (BM) pulse
shaping. The reported coherence times are obtained from fits of the
experimental data. With only 12 MHz Stark shift, decoherence is
indistinguishable from the baseline. All error bars are derived using
the standard deviation of a binomial distribution, where each point
has 200 shots.

during the Ramsey wait time. The fluctuations are dominated
by the frequency instability of the 2052 nm laser [linewidth
of 90(20) kHz over the bandwidth of the measurement]. With
better laser locking to <2 kHz and a detuning of 12 MHz, we
estimate a dephasing time of >1 s from this effect.

IV. PRACTICAL CONSIDERATIONS

During MCMR, a single excitation of data qubit could
potentially destroy its stored quantum information. There-
fore, to provide enough spectrum isolation, the ac Stark shift
needs to be large compared with the natural linewidth of
Py, excited level. The 532 nm intensity used in this work
(<0.5 MW /cm?) is not sufficient for this purpose, so more
532 nm power is required when applying this scheme to
an ion chain. Additionally, the demonstrated 9 ms detection
time is technically limited by 2052 nm power. Projecting
from our experimental value of €205 = 27w x 100 kHz with
a 9 ms detection time, Tyicmr could be reduced to 500 us
with Q5950 = 27 x 2 MHz, and we use these numbers in the
following analysis.

We now consider practical limits to the fidelity of data
qubits under this MCMR scheme. The 532 nm addressing
beam will give residual Stark shifts to the data qubits, similar
to those present during quantum gate operations [30,33,34].
These shifts will not appreciably change the spectral isolation
of data qubits, so we ignore this effect in the following. De-
polarizing errors on the data qubits during MCMR come from
two primary sources: (1) photon absorption of 493 nm photons
emitted by adjacent ions, and (2) scattering from off-resonant
excitation into the S;» — D3, — Py» cycle from the global
MCMR beams. Raman scattering on the S — P transitions is
found to be negligible compared with the above sources [35].
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FIG. 4. Calculated errors for a **Ba” ground state data qubit
during MCMR operations as a function of 532 nm laser intensity
(R2052 = 2 x 2 MHz, Tyemr = 500 us). The dashed blue curve
shows photon absorption from neighboring auxiliary qubit emission
at a distance of d = 4 um; dotted blue curve is scattering from global
MCMR beams; the solid blue curve is their sum, or the total error.
Higher fidelity can be achieved by shortening the detection time
with state-of-the-art detection techniques [37], with the total error
for Tyiemr = 36 us shown in the red curve.

First, we consider scattering of the data qubit due to photon
absorption from the neighboring auxiliary ion. This rate is

given by
(32 BT/2 \?
k= (87T2d2>fﬁr<8p—85) ’ (1)

The first term is a geometric factor determined by the distance
between ions d and the wavelength A of the 493 nm transition.
The second term is the scattering rate of the measured ion
for an excited state (Py,,) fraction f. The branching ratio of
the Pj/ to Sy/» decay channel is 8 = 0.73, and the natural
linewidth of the Py, level is I' = 27 x 20.5 MHz. We find
the optimal excited-state fraction of f = 0.04 by solving a
master equation with an assumed Q505, = 27 x 2 MHz [36].
The last term describes the suppression of photon absorption
due to the total Stark shift detuning §p — 85 between S and P.

Next, we consider the scattering error caused by off-
resonance excitation on the cycling transition. The rate of
this scattering is determined by f, 22052, and 8, = §p — Js
[36]. For a large ac Stark shift §,. > I", we solve the master
equation of the simplified {S;,2, D32, Pi >} three-level system
to find the steady-state P/, population in the presence of a
detuning, and then multiply by ST to find the scattering rate.
Note that §,. is different among the four Zeeman states due
to the tensor shift (see Appendix A); therefore, we use the
smallest 6p for each different 532 nm intensity to provide a
conservative estimation of the scattering error.

The total error from photon absorption and scattering de-
pends on the Stark shift applied to the auxiliary ion and the
MCMR duration Tyicmr. We show the total error in Fig. 4
with Tyiemr = 500 ps, which is comparable to the duration
of an entangling gate in a long ion chain [33]. Shortening
the MCMR duration to Tyiemr = 36 us, corresponding to a
reasonable detection time [37] (see Appendix C), gives the
total expected error plotted as the solid red line in Fig. 4. A
Stark shift of more than 150 MHz has been experimentally

demonstrated on '®Ba” using 532 nm light [38], which can

be replicated with 96 mW beam focused down to 2 um di-
ameter, a typical size for individual addressing. Altogether,
under these practically achievable conditions, we find a total
expected data qubit error below 1073,

V. CONCLUSION AND OUTLOOK

While we demonstrated all building blocks of a noninva-
sive MCMR scheme on a single ion, this technique is suitable
for use with a variety of species of atoms and ions used as
qubits in quantum computing systems. Most importantly, this
technique can be integrated into a full quantum computing
system with minimal overhead when the Stark-shifting laser
allowing MCMR is also used to drive quantum gates.

To ensure high-fidelity operations after MCMR, sympa-
thetic cooling (or motional reset) is likely required. Doppler
and sideband cooling via the narrow-linewidth quadrupole
transition was previously demonstrated [27]. It is likely pos-
sible to use the scheme presented here for site-selective
narrow-linewidth cooling since the protocol is similar to fluo-
rescence detection. We leave these experimental explorations
to future work with long chains.
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APPENDIX A: 532 NM AC STARK SHIFT ESTIMATION

Considering a laser field with electric-field amplitude E,
frequency w, and linear polarization €, the operator of ac Stark
shift interaction is given by [39]

! 6(e-J)* =2
Hye stk = ——E2| o542 tensor 20€ )7 7 AT
" 4 |:an] o 2J(2J - 1)

(AL)
where o354 !e15°r gre the (dynamic) scalar and tensor polar-

izabilities of the atomic level in shell n with quantum number
J. Assuming linear laser polarization, therefore € being real,
the vector shift is zero and already omitted in the above
equation.
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TABLE 1. Polarizability of Ba™ at 532 nm. Transition wave-
length and relevant A/, are from Ref. [41].

Level Considered transitions slir(qu) ol (au.)

6S1)2 493,455 nm 549.75 0

6P, 493,650, 452, 389, 265, 253, 25.39¢ 0
220, 215, 201, 199, 189 nm

5D3)» 650, 585 nm —64.73 21.27

5Ds), 614 nm —84.81 84.81

#This value deviates from that of Ref. [40] because leading contribu-
tions from the first four considered transitions (almost) cancel out.

The scalar and tensor polarizability are given by

scalar __ 1 Z(_I)J’JrJJrl {1 0 1}
Mo BT D JoJ

nJ
6megc> 21 + DAy

, (A2)
“)3'1 (“)31 - “)2)
10J(2J — 1 ,
Ol:lejnsor — ( ) Z(_ 1 )J +J
30 + DI+ DT +3) &
6megc (20" + DAy
S e T
Wy (wJ’J —w )

where the curly matrix is Wigner-6 j symbol, and the summa-
tion runs over all the atomic levels n'J’ that couple to level nJ
with decay rate A/, and transition angular frequency wy.;. The
results are listed in Table I. We point out that the values we
report here are different from [40] because we do not include
other high-lying levels (data for transition lines of shorter
wavelength are not available). For the Sy/,-D3; transition and
the 493 nm photon (S;/2-P;/, transition) considered in this
paper, the overall ac Stark shift is dominated by the scalar
shift of 652, so the difference is only a few percent and does
not affect the effectiveness of our scheme.

An external B field is usually applied along the z direction
to define the quantization axis and lift the Zeeman degeneracy.
When the laser field is propagating along the B field, its linear
polarization is aligned along x, perpendicular to z. The ac
Stark shift operator is then reduced to

1 sl or 00:° — 2J°

Huc su = =3 [a;;d“f + afger —zﬁz - _211)}. (A4)
For atomic levels with J = 1/2 (i.e., ground states S, and
first excited states Py, of Ba™), the tensor polarizability van-
ishes, leaving only the scalar shift such that |J, my) (or |F, mg)
for nonzero nuclear spin) remain good quantum numbers. For
levels with J > 1/2 (such as D3/, and D5, of Ba™), the tensor
part is also present, and a new atomic basis needs to be com-
puted before determining the shift because the operator does
not commute with the Zeeman interaction. As an example, we
diagonalize the overall Hamiltonian (H = H,. siurk + Hzeeman)
of 3®Ba*. The energy shifts calculated for different 532 nm
laser intensities are shown in Fig. 5.For atoms with nonzero
nuclear spin, such as 137B2™ and 133BaJr, the additional term
from the hyperfine interaction must be taken into account. The

2

= 40

[%2]

< 30

>

L2 20

&

E: 10 — my=-312
my=-1/2

qé 0 — m=12
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FIG. 5. 532 nm ac Stark shift of "*®Ba”. The external B field
used here is 4.1 Gauss, which creates 4.59 MHz Zeeman splitting
when there’s no Stark shift. The zero energy is defined when both
shifts are absent.

overall Hamiltonian can be written as

H = Hac Stark 1 HHyperﬁne + HZeeman

tensor 6Jx2 — 2']2 :|

1
_ - E2 scalar
4 [“"’ T )

6(I-J)>*+3I-J—20%]?
2021 — 1)2J (2] — 1)

+ BAppsd - J + hBj g

+ 8JMUB

-B
h J ’

(AS5)

where Ay, rs, By gs are hyperfine constants, and g;, up are the g
factor and Bohr magneton, respectively.

The D3/, and Ds;, energy shifts of 137Ba% and '¥*Ba’t
are shown in Fig. 6. In the experimentally practical regime
we consider in this paper (from tens to a few hundred mW
532 nm laser power), the tensor ac Stark shift is compara-
ble to the Zeeman splitting (*MHz for magnetic fields of
a few Gauss) but much smaller than D3/, hyperfine split-

ting of 1378 " / 1338, " (hundreds of MHz), so state mixing
will mostly happen among different Zeeman states within the
same hyperfine level. However, the states on Ds/; levels of

137Ba " / 13Ba" are different. Their relatively small hyper-
fine splitting indicates that D5, might be suitable only for
electron-shelving with a small 532 nm ac Stark shift, but not
for driving cycling transitions for measurement with a large
shift.

APPENDIX B: NUMERICAL SIMULATION
OF S-D-P TRANSITIONS

In this section, we provide simulation results for S-D-P
transitions of auxiliary Ba™ when a 532 nm ac Stark shift
is present. Although some states in D3/, are shifted closer to
each other, as shown in Fig. 5, we show that by choosing the
650 nm polarization and optimizing its power and frequency,
sufficient excitation of Py, (0.04) could be achieved.

For 138BaJr, the time-dependent Hamiltonian in the rotating
frame, after applying the rotating wave approximation, can be
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FIG. 6. The ac Stark shift of "*’Ba* and '**Ba™ at 532 nm. Note that, for Ds; of 137Ba", different Zeeman states (F = 3, 4) are not fully
resolvable even when the ac Stark shift is absent. Here, we assume an applied magnetic field of 4.1 Gauss, which is used in the experiment, and
an intermediate B-field regime where the Zeeman effect starts to interfere with hyperfine interaction [42]. As the 532 nm intensity increases,
D5/, sublevels will overlap and cross. Hyperfine constants used in this plot are from Refs. [43—45], and zero energy is defined as the barycenter

of the metastable D level when there’s no light.

written as

2 4 2
H/h =Y ws|S)(Sil + Y _ wp|D)(Dil + Y wp|P)(P

i=1 i=1 i=1

1 4. » N
+ 5 2 Qi+ ¢ IS
ij

+ % > QIDi) (P + He., (B1)
ij

where ws,, wp,, wp, are the energies of atomic states in the
rotating frame, and QU/) are the Rabi frequencies. Here, we
set a second 2052 nm tone whose frequency is detuned from
the carrier by § because Rabi frequency Q(zl({s)z is usually much
smaller than the ground-state energy splitting, and addressing
all the ground states is necessary for continuous fluorescence.
The tilde represents new atomic eigenstates obtained by diag-
OnaliZing Hac Stark T HZeeman~

The Rabi frequencies are determined by the laser beam
intensity and coupling strength between |i) and |j) states.
Due to state mixing, |D;) states in D3 /2 are represented in the
original basis (|D;) = ZmD Cin,) |D3/2, mp)) before applying
the Wigner-Eckart theorem. We have the following:

2
(/) _ o0 j 12 2 3/2\
Q5050 = $230s2 Zcm,) Z (-ms,- g mp Crr €kN1

mp

g=-2
(B2)
and
1
i) Y 321 1/2) @
QesjozggsoZ(CinD) Z<_mD g mp e,
mp q=—1 /
(B3)

where c,((q), c,(j) are the first-order and second-order tensors,

respectively [46]; n; is the unit wave vector, €; is the unit
vector for laser polarization, and Qgso» 98052 are the base Rabi
frequencies which are the same for all transitions between
two fine-structure levels. Round matrices represent Wigner-3 j
symbols. Throughout all our simulations, we use €, L. n; L B.

The collapse operators for 650 nm spontaneous emission
are treated similarly:

1 2
L=y | ) 2 (220 ) oo,

mp q=—

(B4)

where ['gso is the spontaneous emission rate, and L ; for
650 nm photons of the same polarization are added together.

The simulation results are shown in Fig. 7. We imple-
mented a two-dimensional (2D) scan over the 650 nm Rabi
frequency and detuning (Qgso and wp,) to find the optimal
650 nm parameters. For each set of parameters, we also scan
the frequency of the 2052 nm sideband to maximize the P/,
population. Even circularly polarized 650 nm light used here
can repump from Ds3,, when tensor shifts are comparable to
the Zeeman splitting, and closer atomic states are not prevent-
ing efficient repumping.

To further illustrate the feasibility of our MCMR scheme
on ions with nonzero nuclear spin, we performed the same
simulations on '¥"Ba”, as shown in Fig. 8. Its complex en-
ergy levels require additional 2052 nm tones to address all
ground-state levels and multiple 650 nm tones to address the
different D3/, hyperfine levels. For simplicity and simulation
efficiency, we assume that there is a 2052 nm carrier and two
symmetric sidebands (detuned by § from the carrier) that drive
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FIG. 7. '"®Ba" numerical simulations. The 532 nm intensity used here is 6.1 MW /cm?, which corresponds to more than a 150 MHz ac
Stark shift of S;,,. We choose 528052 such that the maximal value among all Q;’ggz is 2w x 2MHz. (a) 2D scan of 650 parameters. The 650 nm
detuning is defined relative to the center frequency between Ds;, and P ;. (b) P/, population as a function of 2052 nm sideband frequency
with optimal 650 nm parameters from panel (a). We set the carrier to drive the transition from S5, m, = 1/2) to |Ds 2, mj = —3/2), and two
peaks correspond to the case where the sideband is resonant with transitions from |S; 5, m; = —1/2). The populations are calculated by taking

an average after the dynamics become steady.

transitions from [S;/, F = 1) to |E3/2, F =2), and two ad-
ditional symmetric sidebands, which are 2§ apart from each
other, that drive transitions from |S;», F = 2) to |D35, F =
2). Note that this is not necessarily optimal for maximal P,
excitation, and the result here (0.02) can be improved by
optimizing the 2052 nm sidebands and the 650 nm parameters
(detuning, polarizations, and Rabi frequencies). We leave it
for future work.

APPENDIX C: Tycvmr ESTIMATION

In this section, we explain how the mid-circuit measure-
ment and the reset time, Tyicmr, are estimated.

The measurement time of the auxiliary ion is inversely
proportional to the photon detection rate Rgetection, Which is
determined by the collection efficiency (&), spontaneous emis-
sion rate (I"), and steady-state population of the excited state

f):
Ryctection = £f BT

= glensgﬁbergdetectorfﬁra (Cl)
o* + o~ -polarized 650 nm

£ 0.015
°
s
o
30.010
o
o
£0.005

0.000

0 2 4 6 8 10 12 14
symmetric 2052 nm sidebands frequency, /2 (MHz)

FIG. 8. Results of numerical simulations on '*’Ba’. We choose
532 nm intensity and 23,5, in the same way as in Fig. 7. The dark
resonance around 6 MHz happens because the two sidebands are
driving the two ground states to the same metastable state on Dj 5. It
can be avoided by changing the 2052 nm frequencies.

where B is the branching ratio, and €iens, Efibers Edetector A€
the collection percentages of the imaging lens, fiber coupling
efficiency, and detector quantum efficiency, respectively.

The state-of-the-art result (11 us) in Ref. [37] was ob-
tained using a single 0.6 NA lens and a superconducting
nanowire single-photon detector to collect 370 nm photons
from '"'Yb" . Their steady-state P/, population is 0.1, which
is calculated from the 370 nm laser beam intensity using
the corresponding expression in the Methods section of their
paper. By assuming the same collection efficiency ¢ and us-
ing the spontaneous emission rate of Ba%t instead of Yb*
(I' =27 x 20.5 MHz, 8 = 0.732 for Ba™, while I' = 27 x
19.6 MHz, B = 0.995 for Yb"), the RE¢ would be 30%

. detection .
of RY%. on- The Py population we used here is f = 0.04

for '*¥Ba”. This lower photon detection rate results in a
longer detection time of 36 us. In practice, the measurement
time could be shorter, since fibers and detectors used to
collect 493 nm photons (&fier, Edetector) typically have higher
efficiency.

APPENDIX D: 532 SETUP AND STABILITY

In this section, we describe the setup and likely sources
of instability of our 532 nm Stark-shifting beam. For the
results presented here, we combined both the detection and the
Stark-shifting beam in a cage-mounted setup attached to the
top of the ion trap chamber. The 532 nm laser light transmits
vertically downward, perpendicular to the magnetic field, and
traverses a 532-493 nm dichroic and an NA = 0.6 objective
for tight focusing. We note that this beam is elliptical, with the
major semi-axis aligned axially along the trap, defined by the
alignment of the imaging objective. The 532 nm light is not
power-stabilized, and we use motorized control of the stage to
align the beam to the ion with better than 1 um precision. The
493 nm ion fluorescence transmitting upward reflects off the
dichroic mirror and is collected into a 50 um multimode fiber
and detected by an avalanche photodiode.
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FIG. 9. Measuring the ground-state population in an initial near-
equal superposition over 6 minutes at different distances from center
alignment to the ion. By repeatedly measuring the population over
time, we can see the drift in population caused by 532 nm instability.
The variation in population over this timescale is largely the same un-
til the edge of the beam, which should be more sensitive to pointing
noise. We convert this variation in population to Rabi rate variation,
from which we can calculate the resultant deviation in ac Stark shift.
All error bars are derived using the standard deviation of a binomial
distribution, where each point has 300 shots.

To investigate the stability of this setup, we made an equal
superposition of the ground-state qubit using 532 nm Raman
and repeatedly measured the population at low power (*3
mW) over 18 minutes. We measured a slow, periodic drift with
a period of about 6 minutes. This contributes to the calibration
error in our experiments. Next, we checked the stability of the
polarization of the 532 nm light, which we found to be stable
to <1 dBm. We also investigated the power coming out of
the fiber at the chamber, but found power fluctuations to be
<3%. To measure fast power fluctuations, we put the light
from the fiber onto a fast photodiode and took the fast Fourier
transform. We found low-frequency peaks around 400 kHz
that could account for some of the instability seen in our
experiments.

In addition, we repeatedly measured the population over
6 minutes, starting in a near-equal superposition of the two
ground Zeeman states, with the 532 nm beam at different
distances from the location of the ion. The results of these
measurements are shown in Fig. 9. We observe both a slow
drift (3—6 min) and fast fluctuations (5—10 ms) in the measured
population. There was no noticeable difference in the popula-

tion fluctuations or in the approximate period of the slow drift
at up to 1.55 um 532 nm beam shift from the ion. However,
near the edge of the beam, we see larger fluctuations, and the
approximate period of the drift is cut in half. We converted
the population difference into a corresponding variation in the
ac Stark shift. The resulting standard deviation in the ac Stark
shift for distances of 0—1.55 um is about 12% of the total shift
applied, but at 2.33 pm it is about 17%.

We model the Stark shift deviation as an effective laser
linewidth that broadens both 2052 nm and 650 nm transitions,
and run the simplified {S,2, D32, P12} simulation. We find
that the bright state fidelity is 96.8%—-94.6% when the ac Stark
shift is 1.5 MHz, and is 90.1%-83.1% when the ac Stark shift
is 3.6 MHz. The higher and lower fidelity correspond to 12%
and 17% deviation, respectively. These simulated numbers
agree with our experimental results [97.0(5)% for 1.5 MHz
shift and 87.5(10)% for 3.6 MHz shift] and indicate that unsta-
ble beam pointing is the main reason that leads to decreasing
fidelity.

Due to these Stark shift fluctuations, we could only apply
a Stark shift up to 5 MHz before the noise was too high to
resolve spectroscopic features. Thus, we chose a smaller Stark
shift to test our MCMR protocol.

APPENDIX E: 2052 NM SETUP

To lock the 2052 nm laser, we used a low-finesse Thorlabs
Fabry-Pérot cavity F < 1000, which was locked to a stable
1762 nm reference. The locked 2052 nm laser linewidth was
empirically measured to be 90 kHz over a few seconds by per-
forming spectroscopy and determining the full width at half
maximum (FWHM). Note that this is not the instantaneous
linewidth. Future implementations of the MCMR method de-
scribed in this paper would utilize a high-finesse cavity and a
2052 nm laser with more power and stability.

Initially, we applied both tones to the 2052 nm light simul-
taneously and continuously. However, driving the acousto-
optic modulator (AOM) in this way was very inefficient and
made the 2052 nm power very low. We then tried switching
between each tone every 5 us to obtain higher power, but
the wings in the Gaussian profile caused off-resonant driv-
ing of other transitions. Thus, we implemented Blackman
pulse shaping while switching between the two tones because
Blackman pulse shaping eliminates the sidelobes that are
present in Gaussian beams.

Additionally, the 2052 nm beam was optimized in both
geometry and polarization such that it was coupled most ef-
ficiently for Am = 0 transitions.
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