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Engineering Zeeman-manifold quintets using state-dependent light shifts in neutral atoms
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We present a general method for engineering qudits through individually addressable transitions between
Zeeman sublevels, achieved by combining a large linear Zeeman shift with a state-dependent light shift. This
approach lifts the degeneracy between adjacent states while simultaneously tuning their energy splittings into the
radio-frequency (RF) domain, enabling coherent manipulation within the Zeeman manifold using experimentally
accessible drive frequencies. As a concrete realization, we investigate the implementation of an SU(5) quintet
encoded in the Zeeman sublevels of the long-lived 3p, state of neutral *¥Sr atoms confined in far-detuned, o -
polarized optical tweezers. Using realistic experimental parameters, we numerically demonstrate full control of
the quintet manifold, including initialization into a specific SU(5) basis state via a multiphoton transfer, coherent
state- and site-selective single-qudit rotations driven by RF fields, and fast state-selective optical readout. Our
simulations predict state-preparation fidelities of 7 ~ 0.99 within less than 1 us, single-qudit gate fidelities of F
2~ 0.99 with -pulse durations of ~1.4 us, and fast destructive imaging with durations below 10 us under ideal
conditions. These results establish a broadly applicable framework for high-fidelity control of Zeeman sublevel-
encoded qudits and highlight the *P, manifold in strontium as a promising platform for scalable qudit-based

quantum technologies.

DOI: 10.1103/vcf2-d442

I. INTRODUCTION

Neutral alkaline-earth-metal atoms trapped in arrays of op-
tical tweezers or optical lattices form a powerful platform for
atomic clocks and sensors [1-3], quantum computing [4—6],
and quantum simulation of many-body physics [7-9]. Their
success is largely driven by the coherent control of optical
intercombination transitions, exploiting extremely long-lived
excited states that enable coherence times on the order of
minutes [10]. At the same time, these advantages require
highly coherent and long-term stable laser systems [11,12].
Moreover, the need for multiple fast rotations and sophisti-
cated decoupling sequences in the optical domain remains a
significant experimental challenge [13,14].

Parallel to these developments, there is a growing inter-
est in exploiting higher-dimensional Hilbert spaces [15-18].
Coherent control over multiple internal atomic levels enables
the realization of so-called qudits. In recent years, there have
been theoretical and experimental efforts to develop qudit
systems for simulation of lattice gauge theories [19-26] and
higher spin models such as the AKLT model [27-32]. Beyond
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their role in quantum simulation, qudit systems are also antici-
pated to provide significant advantages for quantum-enhanced
metrology and sensing [33-37] as well as for quantum com-
puting, where they may lead to more scalable fault-tolerant
architectures [38,39] and reduced circuit complexities [40].
Finally, by allowing multiple logical qubits to be encoded
within a single atom, qudits can decrease the underlying re-
source requirements [41-44].

One can use different approaches to realize such qudits in
neutral atoms. One strategy encodes information in nuclear
spins of the electronic ground state, utilizing their exceptional
isolation from the environment and long coherence times
[36,45-47]. Alternatively, metastable electronic sublevels
[41,48-50] or even a combination of nuclear spins and elec-
tronic levels provide attractive opportunities [51]. Particularly
appealing are qudits where computational coupling is per-
formed in the radio-frequency (RF) domain [41,48,52]. The
long RF wavelength enables phase-coherent control, precise
and fast rotations, and the implementation of demanding dy-
namical decoupling sequences [53—-55]. These operations are
relatively easy to implement compared to the optical domain.
However, while high-fidelity control in the RF domain is well
established, preparation and readout of the qudit must still be
performed optically, and scaling such methods to systems with
more than two levels remains a key challenge [36,48,49].

In this work, we study the realization of an SU(5) quintet
encoded in neighboring Zeeman sublevels. To lift the degen-
eracy between these levels, we combine a large linear Zeeman
shift, induced by an external magnetic field, with a state-
dependent light shift generated by the o-polarized optical
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FIG. 1. Linear Zeeman shifts, shown in the left Breit-Rabi level
diagram, lift the degeneracy between the five targeted Zeeman sub-
levels and tune the energy differences between neighboring states,
by the applied magnetic field, into a range that is easily accessible
with standard RF technology (~100 MHz). The energy differences
(or corresponding RF drive frequencies) between neighboring states,
indicated by dashed black arrows, remain degenerate under the Zee-
man shift alone. By combining the constant Zeeman shift with a
state-dependent light shift, induced through the tweezer beams and
linearly dependent on the intensity (illustrated in the right panel), the
degeneracy is lifted, enabling individual RF drive frequencies for all
four transitions (solid arrows).

tweezer beams (see Fig. 1). This approach engineers nonde-
generate energy splittings between adjacent states, allowing
individual RF drive frequencies within a range easily accessi-
ble to standard RF technology (~100 MHz). We specifically
explore a potential experimental realization (Sec. II A) that
benefits from the long lifetime (tens of seconds) of the 3P,
state in neutral ®Sr atoms confined in far-off resonantly
detuned optical tweezers. This system offers near-perfect iso-
lation from the main imaging and cooling transitions while
remaining compatible with established RF spin-control tech-
niques developed for alkali atoms. We numerically simulate
fast state preparation (Sec. II B), the feasibility of high-fidelity
quintet rotations (Sec. I C), state-selective readout, and rapid
high-fidelity imaging under experimentally realistic parame-
ters (Sec. II D). Finally, we discuss possible routes to further
improve rotation fidelities, achieve a universal gate set, and
increase circuit depth (Sec. I1I B).

The presented study shows that the P, quintet in 38Sr
offers a practical and scalable route to implement qudit-based
quantum technologies, combining long coherence with fast
state preparation and readout, precise rotation control, and
rapid high-fidelity imaging.

IL. 3P, QUINTET

A. Proposed experimental realization

The high natural abundance [57] and the simple and well-
characterized level structure of ¥ Sr [see Fig. 2(a)] make it
an ideal candidate for realizing the *P, quintet. Here we pro-
pose an experimental setup consisting of a one-dimensional
optical tweezer array generated by an acousto-optic deflector
(AOD) in combination with a high-resolution imaging system
(NA = 0.5) to allow for single-atom control [58]. Employing
a tweezer wavelength of 1064 nm with o~ polarization yields
a waist of approximately 1 um [see Fig. 2(b)]. Such far-off-
resonant tweezers support atom lifetimes of several seconds
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FIG. 2. (a) Level diagram of %Sr showing the blue imaging and
red cooling transitions [56], together with the states involved in the
multiphoton transfer used for initial-state preparation and readout
of the *P, Zeeman manifold quintet. (b) Proposed experimental
setup, consisting of a high-resolution imaging system for preparing
o~ -polarized optical tweezers with single-atom occupancy at high
magnetic field. An RF antenna generates the field required to couple
neighboring Zeeman sublevels, which serve as computational basis
states. Additional laser beams are indicated for imaging, cooling,
and the multiphoton transfer, where @egonm and @essnm denote the
in-plane angles between the coupling beams chosen to minimize the
net momentum transfer, /i|Kqg| =~ 0.

for the * P, metastable state even at millikelvin trap depths, due
to the favorable polarizability of all > P, metastable states (see
Appendix A 2). We note that while the availability of high-
power lasers at this wavelength makes 1064 nm a practical
choice, any other wavelength in the range 800—1100 nm could
be suitable (see Appendix A 1).

The choice of a one-dimensional (1D) array controlled by
an AOD enables site-specific, rapid control of the individual
tweezer intensities and positions, which is useful for single-
atom preparation and sorting [59-61], as well as for single-site
addressability and trap depth balancing discussed later in
Sec. IIC2. The timing sequence for the full experimental
cycle is shown in Fig. 3(a). Moreover, the millikelvin-deep
o ~-polarized tweezers considered here provide near-magic
trapping conditions for the cooling transition ('Sy — 3P,
my = +1). Since the tweezers create large trap frequencies,
one can utilize sub-Doppler cooling techniques such as re-
solved sideband cooling or attractive Sisyphus cooling in both
the axial and radial directions. Thus, we envision that such
deep, far off-resonant traps will enable preparation of atoms
near the motional ground state, with mean occupations close
to 71, , 2 0.01 in the radial directions and 71, 2~ 0.1 axially for
the 'Sy ground state, as demonstrated in comparable systems
[3,61]. Additionally, state-of-the-art techniques such as era-
sure cooling [62] can ensure near-perfect ground state cooling
for metastable state atoms, below our cooling simulation re-
sults presented here.

Throughout this work, we consider a static homogeneous
magnetic field of 100 G, aligned with the tweezer propa-
gation direction [z axis in Fig. 2(b)]. This field defines the
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FIG. 3. (a) Envisioned timing sequence following initial single-
atom preparation and cooling. The full experimental cycle is divided
into three stages: State preparation, computation, and final readout.
(b) State preparation and readout: Atoms are transferred from the
ground state 'Sy to the *P,, m; = 1 state via a multiphoton process,
thereby initializing the system in one of the computational basis
states. As an example, the bare detunings A, A, are shown for this
|lg) < |1 —5) transition. Aj is defined in Eq. (7) but not shown in
the figure. After computation, the same multiphoton transfer selec-
tively transfers population from the 3P, manifold back to the ground
state, where each state is destructively imaged. For clarity, only
m-polarized light for the 'S, <> *P; transition and the *p;, m; = 0
intermediate state are depicted (also energy levels are not to scale);
however, all polarizations and possible transitions are included in the
calculations. Note that the 3S;, m; = 0 to >P;, m; = 0 transition is
forbidden by angular-momentum selection rules. A combination of
Zeeman and tensor light shift lifts the degeneracy of the 3P, Zeeman
sublevels, enabling individual addressing of transitions (black solid
arrows) using an RF field.

quantization axis and splits the P, manifold into five resolv-
able Zeeman sublevels with energy separations of approxi-
mately 210 MHz between neighboring m; states. We consider
magnetic field fluctuations to be negligible in this regime with
proper field stabilization as previously demonstrated to the
ppm level [63,64], allowing for coherence times on the level of
tens of miliseconds or more. We lift the degeneracy between
the 3P, Zeeman transition frequencies with o~ -polarized
tweezer light [see Fig. 3(b)]. The associated tensor light shift
differentiates transitions between neighboring 3P, m; states,
enabling individual addressability via unique RF transition
frequencies. These RF fields, which can be generated by an
RF antenna oriented and polarized orthogonally to the tweezer
axis [see Fig. 2(b)], provide the coupling required for compu-
tation within the quintet, where the five m; states serve as the
computational basis. The resulting unique transition frequen-
cies enable high-fidelity Rabi oscillations between adjacent

my states (Sec. IIC). The frequency shifts are sufficient to
resolve individual transitions even at Rabi frequencies on the
order of 27t x 200 kHz when using deep tweezers with tens of
milliwatts of power per beam. We envision the tweezer power
to be stabilized (short-term) to the 0.02% level [65], making
power fluctuations on the timescale of a single gate litigable.
However, we do take into account slower shot-to-shot drifts or
power inhomogeneities across a qudit array.

For initial state preparation and final state-selective readout
[see Fig. 3(b)], we simulate a multiphoton transition 'Sy <
3p, proceeding via 'Sy — P — 35, — 3P, [49,66].
This scheme avoids the weak direct coupling between 'S,
and 3p,, allowing for effective Rabi frequencies at the MHz
level (see Secs. IIB and IID). Compared to using a single
ultra-stable laser, this approach also offers the advantage of
efficiently coupling to all *P, states with high Rabi frequen-
cies [49,67]. Furthermore, by directing the coupling beams
orthogonal to the tweezer axis and finely adjusting their rela-
tive angles to @egonm ~ —61° and @ggsnm ~ 61° [defined with
respect to the 707-nm beam; see Fig. 2(b)], the net momentum
transfer %|Kes| induced through the multiphoton transfer can
be canceled [68,69]. Under these conditions, and considering
the near-magic trapping for the 'Sy — *P, m; =1 transi-
tion, we assume that after initial state preparation, the atoms
remain close to the motional ground state, with mean occupa-
tions of iy, ., = {0.01, 0.01, 0.20} in the initialized state (see
Appendix C4). Finally, we simulate fast, destructive imaging
on the 'Sy <> !'p; transition using chopped, counterpropa-
gating beams orthogonal to the tweezer axis, as discussed in
Sec. II D and Appendix B.

B. State preparation

We choose to initialize our quintet by exciting ground state
atoms to 3P, my = 1, which exhibits near-magic trapping
conditions with the ground state. In order to transfer the
population from the 'Sy — 3P, we employ a multiphoton
coupling scheme 'Sy — 3P, — 3§ — 3P,. Our scheme
is similar to that of Ref. [49,50,66,67]. The full scheme
consists of 12 levels. To gain some intuition, we begin by
modeling a minimal bare (Zeeman substructure and tweezer
light shifts ignored) four-level scheme, considering only m; =
0 levels. We address each transition by a laser with Rabi
frequency €2; where i labels the transitions with i = 1 corre-
sponding to 'Sy — 3P, i=2to P, — 3§ andi=3to
3p, — 35, Setting the |'S,) energy to zero, the Hamiltonian
(h = 1) describing atom-light interaction is given by

H = = APPIP| = (A1 + 8o) S|
+ (A3 = A1 = A)PPICP|

1143 $2 1313
« (Srgeel+ Sbees

$2313113
+ 5 | I;)( §| +H.c.>, (1)

where 2; and A; are the Rabi frequencies and the detun-
ings for each addressed transition, respectively. Including the
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spontaneous emission, the dynamics are governed by the
Lindblad master equation

p = —i[H, p] +D(p), 2

with

P
D(p)=)_ [c,»pc,-’ — 5lde, p}}, 3)
where ¢; are the jump operators of each decay with ¢; =
VTiI'S0) (Pl ¢ = VToPP) (S|, and 3 = T3°P) 81,
where I'; are the respective decay rates.

The effective dynamics between 'Sy <> 3P, can be ob-
tained by adiabatic elimination of the intermediate states
[49,66,70] from which we get an effective Hamiltonian

Qef

Hetr = Acie |'P2)(°P2 | + = (PP2)("So| + Hee)), (@)

where
A5 — (A + A2

Aot =~ Az — A1 — A ,
eff 3 1 2+ 4A1(A1+A2)—Q%

Q2 Qs

Qeff >~ )
T AN (A + Ay — Q2

®)

under the assumption that A;, 2; > I';. The effective operator
formalism used for the adiabatic elimination [70] assumes
stable ground states and decay only from the excited states.
Therefore, we can derive an approximate decay rate by elimi-
nating S, and forming an effective decay from the dominant
contributions as

N Q% 4 393

TOAA + A2 ©

eff
which corresponds to an effective jump operator ceg =
e |1S0) CPs|. The effective two-level transfer between
18y <> 3P, can be achieved by selecting large detunings (in
comparison to the linewidth and Rabi frequency of each
transition) to minimize the population of intermediate states.
Equation (4) dictates that a resonant transition requires Ay =
0. Further tuning of the effective decay rate leads to high
fidelities and guides us in selecting optimal parameters. Under
real experimental conditions, it is impossible to ignore the
full Zeeman substructure. Nonetheless, the effective two-level
model acquired here can serve as a useful tool for optimizing
the full system.

When the Zeeman substructure is included, while each
transition is driven by a single laser frequency, the detunings
of individual m; states must be adjusted to account for the
Zeeman and light shifts. The Rabi frequencies are appropri-
ately modified according to the Wigner-Eckart theorem [71]
as described in Appendix C. We assume each beam to have
equal contributions of all polarization components. Following
the principles of the effective two-level model derived from
the minimal four-level system Eq. (4), we prepare a partic-
ular 3Py, m; state by setting individual m; detunings of the
15y < 3P, < 38, < 3p, transition on resonance, which
results in the condition

Ay =AM+ A+ o — o) — ALy, (7)

my

— lg)
---- |4)

Populations

€ (ps)

FIG. 4. State preparation of *P,, m; = 1. Bold left axis and
lines: Dynamics of the 'Sy (|g)) < 3Py, m; =1 (|4)) transition,
including the Zeeman substructure, under the multiphoton resonance
condition for *p,, my =1 [Eq. (7)]. Faint right axis and colored
lines: Magnified view, showing rapid oscillations of the *P, pop-
ulations (not resolvable on this timescale). Parameters: ,/2m =
10.9 MHz, 2,/27 = 1380.6 MHz, Q3/27 = 219.9 MHz, A, /27 =
10.8 MHz, A,/2m =4597.1 MHz, A;/2m =~ 4401.1 MHz, B =
100G, and Py = 40 mW.

where a);‘:jl“ are the Zeeman and tweezer light shifts of
the [**1L;, my) states. The additional term Al accounts for
multiphoton light shifts. Subtracting it in Eq. (7) ensures the
effective two-level 'Sy <> 3P,, m; transition is on resonance
and can be calculated numerically as described in Appendix
C.

In Fig. 4, we plot the dynamics of the full 'Sy « 3P,
transition including the Zeeman substructure while satisfying
the multiphoton condition Eq. (7) for 3p,, m; = 1. The qudit
needs to be initialized through this state in order to avoid
excessive heating through the “squeezing effect” caused by
the trapping frequency mismatch between the 'S, state and
the other four qudit states. A further discussion of this effect
and how to minimize heating during state preperation can be
found in Appendix C 4. We observe Rabi oscillations between
1Sy < 3Py, m; = 1 where we achieve population transfer in
less than 1 us with fidelity F ~ 0.996. Similar transfers can
be achieved for all 3P,, m; states by appropriate selection of
the multiphoton condition with F > 0.99 in less than 1 ps.
Details of the full and effective dynamics of the transition
as well as the Rabi oscillations of all 3P, m; states can be
found in Appendix C. The calculations are performed using
QuTiP [72-74]. We note that the initial state preparation,
shown in Fig. 3(a), is expected to take approximately 20 us,
as it includes an additional confirmation image taken prior to
the start of computation.

The m-pulse transfer fidelities F, are affected by shot-
to-shot power fluctuations in both the driving lasers and the
trapping tweezer. We show this effect for each *p,, m; state in
Fig. 5. To simulate the effect of power fluctuations, we average
the fidelities from 100 runs where the power of the trapping
tweezer and the driving lasers is disturbed individually as
P = P,,(1 + B), where P, is the undisturbed power of each
source, respectively, and S is the error drawn from a Gaussian
distribution with zero mean and standard deviation fp. The
error 8 is sampled independently for each power source. We
take the standard error as a measure of the uncertainty in the
fidelities. This treatment assumes the power fluctuations are
on a timescale much longer than the duration of a transfer and
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FIG. 5. & pulse fidelity F, averaged over 100 simulations for
transfer from the computational states to the ground state or vice
versa within less than 1 us, depending on power fluctuations fp
in both the optical tweezers and the coupling lasers. Error bands
represent the standard error. Power fluctuations are accounted for
each driving laser and the trapping tweezer, separately. Parameters
and 7 -pulse duration times used can be found in Table II.

thus remain constant during each pulse. An analytic error bud-
getfor fp = 0.2% as well as an estimate of population leakage
to the other compuational states beyond single populated state
transfers can be found in Appendix C 3.

We acknowledge that the fluctuation in the power of the
trapping tweezers has a more significant effect on the com-
puted F,, as it heavily affects the multiphoton resonance
condition in Eq. (7), as the drive lasers power. Transitions with
a larger differential light shift, |w(l)s° - a)f,f; 2|, are more heavily
affected by these fluctuations (see Appendix A 1). In order
to reduce the sensitivity to power fluctuations, we have op-
timized the Rabi frequencies €2; 5 3 and detunings A ; 3 with
power fluctuations present and under the constraint 7/A; =
Q3/As3, which (approximately) cancels the differential light
shifts on the two states of interest [49]. More details on the
optimization procedure are given in Appendix C 3.

C. Computation with an RF drive
1. Computation within one quintet

After initializing the quintet in the *P, manifold, all single
quintet manipulations will be performed by RF pulses. The
large bias magnetic field splits the Zeeman states in energy
and sets the overall scale of the RF drive frequencies. The
tweezer provides a tensor shift, lifting the degeneracy be-
tween the RF transition frequencies, allowing for RF pulses
that individually address a single transition. The fidelity of
these pulses can be limited by several mechanisms, such as
off-resonant RF driving to other quintet states, spin-motion
entanglement, and dephasing by thermal motion. In order to
estimate the achievable fidelity of the RF pulses while cap-
turing these effects, we simulate the dynamics of a single Sr
atom in a 1064-nm tweezer.

The Hamiltonian for a free quintet in a magnetic field along
the z axis, which is also driven by an RF field is given by Hy =
Azfz + Qcos (wRFt)fx, where J; are spin-2 operators, Ay is
the linear Zeeman splitting, €2 is the RF Rabi frequency, and
wrr is the RF drive frequency. After transforming to the in-
teraction picture and taking the rotating wave approximation,

TABLE I. Tweezer parameters of each 3p, state in units of units
of kHz for a 1064-nm tweezer with a waist of 1 um and a power
of 40 mW. The top table gives the scalar, vector, and tensor light
shifts ¢y, c¢1, and ¢, as defined in Eq. (9). The bottom table gives
trap depth U, and trapping frequencies in the radial (axial) direc-
tion w,, (w;). The rightmost column of the bottom table shows
the differential light shifts ARF; of the RF transitions from state
i to i+ 1. The RF transition frequencies between those states are
given by RF; /27 = ARF; + 210106 kHz, where the latter frequency
corresponds to the Zeeman shift between neighboring states at a
magnetic field of 100 G.

Shifts co/2m c/2n /27
-20631 —10589 —1449
State (i) Uo/2n Wy,y /27 w, /21 ARF;/2n
1 5249 49.13 11.77 —6242
2 11491 72.68 17.41 —9140
3 20631 97.38 23.32 —12037
4 32668 122.5 29.34 —14935
5 47603 147.9 35.42
we obtain
L Q.
Hy = Arpd; + =, ®)

2

where Arp = wrr — Az (see Appendix D 1). Next we con-
sider the tweezer potential and the motion of the quintet,
described by the Hamiltonian
P N R
Ho= ) o7+ (@l +al+ ol )UuE 50, ©
1=X,y,2

where p;—, . denotes the momentum along the x, y, or z
direction; M is the mass of a 38Sr atom; ¢y, ¢, ¢, are the
scalar, vector, and tensor light shift, respectively and wy,,, are
the reference trapping frequencies along the x and y (radial)
and z (axial) directions. The reference trapping frequencies
are given by

2 Ut A
(,()x, = — _— (,()Z = —
YT weV M Tw}

where Uy is the trap depth for the reference state. For the
simulations in this section, |1) = |°P,, m; = —2) is taken as
the reference state. Last, for the Gaussian tweezers considered
here, the spatial profile is given by

2Uref

(10)

1 2(22 +5%) )
Uw(,9,2) = — = ex -, 11

where 7y is the Rayleigh range. The values of the parameters
introduced in this section are given in Table I for a . = 1064
nm tweezer with a waist of wg = 1 um and a power of 40 mW,
where the values for the reference state are shown in bold.
The tweezer potentials have been calculated using the method
outlined in Ref. [75] (see Appendix A 1).

Using Hiot = Hy + Hiw, which includes the Zeeman
structure, we simulate the RF pulses and characterize their
fidelity. Neglecting the effects of motion, we find that at a
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FIG. 6. = pulse fidelity as a function of the average RF Rabi fre-
quency  for each of the four RF transitions and a quintet initialized
in the motional ground state. The legend indicates the transition that
is being addressed, e.g., the red dots correspond to the RF; transition.
Insets: Fidelity as function of the excitation number 7, for a thermal
state of motion, where 7, ,, = {0, 0, 7i,}. Here /27 = 6 kHz and
Q/2m = 350 kHz.

tensor shift of |c;|/2 > 5, m pulse fidelities of F,; > 0.994
can be achieved on all RF transitions (see Appendix D 1). Be-
cause the tensor shift breaks the degeneracy of the transition
frequencies between adjacent m; states, the magnitude of this
shift compared to the Rabi frequency puts a limit on how well
the individual RF transitions can be isolated. As a result, the
same fidelities can be achieved at higher 2 as long as the
tweezer power is increased such that the ¢, /€2 ratio is kept
constant. The RF pulse fidelity can be improved significantly
by using smooth instead of square pulses. We implement a
sin® shaped pulse of length 7 and pulse area A given by

44 .,
Q) = ?sm (mt/7). (12)

In order to make comparison to square pulses easier, we set
T according to the time 7, = 27/ required for a square
7 pulse with Rabi frequency © and plot the fidelities as a
function of the average Rabi frequency Q during the pulse. For
a smooth pulse of length 7, the maximum required Rabi fre-
quency (power) is higher than for an equivalent square pulse,
but the Fourier spectrum is narrower. As a result, higher aver-
age Rabi frequencies can be used without driving off-resonant
transitions or excessively exciting the motion. These smooth
pulses with a higher average Rabi frequency lead to a greatly
reduced sensitivity to the effect of the finite temperature of the
atom and tweezer power fluctuations. We model these pulses
by Trotterizing the RF Hamiltonian in Eq. (8) with 100 steps
per pulse.

Next we investigate the effect of the RF drive strength on
pulse fidelities. For each of the four RF transitions, we initial-
ize the quintet in the lower of the two involved states in the
motional ground state. Figure 6 shows the 7 pulse fidelities
as a function of the average Rabi frequency. We find that for
a quintet in the motional ground state, fidelities of F; >0.999
can be achieved even for square pulses at low Rabi frequencies
of /27 < 10 kHz. As 2 is tuned close to one or more mo-
tional frequencies, the pulse fidelities decrease due to strong

spin-motion coupling. At high average Rabi frequencies of
order Q/2m > 500 kHz, the pulse fidelities rapidly decrease
as the tweezer tensor shift is no longer sufficient to isolate the
RF transitions. In the insets of Fig. 6, we show the impact of
thermal motion in the tweezer on pulse fidelities by varying
the axial excitation number 7i,, assuming the radial motion is
ground state cooled. The scaling of the fidelities with the ra-
dial excitation number are shown in Fig. 15 in Appendix D 2.
We find that the sensitivity to thermal motion increases with a
lower RF Rabi frequency, and to achieve single pulse fidelities
of F > 0.99, the atoms need to be cooled close to the ground
state. For an operating Rabi frequency /27 = 350 kHz, this
cooling requirement is 7i, , < 0.1, ii; < 0.3. Due to zero-point
motion and the different trapping frequencies of each quintet
state caused by the tensor shift needed to isolate the RF drive
frequencies, even at zero temperature, the RF transition fre-
quencies are shifted compared to the transitions in an ideal
quintet trapped in a magic tweezer. As a result an additional
RF detuning

Aex= Y (i +1/2)(ef — o). (13)

i=X,,2

needs to be applied when driving from state k to state /.

Using sideband cooling, the quintets can be initialized in
fiyy < 0.01, 7, >~ 0.2 as mentioned in Sec. I A. In a quin-
tet cooled to this level and driven at Q/2m = 350 kHz,
single w pulse fidelities of F; = {0.99, 0.996, 0.997, 0.993}
are achieved for the RF;, RF,, RF;, RF, transitions re-
spectively, with corresponding 7 pulse times of =
{1.43,1.17,1.17, 1.43} us. We note that due to the much
weaker confinement along the axial direction, the effect of
nonzero 7i, on gate fidelities is far smaller than for similar
values of 7, ,. As shown in Fig. 6, if the radial motion is
already cooled to iy, = 0, cooling the axial motion further
from 7, = 1 to #n, = 0 only improves the gate fidelities at
Q/27 =350 kHz from F, =0.983 to F, = 0.991 for the
most-sensitive transition (RF;) and from F;; = 0.994 to F,, =
0.997 for the least-sensitive transition (RF3).

Strong polarization gradients can be present in the focus
of a tightly focused tweezer, leading to state-dependent defor-
mations of the trapping potential near the focus [76,77]. We
investigate the impact of this effect in Appendix F. Taking
terms which are first order in spatial derivatives into account,
we find that the position of the bottom of the tweezer potential
varies with the angle 6, between the B field and tweezer
polarization in a state-dependent way. These state-dependent
displacements excite the motion of the qudit when driving RF
transitions, reducing the pulse fidelity. However, for 6, < 5°,
the displacement between adjacent qudit states is less than
5 nm and the effect on the RF pulse fidelities is negligible.

Having analyzed the effect of thermal motion on gate fi-
delities, we now investigate the impact of shot-to-shot tweezer
power fluctuations on the fidelity of single-quintet gates and
spin-echo sequences. To model this effect, we use the same
shot-to-shot power variance as introduced in Sec. I B.

The quintet is initialized in a thermal motional state i, ,, , =
{0.01, 0.01, 0.2}. In the simulation of a m pulse, the sys-
tem is prepared in the lower of the two addressed states.
For the spin-echo sequence, the system is initialized in an
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FIG. 7. The effect of shot-to-shot power fluctuations for the four
RF transitions on (a) 7 pulse fidelity as well as (b) spin echo fi-
delity, each with a sin? pulse with an average Rabi frequency of
Q/27 =350 kHz and a spin-echo dark time of 2 ms. The quintet
was initialized in the lower of the two states of each transition and
a thermal motional state with 7, , , = {0.01, 0.01, 0.2}. The markers
correspond to the average fidelity of the two runs and the error bands
correspond to the standard error.

equal superposition of the two states, with a dark time of
2 ms (excluding the intermediate 7 pulse) before a final 7 /2
pulse. All pulse parameters correspond to a nominal tweezer
power of Py = 40 mW and an RF Rabi frequency of /27 =
350 kHz. Figure 7 shows the scaling of gate fidelity with
the amplitude of power fluctuations. We clearly observe for
power fluctuations below fp < 0.2%, fidelities of F > 0.99
are maintained and the simple spin echo sequence is effective
in mitigating the effect of shot-to-shot power fluctuations over
a timescale of at least 2 ms. The same results give an indi-
cation of the requirements on the homogeneity of the depths
of the tweezers in an array of qudits. If the depths can be
balanced to the 0.3% level [78], then RF & pulse fidelities
of F; > 0.988 can be maintained over the entire array. To first
order, tweezer trapping frequency inhomogeneities only affect
the additional detuning in Eq. (13). Assuming trap frequencies
are homogenized to 5% or better [78], the differential in shifts
in Eq. (13) across the array are ~1 kHz, resulting in a loss
of fidelity for RF pulses with Q@ = 27 x 350 kHz of less than
5% 1073,

2. Single site addressability

In order to address a single site in the array, we keep
the computational tweezers at Py = 40 mW and adiabatically
ramp down the remaining tweezers to P = 4 mW. This creates
a separation between the RF transition frequencies in the
deep and shallow tweezers of at least | Awgp|/2m = 4.6 MHz.
Consequently, when applying a global RF pulse resonant with
the transition in the deep computational tweezers, and with
a typical Rabi frequency of /27 = 350 kHz, the popula-
tions in the shallow tweezers remain effectively unperturbed,
achieving fidelities of F > 0.996. To switch the addressed
site, the first computational tweezer is adiabatically ramped
down while the next targeted one is ramped up over the
same ramp duration. Notably, coherent driving of atoms in the
shallow tweezers is still possible, albeit with a reduced Rabi
frequency.

We determine the minimum adiabatic ramp time by sim-
ulating the motion during a linear ramp using the truncated
Wigner approximation (TWA) [79]. The quintet is initialized

in state |1) or |5) and in a thermal state of motion in the
deep computational tweezer. Since |1) and |5) correspond to
the states with the lowest and highest trapping frequencies,
respectively, they provide representative bounds for estimat-
ing the ramp-time requirements of all five quintet states. We
find that for a ramp time of >0.25 ms, no appreciable heating
occurs for any of the qudit states.

This ramp duration is shorter than the coherence time ob-
served in our deep tweezers for a spin-echo sequence, and
since the two ramps are symmetric, we envision applying
a simple m pulse, corresponding to the spin-echo operation,
simultaneously to all states in the shallow tweezers, while
computational rotations are performed in the deep tweezers,
to avoid dephasing. In practice, the hold time #,o1q Will likely
be reduced to the 7 -pulse duration in shallow tweezers, where
the Rabi frequency is roughly 10 times less than in deep
tweezers.

With the ability to implement both local and global opera-
tions, the quintet scheme described here enables full control
over all four allowed transitions in amplitude, phase, and
detuning. This capability allows for the realization of arbi-
trary SU(5) operations in the Hilbert space of each quintet.
These site- and state-selective rotations, in combination with
composite pulse sequences connecting quintet states that
are not directly coupled, provide all the required opera-
tions for a universal single-qudit gate set [80—82]. Several
proposed qudit-based schemes can be directly implemented
in this architecture, including decomposition of the quin-
tet from five states to two qubits and an ancilla state [83],
construction of Toffoli gates for use in Grover’s algorithm
[84], and realization of Deutsch’s algorithm within a single
qudit [85].

D. State-selective readout and fast imaging

The state-selective readout uses the same multiphoton tran-
sition employed for state preparation, in combination with fast
destructive blue imaging. When the multiphoton resonance
condition in Eq. (7) is satisfied, any population in the {3P, m;}
manifold is transferred to the 'S, state, which can then be
imaged on the s, — P, transition [86].

Under typical experimental conditions, and accounting
for shot-to-shot tweezer power fluctuations below 0.2%, all
3py, my states can be transferred to 'S, with a fidelity of F >
0.99 in less than 1 us (see Fig. 5). The transferred population
can then be imaged with high fidelity using fast ground-state
imaging [87-89], on the ~10 us timescale, as already demon-
strated in Yb tweezer arrays [90]. Such rapid detection is
essential to fully exploit the megahertz-scale Rabi frequencies
of the multiphoton scheme and to minimize errors arising
from quintet-state decay. Therefore, we simulate destructive
imaging on the 'Sy — P transition, using intensities I >
I, and counterpropagating pulse trains with durations of a
few hundred nanoseconds.

By taking advantage of the fact that, at high magnetic
fields, individual m; states of the 'S, — !P; transition can
be spectrally resolved, and that the Ip, m; = —1 state is
strongly trapped, imaging durations of less than 10 us could be
achievable (see Appendix B). Since the quintet states are unaf-
fected by the blue imaging light, this fast detection scheme can
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be employed for midcircuit erasure measurements to identify
off-resonant scattering events [91,92], thereby further improv-
ing the overall computational fidelity (see Appendix A 3).
Including additional time for atom removal from the computa-
tional array after detection, the entire quintet manifold can be
mapped within ~100 ps, which is orders of magnitude faster
than any decay processes.

III. CONCLUSION AND OUTLOOK
A. Conclusion

We have presented a general method for engineering qudits
through individually addressable transitions between Zeeman
sublevels by combining a large linear Zeeman shift with a
state-dependent light shift. As a concrete realization of this
approach, we demonstrate a realistic and experimentally fea-
sible scheme to realize and control a five-dimensional quintet
encoded in the Zeeman sublevels of the long-lived 3P, state of
neutral #8Sr atoms confined in optical tweezers. Our modeling
incorporates experimental imperfections such as shot-to-shot
tweezer power fluctuations and nonzero motional occupation.
We find that all five states of the 3P, quintet can be transferred
to and from the ground state with fidelities 7 > 0.99 in less
than 1 us using a multiphoton transfer scheme. Taking advan-
tage of the high magnetic field and the favorable trapping
conditions of the excited imaging state, we further demon-
strate the feasibility of fast, destructive imaging with durations
below 10 us, allowing complete state-resolved readout of the
full quintet manifold within 100 ps. Our analysis of single-
qudit control shows that rotation fidelities F > 0.98 can be
maintained under realistic experimental parameters taking ad-
vantage of simply easily accessible RF drive frequencies, with
performance primarily limited by residual motional excitation
and the stability of the tweezer intensity. By combining single-
site addressability, enabled through adiabatic ramping of the
individual tweezer power, more than 300 quintet rotations can
be performed within 100 ms while maintaining high single-
qudit rotation fidelity.

B. Outlook

We plan to pursue several strategies for higher fidelities
and robustness against environmental perturbations, including
active atom replenishing and optimal control techniques. Here
we describe how these developments, when combined with
robust error mitigation, and the extension to entangling gates,
will create a quintet platform useful for higher-dimensional
quantum simulation, quantum sensing, and quantum com-
puting utilizing a qudit encoded in the Zeeman sublevels of
the metastable 3P, state in neutral 38Sr, single atom tweezer
arrays.

The long RF wavelength enables coherent control over
frequency, phase, and amplitude, allowing for fast and precise
pulses. While our simple spin-echo scheme already improves
robustness against power fluctuations, this can be extended to
dynamical decoupling sequences, as widely demonstrated in
qubit systems [93,94]. For example, Knill pulses with inter-
leaved delays, assembled KDD-type sequences, could further
enhance superposition fidelities or tolerate larger perturba-
tions such as tweezer power fluctuations while maintaining

high fidelities [54]. Since we aim to exploit the full quintet
manifold, creating global superpositions across all five states
and incorporating interactions for two-quintet gates, we must
also account for motional dephasing and interaction-induced
errors. Here established techniques, such as Hamiltonian-
engineered decoupling sequences, offer a promising route to
suppress dominant dephasing sources [53,55]. In addition,
recent advances in optimal pulse control, such as the gradient
ascent pulse engineering method using tailored phase and am-
plitude gradients, provide a powerful framework for designing
robust, high-fidelity qudit operations [95,96].

In order to achieve a universal gate set, our single-quintet
rotations must be supplemented by two-quintet entangling
interactions. Such interactions can be engineered by coupling
the 3P, Zeeman sublevels with a (near-)resonant drive to one
of the (5sns) 3S; Rydberg states, similarly to what has been
demonstrated for 2P, [7]. Due to the difference in gy factors
for the quintet levels (2.1 MHz/G) versus the 3S; Rydberg
states (2.8 MHz/G), unique transition frequencies for every
transition are naturally available. This enables the implemen-
tation of general symmetric two-qudit entangling gates for any
pair of quintet states, providing access to the full SU(d x d)
group of two-qudit unitaries [80,97].

Finally, the next step for the proposed computation
scheme, which is not unique to our setup, is extend-
ing the computational depth despite the destructive nature
of the final readout. We plan to address this in future
work by combining our platform with a continuous atom
source [98-104] or a reservoir-based approach [5,105]. In
such schemes, a secondary, movable array of tweezers is
used to restock atoms into the computational array; sort-
ing can be realized either with crossed AODs or with a
high-speed SLM [106,107]. Continuous replenishing of lost
atoms would compensate for errors due to destructive de-
tection or preparation losses, as well as less pronounced
off-resonant scattering, thereby enabling deeper quantum
computations.
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FIG. 8. Polarizability of the different Zeeman sublevels of the
3p, state and the 'S, ground state as a function of wavelength for
o ~-polarized trapping light. The gray dashed line indicates the wave-
length of 1064 nm, used as the basis for our simulations. At this
wavelength, the polarizabilities [in units of MHz/(mW/ um?)] are
W3py yearpr = 0.21, 045, 0.81, 1.28, 1.87, and oy = 1.13.

024.003.037), QDNL (Project No. NGF.1582.22.030), and a
ENW-XL grant (Project No. OCENW.XL21.XL21.122).

DATA AVAILABILITY

The data that support the findings of this article are openly
available [108] (embargo periods may apply).

APPENDIX A: POLARIZABILITY AND SCATTERING
IN THE PRESENCE OF THE TRAPPING TWEEZERS

1. Polarizability in o~ -polarized optical tweezers

We calculate the polarizabilities for pure o ~-polarized
trapping light following the method outlined in Ref. [75],
where scalar, vector, and tensor contributions to the light shift
are included. As shown in Fig. 8, positive polarizabilities are
obtained for all Zeeman sublevels of the 3 P, state as well as for
the 'Sy ground state in the wavelength range 800—1150 nm.
The degeneracy among the *P, sublevels is lifted due to the
large tensor light shift induced by the o ~-polarized trapping
field. For simplicity, the polarizabilities are expressed in units
of MHz/(mW /um?). The corresponding trap depth can then
be written as

Utrap =—al, (A1)

where [ is the peak intensity of the trapping beam. For a
Gaussian beam this is given by

2P,
=20 (A2)

Twd’
where Py is the power of the trapping tweezer and wy is the
waist.

We note that the wavelength region near 1064 nm offers
favorable conditions for long trapping lifetimes and efficient
confinement of both ground and metastable states, while still
allowing sufficiently large differential light shifts for individ-
ual quintet-state control.

10 3o e T

Tse (s)

1 -
10 ] = 40mw i

J myj

FIG. 9. Lifetimes T;. due to off-resonant scattering caused by
the trapping tweezer for each m; state of 3P, for three power val-
ues Py with (a) 7 polarization and (b) o~ polarization. NA = 0.5,
A = 1064 nm, and B = 100 G.

2. Scattering rates due to trapping tweezers

The off-resonant scattering rates for a two-level system is
given by [109]

3w’ r r \?
Fe= 2 (2 + LAY
2hawy \ wo wy—w wytw

where w is the frequency of the tweezer, w is the op-
tical transition frequency, and I' is the decay rate of the
transition. Using Eq. (A3), we calculate the scattering rates
for each my state of *P, by summing over the scattering
rates between 2Py, m ; and all possible measured transitions
[110] while accounting for the Zeeman and light shifts and
appropriately adjusting the decay rates. We label the total
scattering rate for each my; state as I'y. Then, lifetimes
due to scattering are defined as T, = 1/T"y and are plot-
ted in Fig. 9 for three tweezer powers and for 7 and o~
polarization.

3. Mitigating the effect of off-resonant scattering
on computation fidelities

An additional source of computational error arises from
off-resonant scattering of the tweezer light (see Fig. 9). Al-
though the scattering rate is very low, such processes can
populate the 38, state, which subsequently decays either into
the long-lived metastable 3 Py state or, via 3p,, back to the
ground state (see Fig. 10). Both decay channels lead to
population loss. Potentially, occupation of the 3P, state can
reduces the detection fidelity. This effect can be mitigated
by implementing a repumping scheme via the 3D state us-
ing 483-nm light, which predominantly decays through 3p,
to the ground state [111-113]. Such a scheme, in combi-
nation with our fast imaging, enables direct detection of
off-resonant scattering events and subtraction of their con-
tribution, thereby minimizing their impact on computational
fidelity.

APPENDIX B: FAST IMAGING

To achieve fast imaging times, we consider counter-
propagating pulse trains with durations of a few hundred
nanoseconds and intensities of approximately 10 I,;. Under
these conditions, the atoms experience not only the ground-
state potential of 1 mK but also an effective potential given by

042614-9



BENEDIKT HEIZENREDER et al.

PHYSICAL REVIEW A 114, 042614 (2026)

5s8p lPl " Main ]
off-resonant scattering 3
state S 5s5d °D;

e— 530S S|

Imaging repump %

! 448 nm
sns So Off-resonant scattering
: repump
5s5p Py 483 nm
i 5s4d 'D,
I .
21631g11::§ 2 Quintet states
1
0
5s5p °Py
5s21'Sy

FIG. 10. Level diagram of 33Sr showing the main transition used
for imaging, as well as two important repumping transitions (solid
arrows). The relevant decay channels are indicated by dotted lines.
The imaging repumpers prevent population loss to the metastable
states during fluorescence detection, while the off-resonant scattering
repumper enables detection and removal of atoms that have been
transferred to 3 Py by unwanted scattering events.

the average over ground and excited states. With the consid-
ered magnetic field of 100 G and o ~-polarized tweezers, the
'p, my = —1 state is trapped at 3 mK, while the m; = +1
state is antitrapped at —8 mK. The detuning of ~17 I be-
tween the trapped and antitrapped state, roughly 8 I from the
Zeeman shift and ~9 T" from the light shift, ensuring only the
trapped m; = —1 state is addressed (see Fig. 11). The trap
depth is calculated based on Ref. [75]. Averaging over the
time spent in both states yields an effective attractive potential
of approximately 2 mK, sufficient to confine atoms in the
tweezers while suppressing recoil heating and dipole-force
fluctuations [90].

Polarizability o (MHz/(mW/um?))
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800 900 1000 1100 1200 1300 1400
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FIG. 11. Polarizability of the different Zeeman sublevels of the
Ip, state and the 'S, ground state as a function of wavelength
for o ~-polarized trapping light. The gray dashed line indicates the
wavelength of 1064 nm, used as the basis for our imaging simu-
lations. We can clearly see that m; = 1 is strongly antitrapped. At
this wavelength, the polarizabilities [in units of MHz/(mW /um?)]
are dip 4 = 2.44, 1.82, —7.46, and vy, = 1.13.

We estimate the number of scattered photons and the atom
loss rate during imaging by simulating the heating dynamics
of an atom initially in the motional ground state of the tweezer
[114]. In our model, each absorbed photon imparts recoil in al-
ternating directions (to represent the counterpropagating pulse
sequence), while spontaneous emissions are treated as random
recoils. Atoms are considered lost once their kinetic energy
exceeds the trap depth. Averaging 2500 trajectories, we obtain
a heating rate of ~30 uK/us and a loss probability below
1% for imaging durations of 8 us, consistent with Ref. [90].
Including the collection efficiency of the microscope, optical
losses, and a typical camera quantum efficiency at 461 nm, we
estimate five photons/us will be detected under such imaging
conditions.

To detect the five m, states of the quintet as quickly as
possible, we envision destructive imaging, thereby avoiding
the reexcitation of ground-state atoms by the state-selective
quintet deexcitation pulses. To ensure removal of imaged
atoms, we include a 3-ys single-sided blue pulse to heat them
out of the trap, followed by 6 us for the atoms to leave the
array before the next image. With 8-us imaging pulses and
1-us state-selective transfers, the entire quintet manifold can
be mapped within 100 us, orders of magnitude faster than any
relevant decay process.

A complication arises because 'Sy — !P; is not perfectly
closed: Atoms in the excited state have a branching ratio
of about 1/50000 [88,115,116]-1/20000 [117,118] to decay
into the ' D, state (see Fig. 10). From there, further decay to
3p is possible, which could lead to false detections later in the
sequence and would therefore be particularly harmful to our
scheme. However, this issue can be mitigated by implement-
ing an additional repumping laser that drives the 'D, — 'P
transition with 448-nm light, thus preventing the population
from accumulating in 3P, and allowing nanosecond-scale re-
pumping [113,119].

With such fast repumping, the 'Sy — 'P; can be treated
as nearly closed, while still supporting scattering rates of up to
tens of megahertz. Overall, these considerations suggest that
imaging with exposure times of only tens of microseconds and
very high fidelity should be achievable.

APPENDIX C: 'S, < 3p, MULTIPHOTON
TRANSITION DYNAMICS

Here we expand on the calculation of the multiphoton
transition presented in the main text, including the addition of
the Zeeman substructure and the full multiphoton coupling.
We additionally derive the effective 1Sy < 3Py, m 7 two-level
dynamics and prove the multiphoton transition condition.

1. Including Zeeman substructure

State preparation 'Sy — *P; — 3§ — 3P, and imag-
ing ’°p, — 35, =3P, — 1Sy can be performed by a
multiphoton coupling scheme, similarly as suggested in
Refs. [49,50,66,67]. Assuming that each transition is ad-
dressed by a single laser frequency with all polarization
components and that the |'Sy) state is taken to be at zero
energy, the Hamiltonian, including the Zeeman substructure,
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TABLE II. Parameters used for the 'Sy <> 3P,, m; multiphoton
coupling in MHz and m-pulse duration #, in us for B = 100G and
Py = 40 mW. All numbers have been rounded to one decimal, the
exact values can be found in Ref. [108].

State /2w Q/27m Q/2m A 2m A/2mn A32m iy

[1) 21 27179 3145 294 61474 6573.4 0.36
[2) 13.6 2869.4 2000 1.9 40673.8 40864.1 0.34
|3) 232 44999 7422 187 190954 19104.6 0.76
|4) 10.9 13806 2199 10.8 4597.1 4401.1 0.85
|5) 18.7 28624 8347 11.2 22555.7 22163.9 0.32
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where detunings are defined for m; = O states as A; = w; —
(w), — wy,), where w; is the frequency of the ith laser and
wj, — wy, are the bare frequency differences of the addressed
states. The Rabi frequencies are defined as

Qi = dy.&; (€2)
with transition dipole moments
dyg, = (Jeller - &), (C3)

electric field strength of the ith laser & and polarization
vectors €. Individual Rabi frequencies between |Jg, m; ) <
|Je, my,) in (C1) are adjusted according to the Wigner-Eckart
theorem [71], where (Jg,m 7.5 1qlJe.m;,) are the Clebsch-Gordan
coefficients. Last, w,, » = gymyupB/h+U,, % /h account
for the Zeeman and tweezer light shifts [86 110,120] of
each |>*!L;, m;) state. Assuming that each beam has equal
contributions of all polarizations, the atom-laser part of the
Hamiltonian should be multiplied by 1/+/3 and our results
can then be replicated by multiplying the mentioned Rabi
frequencies in Table II by +/3.

The spontaneous emission is described by

/ —
D (,0) - E Fjgm_;g,Jem_;e I:Ujgl1zjg,15m_;e 1% O—ngjl,_Jg,,Ug

Jemy,
Jomy,

1
- E{O—Jé,mh,]ymba p}}r (C4)

where 'y, JoJemy, ATE the decay rates between |J,my;) —
[Jgmy,) and 0y, gmy = my)(Jmj|. T, g S, ATE calculated
using ngner Eckart theorem [71], from which we obtain
2
FngJg.J(,mJe = m(-[gmlg; 1q|JemJg> Flg,lg» (CS)

where I’y ;, are the decay rates between |J,) — |J;). The
dynamics of the system are then governed by

p = —ilH', p] +D'(p). (C6)

2. 1Sy < 3P, m; multiphoton coupling

The transition 'Sy, < 3P5, m; is achieved by tuning in-
dividual m; detunings of the 'Sy < 3P < 35, < 3P,
transition on resonance, which results in the condition A3 =
AL+ Ay + w(l)s“ — a):n’; 2. Because of the size of the system,
deriving analytical equation for the effective two-level 'S, <>
3P,, my system is impractical. However, we can still obtain an
effective Hamiltonian numerically, using the effective opera-
tor formalism [70], from which we get

Q/
Hyy = A:eff|3P2 ””J><3P2 mf| + =0

x (*Pymy)'Som; =0/ + He).  (CT)
To set the two-level system on resonance, we adjust the mul-
tiphoton transition condition as

A=A+ A So P AL Cs8
3=A1t Mty — o, eff (C8)

guided by the effective Hamiltonian Eq. (4). The system can
be further tuned using Eq. (6) to achieve optimal fidelities.
State preparation or imaging of the desired P», m; can be
then achieved by satisfying Eq. (C8). In Fig. 12 we plot the
Rabi oscillations between 'Sy and 3P, for each m; state. The
parameters used for each transition can be found in Table II.
The parameters are selected such that all 3P,, m; are prepared
in less than 1 ps with F > 0.99.

3. Error budget

Here we present an analytic error budget for readout and
initialization through the multiphoton transition. In Table III
we provide the fidelities, residual populations, populations
in P, and the rest of the states included in the multiphoton
dynamics for the readout or initialization = pulses of each
computational basis, including fp = 0.2% in power fluctua-
tions. The residual population that remains in the initial state
after readout can be mitigated by applying the multiphoton
and destructive imaging pulses multiple times. Additionally,
the population in 3P; will naturally decay to the ground state
after a sufficient wait time, allowing for further improvement
in fidelities.

042614-11



BENEDIKT HEIZENREDER et al.

PHYSICAL REVIEW A 114, 042614 (2026)

(a)

(b)

(c)

—_
o
(=)

<)
~
at

Populations
=)
o
=)

’/
N2
T T T

0.25 0.50 0.75
t (ps)

0.00

Populations

06 1.2
t (ns)

0.25

0.50 0.75 0.0 0.5 1.0 1.5
t (ps) t (us)
(e)
A ' ' — |9
1% A
\ j" 12)
- s 13)
\ i — |4)
| Y A N R
— 1
0.0 0.2 0.4 0.6
t(ps)

FIG. 12. Multiphoton coupling 3P, m; — 'Sy: Rabi oscillations between |g): |'Sy) and (a) |1): 3Py my = =2), (b) |2): PPym; = —1), (c)
13): PPymy; = 0), (d) |4): PPym; = 1), and (e) |5): [P, m; = 2). Fidelities F at w-pulse duration time t;: 1: F = 0.995 at ¢, = 0.36 us, 2:
F=0995att, =034 ps, 3: F=0.993 att, =0.76 us, 4: F = 0.996 at ¢, = 0.85 ps, 5: F = 0.996 at 1, = 0.32 us. State |/) represents

|*P; m; = 0). Parameters at Table II.

Up to this point, we have considered only the case of
population transfer from a single populated state. However,
under realistic experimental conditions, it is required to per-
form imaging of computational states while other basis states
exhibit nonzero population. To estimate the associated errors,
we simulate population transfer from a single computational
state to the ground state while the quintet is initialized in
an equal superposition. For each state, we compute the total
population leakage into the remaining computational states
and plot it as a function of power fluctuations strength fp.

We reduce the sensitivity to power fluctuations by op-
timizing the Rabi frequencies €2;, 3, detunings Aj,3, and
pulse time 7, under the constraint Q7/A; = Q3/A;. During
the optimization, we attempt to maximize the readout fidelity
while, with equal weight, simultaneously minimizing leakage
errors. This is done by maximizing a vost function O which
given by the minimum of two quantities:

0 = min(F—.i(B), 1 — Li(B)), (€9

TABLE III. Error budget for readout and initialization 7 pulses.
“Residual” denotes the population remaining in the initial state after
readout or initialization, while “Other” refers to states beyond the
ground state, the computational state and * P, manifold. All values are
obtained assuming laser power fluctuations with standard deviation
fr=0.2%.

State Fidelity Residual ’p Other

|1) 0.9925 0.0029 0.0037 0.0009
|2) 0.9943 0.0027 0.0020 0.0010
|3) 0.9910 0.0007 0.0075 0.0008
|4) 0.9943 0.0010 0.0033 0.0014
|5) 0.9946 0.0007 0.0044 0.0003

where  Fpni(B) = (Femi(=B/V2) + Fomi(B/¥2))/2,
Foi(B/V2) is the |'So) — I’Pyi) 7 pulse fidelity with
power P =Py(l1+B/v2) and Li(B)= (L(—B/v2)+
Li(B/~2))/2, where L;(B) is the largest fractional leakage
out of the four other computational states when reading out
|°P, i) from an equal superposition of all five qudit states
with power P = Py(1 + 8/+/2). The two power fluctuation
values of £B/+/2 used in the objective function were
chosen to have a standard deviation of 8 and zero mean.
By simultaneously optimizing over both the averaged F' and
L, we ensure both high state preparation fidelities and low
leakage errors in the presence of small power fluctuations.
The objective function is maximized using the numerical
“SimulatedAnnealing” optimizer in Mathematica. The free
parameters are the Rabi frequencies €2y 3, detunings Aj3
and pulse time 7, while A} = Aj Q% / Q% in order to minimize
the differential light shifts induced by the multiphoton
coupling. The detuning Aj is constrained to a window of
a few MHz around the multiphoton resonance defined in
Eq. (C8). We emphasize that more sophisticated optimization
routines could potentially yield further improved results.

4. Minimizing momentum transfer and excitation of motion

As discussed in Sec. II C, achieving high-fidelity quintet
rotations requires that the atoms remain very close to the
motional ground state in the 3P, manifold. Since the atoms can
be prepared near the motional ground state in the 'Sy ground
level, it is desirable to preserve their motional state during
the initial state preparation, rather than relying on recooling
once in the 3P, state. To this end, we must minimize the
net momentum transfer from the multiphoton transition used
for the initial-state transfer. For an untrapped quintet, the net
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momentum transfer in the direction of kyg7,, can be expressed
as

|Pin] = |Kegr| = 7i(cOS(@689nm ) Kegonm | + OS(@688nm ) Kesgnm |

— |K7070ml), (C10)

where |k, | = 27 /A and in orthogonal direction to K7g7nm, it
can be expressed as

[Port] = FilKesr| = A(sin(@egonm ) I Kegonm|

+ sin(@sgsnm )| Kesgnm |)- (C1D)

Those two expressions accounts for two virtual absorptions
of the first two photons (first two terms) and the stimulated
emission of the third [68,69].

We now also include the effect of the optical tweezer
potential, following Ref. [121]. In this case, the effective mo-
mentum transfer for a = pulse in a two-level system is given

by
ngf cos (Zg‘;)‘
|prl = hlKeff| ——5—
w

X,y

(C12)

valid in the Lamb-Dicke regime [7?(27 + 1) < 1], where

2 _ Tik

= . C13
2Mw, (C13)

n
Here w, , denotes the radial trap frequency of targeted quintet
state, M is the atomic mass, and Q. is the effective Rabi
frequency of the multiphoton transfer. For this expression to
be valid it is necessary for the tweezer to be magic for 'Sy
state and the target state in the P, manifold.
To quantify the resulting excitation of motion, we can
express the mean radial motional occupation by starting in the
absolute ground state as

hlkeff|29§ff[1 + cos (ggef;)]

4may.y (w% y ngf)2

(Cl4)

leqy =

However, for the fast multiphoton state preparation pulses we
consider in the main text, Q¢ /wy,, > 1 and the expression
for 7, given in Eq. (C14) reduces to the result for a quin-
tet absorbing the full effective photon momentum 7%ik.g. In
this limit the increase of the occupation number is given by

2 .
%ﬂ), Therefore, to remain close to the target value of

iiyy = 0.01, the condition |kesr| < 0.3|k707 nm| must be satis-
fied for 3Py, m; = 1 state. This restriction is easily achieved
experimentally by tuning the coupling beam angles close to
®esonm = —60.9° and @eggnm = 60.8°.

When the trapping frequencies of the Sy ground state and
the target 3p, state are not identical, the atom can be heated
not only by photon recoil but also through a squeezing effect
caused by the mismatch between the two trapping potentials.
This squeezing excites breathing-mode motion of the atomic
wave packet.

Instantaneously transferring an atom in a 1D harmonic po-
tential with frequency w; to another with frequency wy results
in a squeezed motional state characterized by a squeezing
parameter r = % In (wy/w;). For an initial thermal state with

iy =

0.008 o
¢
%3 0.006 A o
ﬁ Ty
S 0.004 H ® ° R $ nlr .
& = g 8 )
0.002 ' - " )
el = o 5
1

00 02 04 06 08 1.0
fr(%)

FIG. 13. Total population leakage into the rest of the computa-
tional states during the transfer from |i) to the ground state, averaged
over 100 simulations, as a function of power fluctuations fp. The
quintet is initialized in an equal superposition. Error bands represent
the standard error. Power fluctuations are modelled independently for
each driving laser and the trapping tweezer. Parameters and 7 -pulse
duration times used can be found in Table II.

(n) = n, the corresponding motional excitation number after
the transfer, is given by [122]
' = (i + 1) cosh (2r) — 1. (C15)
To ensure that a ground state—cooled atom remains below
i1 = 0.01 after the transfer, the trapping frequencies of the
15, and 3P, states must match within 22.1%. For a tweezer
wavelength of 1064 nm, this squeezing effect increases the
mean occupation from #z = 0.01 to approximately 7 = 0.011.
Accordingly, we assume that during the initialization transfer
the atoms remain close to the motional ground state and there-
fore use the same mean occupations for the ground state and
the initialized quintet state in our calculations Fig. 13. Com-
bining this requirement with the need to maintain sufficient
confinement for all quintet sublevels, we identify a practical
tweezer wavelength window where the above approximation
holds. In particular, wavelengths in the range 850-1250 nm
would enable transfer from 'Sy — 3P, m; = 1 with heating
below 72 = 0.01, while transfers to 'Sy — 3Py, m; = 0 satisfy
the same condition for wavelengths near 800—-1250 nm.

APPENDIX D: RF PULSE FIDELITIES
1. RWA validity

The tweezer tensor shift is required to lift the degeneracy in
the RF transition frequencies in the quintet. As a result, the RF
drive Rabi frequency is limited by the magnitude of the tensor
shift |c;|. Furthermore, at low magnetic field strength, the
Rabi frequency could also by limited by the Zeeman splitting
Az as the rotating wave approximation (RWA) used to derive
Eq. (8) can break down. Neglecting the effects of motion, we
characterize the limits on 2 as a function of Az and ¢, by
simulating a 7w pulse on the |2) <> |3) transition using the
RF Hamiltonian before the RWA was made Hy = AzfZ +
Q cos (wgpt)J, and the RWA Hamiltonian given in Eq. (8).
Due to the J; coupling of the RF field to the quintet, the
coupling between states |2), |3) and |3), |4) is a factor +/3/2
stronger than the coupling between |1), |2) and |4), |5), thus
the RWA and isolation of the RF drive frequencies will first
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FIG. 14. 7 pulse fidelity on the |2) < |3) transition as a function
of the tensor shift ¢; and Zeeman splitting Az, where the effects
of motion have been neglected. The curves at specific values of Ay
correspond to the dynamics in the rotating frame without making the
rotating wave approximation (RWA).

break down for the transitions coupling to |3). From the curves
for F shown in Fig. 14, it is clear that at Az > 502 the RWA
is valid, thus at B, = 100 the RWA can safely be applied for
experimentally realizable Rabi frequencies. In this parameter
regime, while still ignoring the motion of a quintet, = pulse
fidelities of F; > 0.994 can be achieved if |c; /2| > 5, giving
us an upper limit on the RF Rabi frequency.

2. Nonzero radial motion

We further characterize the scaling of RF 7 pulse fidelities
with motional excitation by plotting the fidelity as a function
of the radial excitation number 7, , and the temperature of a
3D motional thermal state, which are the corresponding values
of iy .. In Fig. 15, we show the fidelities for the same two
Rabi frequency values as the cross sections in Fig. 6; Q/2m =
6 kHz and /27 = 350 kHz. By comparing Figs. 15(a) and
15(b) to Figs. 15(b) and 15(d) and comparing to Fig. 6, it is
clear that keeping the radial excitation numbers below 7, , =
0.5 is critical to achieving fidelities F > 0.98 when driving at
lower Rabi frequencies, while if 72, , = 0, the axial excitation
number can be higher than 71, = 1 to achieve the same fidelity.

3. RF pulse error budget

To conclude the discussion on RF pulse fidelites, we
present an error budget for the RF pulses at the optimum
average Rabi frequency © = 350 kHz. In Table IV, the to-
tal infidelities of m pulses on the four RF transitions are
broken down in four columns. The “ideal” column includes
fundamental limitations like spin-motion coupling at zero
temperature and off-resonant coupling to other quintet states.
The “ni,” column gives the extra infidelity caused by the
atom being in a thermal state of motion with i, = 0.2, 71, , =
0. Similarly, the “7i,” column gives the extra infidelity
caused by the atom being in a thermal state of motion with
ey = 0.01,7;, = 0. The “fp” column gives the extra infi-
delity caused by shot-to-shot tweezer power fluctuations of
fp = 0.2%. Finally, the “Total” column gives the total pulse
infidelity for an atom in a thermal state of motion with 7, ,, . =
{0.01, 0.01, 0.2} and including tweezer power fluctuations of
of fp = 0.2%.
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FIG. 15. (a) m pulse fidelity as function of the radial excitation
numbers for /27 = 6 kHz for the four RF transitions. (b) = pulse
fidelity as function of the radial excitation numbers for Q/27 =
350 kHz. (c)  pulse fidelity as function of the Temperature of a 3D
motional thermal state for /27 = 48.8Q2/2w = 6 kHz. (d) wpulse
fidelity as function of the temperature of a 3D motional thermal state
with corresponding occupation numbers for /27w = 350 kHz.

APPENDIX E: ADIABATIC TRANSFER BETWEEN DEEP
AND SHALLOW TWEEZERS

As stated in the main text, we characterize the tweezer
depth ramp time needed to not heat the qudit during the
transfer to shallower tweezers and back using the TWA. This
phase-space method can be used to exactly simulate the dy-
namics of a particle in an anharmonic potential by sampling
from the initial Wigner quasiprobability distribution and sub-
sequently propagating many phase-space trajectories using
semiclassical equations of motion [79]. Observables such as
(x), (p), and (n) are computed by averaging the value of

TABLE IV. Error budget for RF 7 pulses and /27 = 350 kHz.
Ideal refers to the idealized case of ground state cooled atoms and no
power fluctuations. The 7, column gives the extra error caused by a
thermal occupation of 7i; = 0.2, ii,, = 0. The 7, , column gives the
extra error caused by a thermal occupation of 7, = 0, i1, = 0.01.
The fp column gives the extra error caused by power fluctuations of
fr=0.2%.

Transition Ideal i, flyy o Total
RF, 0.01 2x10™* 2x107* 3x 107 0.01
RF, 4%x107 1x10™* 1x10* 5x10™* 4x 1073
RF; 3x1073 9x107° 8x1075 9x10™* 4x 1073
RF, 7x107% 1x107* 9x107° 2x107* 9x 1073
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FIG. 16. Increase in motional occupation numbers for the |1)
and |5) qudit states after a tweezer ramp sequence with ramp length
7. The tweezer power is reduced from P =40 mW to P =4 mW
using a linear ramp of length 7, held for 1 ms and ramped back to
P =40 mW.

the relevant Weyl symbol over many individual phase-space
trajectories.

Simulating the tweezer depth ramp we only consider the
[1), |5) quintet states, as the these states experience the shal-
lowest trapping and deepest tweezer potentials respectively
and are therefore the limiting factors in the timescale of the
tweezer depth ramp. The Hamiltonian of the motion is given
by Eq. (9), where the tweezer shift coefficients ¢y, ¢, and ¢
are now explicitly time dependent due to the sweep of the
tweezer power and are rescaled by P(t)/Py, where P(t) is
the tweezer power at time ¢ and Py = 40 mW is the nomi-
nal power. As all the functions of operators involved in the
Hamiltonian are already symmetrized, we can directly get the
associated Weyl symbol H,, by simply replacing operators
with complex numbers a; — A;. Within the TWA framework,
we then calculate the equations of motion for A; using the
equations below

i

Ow = _%OwAcHW7
R IR Rl i
Ae= Z oy x ¥ Ay’
yoi AV AVE VgV
A= i 9 H, (E1)
T T hoas ™"

where 0V, 9V* correspond to partial derivatives with respect
of variable V and it’s complex conjugate V* respectively. We
draw the initial values of A; from Wigner functions single
mode thermal states with (n,) = 71,,, which is given by

W 1 A, 2 (E2)
= exp | — ,
27105 P 20,3

where 0, = \/(, +1/2)/2.

During a power ramp simulation, the tweezer power is
reduced from 40 to 4 mW using a linear ramp of length 7, after
which the qudit is held in the shallow tweezer for fnog = 1 ms,
and the tweezer power is ramped up again. The qudit is initial-
ized in a thermal motional state with 71, , . = {0.01, 0.01, 0.2}
and the increase in 7, , . after this ramp sequence is averaged
over 10* trajectories. From the curves shown in Fig. 16, we
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FIG. 17. (a) The effect of tweezer angle errors 6, on the fidelity
of a single m pulse for the four RF transitions. The qudit was ini-
tialised in a thermal motional state with 71, ,,, = {0.01, 0.01, 0.2} and
driven with /27 = 200 kHz. The detuning was optimized for each
tweezer angle. (b) Trap center positions for each qudit state as func-
tion of the tweezer anlge error different tweezer angles. The shifts
of the trap centers for the different states is caused by polarization
gradients in the focus of a tightly focused beam.

find that for ¢ > 0.3 ms no appreciable heating occurs for all
qudit states.

APPENDIX F: OPTICAL MAGNUS EFFECT

To investigate the presence and impact of the optical Mag-
nus effect [76] (strong polarization gradients in the focus of
a tightly focused tweezer), we use an approximate expression
for the electric field profile given in Refs. [123,124], which
is valid up first-order spatial derivatives. This field profile is
given by
€xX + €Y

E(r,t) >~ Re|:<€ —i ) f(r)ei(kz_‘"t):|, (F1)

20

where zo = 7w2w3A and f(r) is the mode function. We con-
sider a Gaussian beam with mode function

2
F(r) = — exp (—%) exp(p(r.2).  (F2)

w(z) 0

where w(z) = wom'

We use this field profile to calculate the tweezer trap
potential landscape around the focus of the tweezer. For a
7 polarized trap, we find that for all angles between the B
field and the tweezer 6,, the potential remains the same. For
a o_ polarized trap, the depths and centers of the trapping
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potentials for different m; states vary with the tweezer angle
error 6, as shown in Fig. 17(b). If the 6, angle is kept within
+10°, then the displacement between the different qudit states
will be less than 10 nm. Because of the tensor shift needed
to differentiate the RF transition frequencies, there are always
large position-dependent differential light shifts present in our
scheme. In the main text and Appendix D2 we have shown
that when the qudit is sufficiently cooled, the infidelity caused
by these differential light shifts can be minimized by using
smooth RF pulses with the optimal average Rabi frequency of
around Q = 350 kHz. Any radially symmetric higher-order
deformations to the tweezer potential landscape caused by
popularization gradients near the focus will be negligible

compared to the large tensor shifts already present without
taking polarization gradients into account. However, if large
displacements between the potentials for the different Quintet
states are present, then the motion of the atom will be excited
when driving the RF transitions, leading to lower pulse fideli-
ties. Approximating the potential experienced by each qudit
state as a Gaussian potential centered at y = y, for state |i),
we calculate the impact of tweezer angles on the fidelity of a
7 pulse for a qudit initialised in a thermal motional state with
fivy. = {0.01,0.01,0.2} and driven with Q/27 = 350 kHz.
The scaling of the fidelity with 6, shown in Fig. 17(a) in-
dicates that for 6, < 5° the impact on m pulse fidelities is
negligible.
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