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Scalable platform for qudit-based quantum computing using polar molecules
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We propose a scalable qudit-based quantum processor using rotational states of polar molecules. Previously,
molecular internal states were used to enlarge Hilbert space, whereas our approach uses optical tweezer arrays
to achieve scalable architectures with exponential state-space growth without increasing qudit dimensionality d.
Entangling gates are implemented by adiabatically bringing traps together to activate dipole-dipole interactions.
We develop encoding schemes mapping single qubits into qudits with 2 < d < 5 and pairs of qubits intod = 4,5
qudits, enabling universal set of quantum gates. Additional levels in d = 3 and d = 5 qudits simplify multiqubit
gate decompositions. We analyze experimental parameters for SrF and NaCs molecules. This approach provides
a promising route to scalable quantum information processing with multilevel systems using existing experimen-

tal platforms.

DOLI: 10.1103/tcqw-116v

I. INTRODUCTION

Recent progress in quantum information technologies has
led to significant interest in the use of qudits (multilevel
quantum systems) in view of their potential to enhance the
efficiency of the execution of quantum algorithms [1-4] and
error correction schemes [5—11]. Various quantum algorithms
can be implemented in a more efficient manner with qudits
(for review, see Ref. [12]) due to the fact that, first, a single
qudit can be presented as a set of qubits [13—15] and, second,
additional levels of qudits can be used as ancillas for simplify-
ing the realization of multiqubit gates, such as the Tofolli gate
[16-20]. The combination of these approaches may lead to a
substantial reduction in circuit depth [12], which is of special
interest for the current generation of noisy intermediate-scale
quantum devices [21], where both the number of qubits and
the fidelities of the gates are limited.

Among various physical systems studied for qudit im-
plementations [22-30], polar molecules have emerged as a
particularly promising platform [31]. Recent progress in ex-
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periments with cold polar molecules [32—45] has opened
opportunities to use them in quantum computing [46-52]
and metrology [53-58]. A particular feature of such sys-
tems is the possibility of controlling and manipulating the
occupation of energy levels, in particular by using strong,
tunable dipole-dipole interactions (DDIs) [31,46,48]. The
rotational, vibrational, and electronic degrees of freedom
inherent to these systems allow precise quantum state manipu-
lations by external electromagnetic fields. Notably, rotational
states present exceptional advantages for qudit encoding,
as they exhibit long coherence times due to isolation from
environmental decoherence channels. Furthermore, perma-
nent electric dipole moments characteristic of heteronuclear
molecules provide a mechanism for establishing strong in-
termolecular couplings, which is a critical requirement for
scalable quantum system architectures [46,59,60]. Experi-
mental progress in laser cooling techniques [61] and optical
confinement of ultracold molecular ensembles [62,63] has
significantly advanced the prospects for practical realization
of dipole-mediated quantum information processing.
Rotational states of ultracold polar molecules have long
been recognized as a natural and powerful resource for
quantum information processing. Early theoretical pro-
posals demonstrated that microwave-addressable rotational
levels, combined with strong and tunable dipole-dipole inter-
actions, enable universal quantum computation with molec-
ular qubits [46,64]. Subsequent work established rotational
manifolds as effective spin degrees of freedom for quantum
simulation and quantum logic in optical lattices and tweezer

Published by the American Physical Society
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FIG. 1. Encoding schemes for qubits within the internal state
space of a single molecular dipole, as explored in this work. The
presented schemes utilize various dimensions (d) of the Hilbert
space. The d = 2 scheme employs a standard qubit encoding within
the molecular states. A three-level system (d = 3) is proposed, where
two levels encode a qubit, and the third one serves as an ancilla for
simplifying multiqubit gate decomposition. Furthermore, a four-level
encoding (d = 4) enables the encoding of two qubits within a single
molecule. Finally, a five-level scheme (d = 5) is introduced, accom-
modating two qubits and an ancilla level, mirroring the functionality
of the d = 3 scheme.

arrays [65,66]. Historically, however, experimental implemen-
tations have often encoded long-lived storage qubits in hyper-
fine sublevels within a single rotational manifold, motivated
by their extended coherence times and reduced sensitivity
to electric-field noise [47,67-69], while rotational excitations
were primarily employed as auxiliary states to mediate entan-
gling interactions [46,64]. This strategy was largely driven by
early observations of limited rotational coherence [70].

Recent advances in molecular control—including im-
proved electric-field stability, optical lattice and tweezer
trapping [50,62], coherent microwave manipulation [71,72],
and dynamical decoupling—have substantially extended the
coherence times of rotational states. On the experimental side,
coherent control and dipolar interactions between rotational
levels have been demonstrated in lattice- and tweezer-trapped
polar molecules, including dipolar spin-exchange dynamics
and entangling two-qubit gates [41,49]. Most notably, the re-
cent demonstration of second-scale coherence across multiple
rotational levels [73] firmly establishes rotational manifolds
themselves as a viable computational basis. These devel-
opments provide the essential experimental foundation for
qudit encodings based directly on rotational states and clarify
the relative advantages and challenges of rotational- versus
hyperfine-based encoding schemes [70], thereby motivating
the scalable rotational qudit architectures developed in the
present work.

In this work, we develop a scheme for universal qubit-
based quantum computing using rotational levels of individual
ultracold polar molecules confined in optical tweezer arrays,
treating each molecule as a qubit or qudit of dimension
d=3,4,5 (see Fig. 1). The computational space is en-
coded in the subset of rotational levels: (1) encoding qubits
in two-level subspaces; (2) utilizing three-level subspaces
to include an auxiliary level that simplifies multiqubit gate

decompositions such as Toffoli gates; (3) employing four-
level subspaces to encode two qubits per molecule; and (4)
exploiting five-level subspaces to encode two qubits plus an
auxiliary level for streamlined implementation of complex
multiqubit operations. Although higher-dimensional encod-
ings introduce additional experimental complexity, they offer
enhanced flexibility and efficiency in the execution of quan-
tum algorithms.

The key result of our work is the construction of a uni-
versal gate set including single-qubit rotations and two-qubit
entangling gates acting on qubits encoded within the same or
different molecules [Fig. 2(a)]. Unlike Refs. [47-49,64,74],
which consider J = 0 states in a magnetic field, we use states
with different J and M. For the molecules studied, excited ro-
tational states with J > 0 have radiative lifetimes much longer
than operation and coherence times. Entangling gates are
realized by bringing molecular tweezers close to each other
to enhance dipole-dipole interactions and then separating the
molecules [Fig. 2(b)]. We numerically validate this scheme
for SrF and NaCs. Our scalability does not rely on increasing
qudit dimension. Early qudit proposals emphasized encod-
ing multiple qubits in a single molecule using large internal
manifolds [31,47,75-77], motivated by limited experimental
scalability. Recent progress in large-scale optical tweezer ar-
rays and coherent dipolar control [50,78,79] enables scalable
architectures based on increasing molecule number instead
of internal dimensionality. Based on this, we combine fixed-
dimensional rotational qudits with scalable tweezer platforms
to provide an experimentally realistic route to large-scale
quantum information processing. As a result, the Hilbert space
grows with particle number (without increasing d), enabling
flexible implementation of complex algorithms. Combining
multilevel rotational encoding, long coherence times, and a
scalable universal gate architecture with molecular entangling
operations makes this platform a strong candidate for scalable
quantum computing.

The paper is organized as follows. In Sec. II, we present
a comprehensive examination of rotational-state manifolds in
diatomic polar molecules as a foundation for qudit encod-
ing. This section further elucidates the mechanisms by which
dipole-dipole interactions may be used to generate entangle-
ment between adjacent qudit systems. In Sec. III, we develop
encodings for qudits with dimensions d = 2, 3, 4, and 5, and
construct universal gate sets for each encoding. In Sec. IV, we
estimate the fundamental limitations to coherence times, and,
thus, the fidelity of the operations. Finally, we summarize our
results and conclude in Sec. V.

II. OPERATING WITH DIPOLE-BASED QUDITS

We consider a system of identical heteronuclear diatomic
molecules interacting with each other via DDI. In the adia-
batic approximation, neglecting spin effects, molecular energy
levels can be classified as electronic, vibrational, and rota-
tional levels [80]. Throughout our work, we assume that the
molecules are in their electronic and vibrational ground states
and in their low rotational states. We denote the rotational
states of a single molecule by |J, M;), where J =0, 1, ... is
the rotational moment and M; = —J, ..., J is its projection.
The rotational part of the Hamiltonian for a single molecule
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FIG. 2. (a) Schematic illustration of implementing a qubit-based quantum circuit using dipolar qudits, where each qudit encodes two qubits
(d = 4). Single-qudit gates correspond to operations on qubits within the same molecule, while entangling gates between qubits in different
qudits are realized via interactions between distinct molecules. (b) Conceptual depiction of the entangling gate between molecules, achieved
by bringing two optical tweezers (and their respective dipoles) to close proximity to enable dipole-dipole interaction and then followed by their

separation.

can be expressed as

Ao =Y Ea()) Y W, Mj)(J, M|,
J

My
E(J) =BJ(J + 1), (H

where B is the rotational constant.

In this work, we consider finite d-element subsets of the
set of all possible rotational states {|J, M,)} as computational
states for a qudit. Single-qudit operations of the form

00 o0f
REC () = exp (—wa(yQ) 5) )

can be induced by resonant Rabi oscillations. Here, Q =
(J,M;) and Q' = (J', M}) are two distinct pairs of quantum
numbers, 0 is the Bloch sphere rotation angle, and

699 = |J,M;){J', M| + H.c.,

699 = —ilJ, My){J', Mj| + Hec. 3)

We note that a sufficient condition for realizing the gate

I%f(%(@) for arbitrary Q and Q' is the availability of a set of
individually addressable transitions between selected pairs of
levels forming a connected graph in the qudit state space.
Although each addressable transition is driven by its own
characteristic frequency, the total number of distinct frequen-
cies required remains fixed. It has been shown that an arbitrary
unitary operation on a d-level qudit can be implemented using
at most d(d — 1)/2 two-level addressable operations [81-83].
Therefore, direct controllability of all possible level-to-level
transitions is not required.

Next, we consider an implementation of the entangling
operation between dipolar qudits. Consider a system of two
molecules with time-dependent Hamiltonian

Hy(t) = Hy + Hy + V[R(1)], “

where H, = H,y ® 1 and H, = 1 ® H,y, correspond to the
internal Hamiltonians [Eq. (1)] of the first and second
molecules, respectively (here, 1 stands for the identity
operator), V represents the dipole-dipole interaction, and
R(#) is the intermolecular separation, which is treated as a
time-dependent parameter. Initially, at time ¢ = 0, the inter-
molecular separation is assumed to be large, and therefore

the interaction energy V can be neglected. To entangle the
molecules, they are slowly brought together to a minimum
separation and then moved again to a larger distance over time
t = 7. During this process, the DDI alters the population of
the molecular states, thereby applying a two-qudit gate.

The time evolution of the system state | (7)) is governed
by the time-dependent Schrodinger equation. Consider the
projection of |y (¢)) onto the basis states of the noninteracting
molecules:

cQ(t) == (1, My | ® (o, My, |)e B 1y 2)),  (5)

where Q = (J1, Mj,; J2, Mj,) is a multiindex of quantum num-
bers for two molecules and Eq = Ei(J1) + Erot(J2). The
time-dependent Schrodinger equation can then be expressed
as [80]

dcq(r) 1 i(Eq—Eg)t/Fi
_ (Voo (1)e!Fe—Ea)i /R 6
o i E cq (1)Voq (t)e (6)

where Vg (¢) is the matrix element of VIR(®)].

The slow approach and subsequent separation of
molecules, governed by R(¢t) for t € [0, r], allows us to
neglect transitions between quantum states of different
energies, in accordance with the adiabatic theorem.
Consequently, the vibrational states remain unchanged,
and transitions occur solely between rotational states which
have the same energies.

Using the spherical harmonic addition theorem, the DDI
operator can be expressed as

V61, $1:62, $2;R)
d2
= F(sin 61 sin 6, cos(¢p) — ¢pp) — 2cosbycosBy), (7)

where d represents the magnitude of the dipole moment, R is
the distance between the molecules, and the polar (azimuthal)
angles 6; (¢;) specify the orientation of the ith molecule. The
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matrix element of this operator takes the form

Voo (1) = (J],MJ1| ® (J2. My, VIR M}, ) & |J5, M),

QN+ DCh+D o o
R3(t)

(2]1/ 1)(2]5 1) 1,0;J1,0 1()J2 0

where CJJl MJ .M, 1€ the Clebsch-Gordan coefficients. It can
be seen that there are the following selection rules: AJ; = +£1,
AJy = %1, AM;, =0, £1, and AM;, =0, F1.

To determine the evolution operator matrix, we solve the
system of Eq. (6) for a given time-dependent function R(z)
numerically. In our calculations, we chose three forms of R(z):

acos(@)ww& t<)ﬁ,

B —a, XL<t<xi'r,
R(t) = T2 xﬁ 2o

acos (L —7x) + B, Hr<r<r,

a+ B, t>1

—20 4 B +a, 1< t/x,

B —«, t/x <t <t(l—1/x),
R(l): 2axt

T—i—,B—i—a(l—Zx), T(l—l/x)<t\1'

a+ B, r>r,

(10)

a(l—tanh(%—3))+ﬂ—(x t <3,
R(t) = {a(l —tanh (=22 +2x —3)) + B —«a, §<z< :

a(l —tanh(—3)) + 8 — «, t>1

)

where o and B are parameters such that B + « represents
the initial (maximum) intermolecular separation and f — «
represents the minimum intermolecular separation, and 7, x
are tunable parameters.

If the function R(¢) varies sufficiently slowly, then in ac-
cordance with Eq. (6), transitions are allowed only between
states with the same energy in a two-molecule system (the
vibrational and electronic states of the molecules also re-
main unchanged). For this condition to hold, the characteristic
timescale T must significantly exceed /i/B. At the same time,
T should be much smaller than the coherence time 7. of the
rotational states of the molecules. Thus, the time t should
satisfy the inequality

. > 1t > h/B. (12)

The time 7 satisfying the inequality (12) we select such
that the probability of transition from the state |1, 0) ® |0, 0)
to 0, 0) ® |1, 0) for R(¢) from Eq. (9) is close to 1. It turns out
that for such t the resulting evolution operator has the same
form as an iswap-type gate acting in the subspace with the
following basis states Q ® Q:

Q={|0,0),1,0),13

and the same for R(7) from Eqgs. (10) to (11). We note that the
present approach does not impose any fundamental restriction

»—3),13,0),13,3)}, 13)

Z CJ/ M}I 2 n C C‘JZ/,MJ'2 (8)
vksmy, Gk 5. My, T 0: Jl oy, Cromm, |
k=—1

(

on the accessible qudit dimensionality d. However, increasing
the number of internal levels with the aim of encoding more
qubits into a single qudit introduces a practical overhead:
implementing two-qubit operations between qubits stored in
different qudits generally requires a larger number of entan-
gling gates. A concrete instance of this issue is encountered
in Sec. I C. A more detailed discussion of scaling challenges
can be found in Ref. [12].

The target entangling gate, which acts in the subspace
formed by the basis states Q@ ® 9, has the form

U|L, 0) ®10,0) = il0,0) ® |1, 0),
U10,0) ® |1,0) = i|1,0) ® [0, 0), (14)
U, M) @', My) =11, My) @ ', M),

where |J, M;)|J', M}) are taken from the set of 23 states
Q® 9\ {0,0)® |1,0), |1,0) ® |0, 0)}. One can think about
the resulting U/ as a direct sum of a two-qubit iSWAP
gate in the subspace Span({|0, 0), |1,0)}®?) and identity in
Span({|3, =3), |3, 0), |3, 3)}®?). We note that the specific
choice of levels in Q that excludes states with J = 2 leads
to an interaction U/ of this particularly convenient form for
implementing quantum gates. States with J = 2 were in-
cluded in the simulations but were excluded from the final
protocol because most of their magnetic sublevels exhibit
significant population dynamics due to their coupling struc-
ture and energy spacing, leaving only a single stable state.
This is insufficient for defining a robust qudit basis, which
requires two stable states with nearly constant populations.
In contrast, the / = 3 manifold provides multiple sublevels
with negligible population evolution during gate operations
and is therefore better suited for the proposed qudit scheme.
The target cost function for maximization is taken in the form
. — i phys; /i

Fiswap = 25 ITr(Ug ™ U, 15)
where L{pghys is a projection of the solution of Eq. (6) for given
R(2) on the 25-level subspace of Q ® Q. We also calculate the
fidelity of the two-qubit identity gate:

1
Fia = 55 ITT™), (16)

where Ig’ys is a projection of the evolution operator for
molecules remaining at rest at the distance R(¢#) = 7 during
t €10, ]

Numerical solutions of the system of differential equa-
tions [Eq. (6)] are obtained for SrF molecule in the X2zt
electronic state and NaCs molecule in the X'Z7 state.
The values of the physical parameters are taken from Refs.
[84-86]. The molecules are considered to be in a 100 uK deep
potential well. The results for the R(¢) dependence given by
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TABLE I. Parameters of the R(¢) dependence obtained after nu-
merical optimization. SrF and NaCs were chosen as target molecules.

SrF NaCs
d (D) 35 4.6
B(cm™) 0.25 0.06
Initial distance (8 + o = 7) (um) 10
Minimum distance (8 — o = rp) (um) 0.6 1 0.6 1
T (us) 80 237 47 142

Eq. (9) are represented in Table I. The parameters t for R(t)
given by Egs. (10) and (11) differ from 7 given by Eq. (9) by a
numerical coefficient smaller than 3. In all cases, the fidelities
Fiswap and Fi4 are found to be close to 1, within the limits of
numerical accuracy.

Also, we quantified leakage probability outside the com-
putational subspace Q. For an arbitrary normalized state
|Y) € Q, the probability to remain within the compu-
tational subspace after the gate operation is given by
(m(USyS)TL{thySW)L The worst-case leakage probability
is therefore determined by the minimal eigenvalue of the
positive-semidefinite matrix (L[pghys )*L{pghysz

Pl‘:a?m =1- )\mina (17)

where A, denotes the minimal eigenvalue of (Z/lphys) Z/lphys

Pt provides a strict upper bound on population transfer out
of Q for any logical input state.

For the optimized trajectories R(¢) and molecular param-
eters considered in this work, we find P = 3.6 x 107°.
This result demonstrates that leakage outside the computa-
tional subspace is strongly suppressed by the combined effect
of adiabatic evolution and dipole-dipole selection rules. Con-
sequently, the entangling gate dynamics remains effectively
confined to Q, and leakage errors are negligible on the scale
relevant for the gate fidelities reported above.

When an optical tweezer moves along a prescribed trajec-
tory R(z), the molecule experiences an inertial force F(t) =
—mR(t). For a particle initially prepared in the motional
ground state of a harmonic trap with frequency w, the final
motional excitation depends on the Fourier components of the
driving at the trap frequency. In particular, the probability of
exciting vibrational quanta is suppressed when the motion of
the trap center is sufficiently slow compared to the intrinsic
timescale. A convenient adiabaticity parameter is

p = o (18)
W*Xho
where ama = max |R(t)| and xy, = +/fi/(mw). The transport
is adiabatic and excitations of the center-of-mass motion are
negligible provided that n < 1, a condition that is satisfied for
the parameters listed in Table L.

The dipole moment d of the molecule and the minimum
distance ry at which molecules can approach each other are
the crucial parameters. At present, for the schemes using a
single laser, we have ry close to 1 um or larger [87]. For
more complicated schemes using two lasers, one can think

of significantly smaller ry [88,89], and even with a single
laser, ry can be smaller than 1 wm [90]. For ry & 1 um, the
time 7 is still much smaller than the coherence time 7. (.
related to the ac-Stark effect is of the order of tens of msec
or even larger [91-93]). The time t is also smaller than the
coherence time of the rotational states of the molecules with
J > QO related to the dipole-dipole interaction at the maximum
intermolecular separation. To obtain a higher fidelity of two
qubit gates, it is reasonable to consider the molecule with a
larger dipole moment. The situation is much better for the
minimum distance ry &~ 0.6 um, although even in this case an
increase of the dipole moment d is desirable.

III. QUANTUM COMPUTING WITH DIPOLAR QUDITS

In this section, we explore the potential use of the de-
scribed system for running qubit-based quantum circuits. We
propose several methods for encoding qubits in dipolar qudits
and construct universal gate sets that are applicable to these
encodings. We assume that the following operations can be
performed: (1) single-qudit gates of the form (2) for states
within the set O, (2) entangling gate of the form (14), and
(3) measurement of a single qudit in the Q basis. We further
assume that the initial state of a qudit register is |0, 0) ®

-+ ® 10, 0), and that any leakage from Q can be neglected
for the purposes of this consideration. Below, we consider
encoding schemes in d-dimensional subspaces of Span(Q) for
d =2,3,4, and 5, as illustrated in Fig. 3.

A. Molecular dipole as qubit

We start with a straightforward encoding of a qubit in a
two-dimensional subspace:

10,0) < [0L), [1,0) < [I). 19)

(Hereinafter, we use subindex L to denote logical states of
encoded qubits.)
Then single-qubit gates can be directly realized via

Rg(g 1.0(9), while U can be used as a two-qubit iswap gate:
UI0L) ® [0L) = [0L) ® [OL),
UI0L) ® 1) = i|1L) ® [O),
UlL) @ 10L) =il0L) ® [1L),
UML) @ (1) = 1) @ [11). (20)

The inverse of the iswap gate with i replaced by —i can
be created by using a pair of Pauli Z gates Z®Z =
diag(1, —1, —1, 1) before (or after) the iswap gate. Single-
qubit Z can be obtained by applying R!'‘A(27), where A
denotes a level in Q other than |0, 0) and |1, 0). We also note
that the controlled not (cnot) gate can be realized by using two
1ISWAP gates with single-qubit operations [94].

B. Molecular dipole as qubit and ancillary level

The second approach extends the previous one by adding
an ancillary logical level |anc):

[0,0) < |0L), [1,0) <> |1.), 13,0) < |anc). (21)
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® =1qubit | ® =1 qubit ® =2 qubits ® =2 qubits
+ anc. state + anc. state
J=0 J=0 J=0 J=0
|OL>=‘M1=O> 10) = Mj=0> 100 ®100) = MJ=0> 100) @ 10) = Mj=0>
|1L>= MJ=0> |1L>= MJ=0> |0L>®|1L>= MJ=0> |OL>®|1L)_ MJ= >
J=3 J=3 J=3
|anc) = MJ=O> 1) ®0.) = MJ=_3> 1) ® [0) = MJ=_3>
J=3 J=3
1) ®[1) = M1=3> ) ®11) = MJ=3>
|anc) = /=3 >
M;=0

FIG. 3. A summary of the schemes for encoding a single or two qubits in a single dipole with d = 2, 3,4, and 5 (columns from left to

right), as discussed in the main text.

As in the previous case, the universal gate set can be con-
structed on the basis of single-qubit gates and iSWAP gate
(20). At the same time, by surrounding U/ with single-qudit
gates P and P7, where

P = R (—m) R}~ () (22)
provides the following transformation:
PlOL) = [10), Planc) = [00), (23)
and we can synthesize the operation in the following manner:
ISWAP*™™ := (1® P)U (1 ® P") 24
which acts as follows:
ISWAP%-2¢| 1y @ |11) = i|0.) ® |anc),
ISWAP®#"|0.) ® Janc) = i|1L) ® |1L), (25)
ISWAP™ ™) ® [yL) = |xi) ® Iy,

for |xp)[yL) € {[0), |1), [anc)}*2\{|1L)[1L), |Op)|anc)}. This
gate can be used to decompose a generalized N-qubit
controlled-phase gate CV~!Z:

CV'ZN) @ @1L) = —[1L) ® - - ® |11),
CMZh)®- @I Hh=)® e ),

Pl1L) = lanc),

(26)

where [TV, x; # 1 using 2N — 2 application of ¢/ as shown in
Ref. [95].

The idea of the decomposition shown in Fig. 4(a) is as
follows. First, we note that the multiqubit gate in Eq. (26)
applies the phase factor —1 to all N involved qubits if and
only if they are in the state |11 )®L; otherwise, the state of the
qubits remains the same. To decompose CV~!Z, we introduce
an operation W that acts on N — 2 pairs of qudits:

WI0L) ® [0L) = [1L) ® [OL),
WI0L) ® [1L) = i|0L) ® |anc),
WIIL) ® [0L) = [0L) ® [0L),
WIlIL) ® [1L) = [00) ® [1L),

and whose construction is shown in Fig. 4(b). The operator W
is designed such that the bottom qubit remains in the state |1y )

27)

only when the inputs are in the state |1.) ® |1L). Therefore,
after the sequence of W operations in Fig. 4(a), if the lower
qubit comes to the state |1 ), it implies that each qubit affected
by the sequence was initially in the state |1 ). In this case, the
application of a central controlled phase gate will add a —1
phase if and only if all qubits were in the |11) initial state.
Finally, a series of uncomputation operations W is applied to
remove populations of all ancillary states |anc).

The use of iswap gate as a basic entangling operation
makes the decomposition in Fig. 4(a) adaptive for arbitrary
coupling map between dipoles (see Ref. [95] for more details).
In particular, the depth O(log, N) of the decomposition circuit
is achieved for a binary-tree coupling map. We also note that
the multiqubit Toffoli gate can be obtained from the CVN~!Z
gate by applying a pair of single-qudit gates to the target
before and after CV~'Z.

(a

)
-
wl
(b)

iISWAPOLane

FIG. 4. (a) CN~'Z decomposition with 2N — 4 W operations and
two ISWAP{L** gates (for the implementation of CZ in the center
of the scheme), when dipole is considered as a qutrit: qubit with
ancillary state. (b) Definition of the operation W with iISWAP gate
and single-qudit rotation.
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(a) (b)

FIG. 5. (a) The scheme of the controlled iSWAP gate. (b) The
synthesis of the cnot gate between qubits from distinct qudits. Ver-
tical braces denote qubits that belong to the same qudit. We note
that the x symbols used here represent iSWAP rather than a standard
SWAP operation, as is typically the case.

C. Molecular dipole as two qubits

Next, we consider encoding of a pair of qubits in a sin-
gle four-level dipole (ququart) according to the following
mapping between qubit and qudit states:

10, 0) <> [0L0L),
I1,0) <> [OL1L
13, =3) < [1.0L
13,3) < |1.1L). (28)

’

)
)
),
)

All single-qubit gates and two-qubit gates for qubits em-
bedded in the same qudit can be realized via local operations
[83]. In particular, a single-qubit gate u can be considered as
a tensor product of the form ¥ ® 1 or 1 ® u, where 1 is the
2 x 2 identity acting on a neighboring, unaffected qubit that
resides in the same qudit. These tensor products can then be
straightforwardly decomposed into two-level operations. The
entangling iISWAP gate acting on two qubits of the same qudit
can be realized as R)(COL]L)’“LOL)(—JT/Z).

Regarding entangling gates between qubits residing in dif-
ferent qudits, these can be constructed as follows. According
to the mapping, the U/ operation acts as

UI0LO0L) ® [01L) =i01L) ® [0L0L),

: (29)
U0L1L) @ [0L0L) = i]0.0L) ® [OL 1),

and acts as the identity operator on the remaining 4> — 2 = 14
levels of joint space of four qubits. One can see that this is a
|0 )®2-controlled iISWAP gate, where the iISWAP operation
is applied to the second and fourth qubits when the first and
the third qubits are in the all-zero state [see Fig. 5(a)]. The
realization of a standard iSWAP gate between qubits from
distinct qudits is illustrated in Fig. 5(b). In this construction,
the control pattern can be modified by applying single-qubit
inversion gates as needed.

D. Molecular dipole as two qubits with joint ancillary level

A single five-level dipole (ququint) can be considered as
a pair of qubits with a joint ancillary level according to the
following mapping of the states:

0,0) < [0L0L),
I1,0) < [OL1L),
13, =3) < [1L00),

13,3) < [1L1L),
|3, 0) <> |anc). 30)

We note that mapping (30) in a four-level subspace, which
corresponds to the space of two qubits, is equal to mapping
(28). Therefore, single-qubit gates and two-qubit gates, for
all possible embeddings of qubits in qudit space, are imple-
mented as it is described in Sec. III C.

However, due to the presence of joint ancillary level we
can efficiently decompose multiqubit gates [83]. In particular,
generalized four-qubit controlled phase gate C3Z can be im-
plemented with two successive applications of I/ operations
and single-ququint gates as it is shown in Fig. 6.

IV. SOURCES OF DECOHERENCE AND GATE ERRORS

In this section, we discuss the physical processes that pri-
marily limit coherence times (and therefore the achievable
fidelity) in systems of ultracold polar molecules trapped in
optical tweezers. To provide concrete estimates, we assume
1064 nm tweezers with a numerical aperture NA ~ 0.7, a trap
depth of the order of ~ 100 uK, and a molecular temperature
~ 2 ukK.

At the minimum separation 0.6 um several effects arise
from interference between the optical fields of neighboring
tweezers, leading to modifications of the trapping po-
tentials. The most relevant effects are photon scattering,
molecule tunneling between adjacent tweezers and collisional
losses. The tunneling induced by the tensor part of the Stark
shift operator can be strongly suppressed by choosing or-
thogonal polarizations of the tweezers as it is demonstrated
in the Supplemental Material of Ref. [88]. Collisional loss
rates were also estimated following Ref. [88] (see Eq. (520)
in the Supplemental Material). Photon scattering becomes the
dominant fundamental limitation on coherence at sufficiently
large trap depths. However, using Eqs. (12) and (13) from
Ref. [96] we estimate scattering rate on the order of I's. ~
0.1 — 0.3s7! for NaCs and 'y, ~ 0.5s~! for SrF. These rates
imply upper-bound coherence times of approximately . ~
3—4s for NaCs molecule and t. ~ 2s for SrF molecule.
Furthermore, in the far-off-resonant regime most scattering
events are Rayleigh type, whereas Raman scattering, which
changes the internal (rotational) state, is suppressed by one
to two orders of magnitude relative to the total scattering
rate [97-99]. Our estimates include Rayleigh and rotational
Raman scattering induced by the trapping light but neglect
hyperfine-changing Raman transitions. For large detunings,
these are suppressed due to small hyperfine splittings and in-
terference effects [96,97,99]. Thus, photon scattering mainly
preserves the rotational manifold, although population trans-
fer to undetectable hyperfine states may act as an effective loss
channel depending on the detection scheme. Coherence times
are therefore determined by the total photon scattering rate.

The dominant source of dephasing for interaction-based
gates is the variation of the dipolar interaction strength
J. Assuming quasistatic fluctuations between experimental
realizations (as in Ref. [100]), we identify two principal mech-
anisms. First, thermal motion of the molecules—particularly
along the axial direction of the tweezers—causes fluctuations
in the intermolecular separation. To estimate this effect, we
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FIG. 6. C3Z decomposition with I/ operation and single-ququint rotations.

can use Eq. (56) from Ref. [100], with the difference that
AJmot/J depends on time. Under our assumptions, it gives
us the maximum value of approximately 0.116 for AJy,q/J at
R = rj for NaCs (and almost the same for StF) and AJyo/J &
4 x 107* at R = 7 for both molecules. Decreasing tempera-
ture to 1uK leads to a decrease in the maximum value of
AJmot/J to approximately 0.062 at R = ry for NaCs (and
to AJmot/J = 0.065 for SrF). The second mechanism arises
from motion-rotation coupling. Even in the adiabatic trans-
port regime (n < 1), where excitations of the center-of-mass
motion are strongly suppressed, residual motional effects give
rise to fluctuations in the effective dipolar coupling J. In
particular, state-dependent trap displacements associated with
motion-rotation coupling lead to variations of J, which con-
tribute to gate imperfections and are quantified below by
the relative fluctuation AJpetror/J. Using an estimated rela-
tive trap-center shift of ¢ ~ 1.5nm between the |0) and |1)
states, we obtain AJporrot/J & 0.0015 for NaCs molecule
and AJmotrot/J & 0.0021 for SrF. These values indicate that
fluctuations of J due to the motion-rotation coupling can be
omitted compared to (thermal) motional fluctuations.

While technical noise sources (intensity fluctuations, beam
pointing, electric field noise, polarization drifts) may further
reduce coherence in practice, the above estimates characterize
the fundamental physical limits under idealized control condi-
tions. Although these effects are experiment specific and can
be mitigated with active stabilization, we do not include them
explicitly in our theoretical error budget.

A detailed analysis of the influence of the fine and hy-
perfine structure on the proposed scheme is provided in the
Supplemental Material [101].

V. CONCLUSION

We have developed a scalable qudit platform based on di-
atomic polar molecules, which is among the leading platforms
for quantum technologies. Our approach uses the rotational

levels of the molecules with qudit dimensions d = 2, 3, 4,
and 5. A universal gate set has been proposed, and entan-
gling gates between qudits are created relying on molecules
moving in optical traps and exhibiting coherent couplings
due to dipole-dipole interactions. Numerical simulations for
SrF and NaCs molecules have demonstrated the feasibility
of this approach. Specifically, it has been shown that the
gate times can be shorter than the coherence times of the
rotational levels, which opens the way to realizing quantum
algorithms with such systems. This scalable architecture of-
fers a promising path toward robust and efficient quantum
computation using ultracold polar molecules. Advantages of
the proposed approach in experiments can be demonstrated by
reducing the number of operations required to realize quantum
algorithms, such as Grover’s search and Bernstein-Vazirani
algorithm.
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