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Achieving high-fidelity direct two-qubit gates over meter-scale quantum interconnects is challenging,
in part due to the multimode nature of such systems. One alternative scheme is to combine local operations
with remote quantum state transfer or remote entanglement. Here, we theoretically study quantum state
transfer and entanglement generation for two distant qubits, equipped with tunable interactions, over a
common multimode interconnect. We model the performance of the superadiabatic transitionless driving
(SATD) protocol for adiabatic passage and demonstrate various favorable improvements over the standard
method. In particular, by suppressing leakage to a select (resonant) interconnect mode, SATD breaks the
speed-limit relation imposed by the qubit-interconnect interaction g, where instead the operation time is
limited by leakage to the adjacent modes, i.e., the free spectral range A, of the interconnect, allowing for
fast operations even with weak g. Furthermore, we identify a multimode error mechanism for Bell-state
generation using such adiabatic protocols, in which the even/odd modal dependence of qubit-interconnect
interaction breaks down the dark-state symmetry, leading to detrimental adiabatic overlap with the odd
modes growing as (g/A.)?. Therefore, adopting a weak coupling, imposed by a multimode interconnect,
SATD provides a significant improvement in terms of operation speed and consequently sensitivity to

incoherent error.
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I. INTRODUCTION

Modular design of quantum computers [1-3] reduces
the complexity of wiring and control—as well as the
power requirements for cryogenic cooling—of the under-
lying quantum processing units (QPUs); as such, it is the
path forward for the required scaling [4—6] toward quan-
tum error correction [7—11]. For superconducting qubits,
this vision necessitates developing interconnects at various
levels of modularity [3], such as dense short-range inter-
connects [12,13] to extend the effective size of QPUs, and
sparse meter-range interconnects to enable parallelization
of multiple QPUs within a dilution fridge. The short-
range interconnect length is comparable to the distance
between the qubits within a single chip and the system thus
behaves effectively as a single-mode system. While stan-
dard two-qubit gates could potentially work across a short
interconnect, the multimode nature of long-range intercon-
nects makes direct two-qubit gates more difficult. Two
alternatives are to use the interconnect to perform state

*Contact author: moein.malekakhlagh@ibm.com

2331-7019/24/22(2)/024006(15)

024006-1

transfer or to generate remote entanglement such as a Bell
state. In conjunction with local operations and classical
communication, either of these operations can be used as
a resource to implement indirect remote two-qubit gates
[14-16].

The past few years have seen a recent surge into
numerous superconducting circuit realizations for remote
entanglement generation and quantum state transfer
[18-29]. These protocols can be broadly categorized as
either employing time-symmetric emission and capture
[30,31] of itinerant photons [18-20,22,23,27-29] or using
qubit interactions with the standing-wave modes of meter-
scale interconnects [21,22,24,25,29]. Among protocols
based on standing-wave modes, stimulated Raman adia-
batic passage (STIRAP) [32-34] achieves better fidelity
[24] compared with a qubit-interconnect-qubit direct exci-
tation exchange, also referred to as the relay protocol [22],
by protection against interconnect loss.

In STIRAP [32-34], we evolve the dark eigenstate of a
Lambda system adiabatically toward a desired target state,
which is applicable to quantum state transfer and entan-
glement generation. One advantage of this approach is the
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suppression of potential relaxation through the intermedi-
ate lossy interconnect. The operation speed is, however,
limited by leakage to the bright lossy eigenstates, whose
transition frequency is set by the coupling strength. Tran-
sitionless driving methods [35—39] cancel out nonadiabatic
transitions exactly via a modified control Hamiltonian; this
is similar in spirit to the perturbative derivative-removal-
by-adiabatic-gate technique [40—43]. One potential prac-
tical drawback, however, is the need for a control knob
not accessible by the original Hamiltonian. Superadia-
batic transitionless driving (SATD) [17,44—47] redefines
the evolution path, connecting the original source and
target states such that in the dressed frame, the nona-
diabatic transitions are canceled out exactly without the
need for additional control knobs. SATD solutions for
STIRAP have also been generalized to single-qubit tripod
gates [48,49] and more recently to two-qubit gates [50] for
fluxonium qubits [51].

In this paper, we model the performance improvements
of'the SATD protocol against STIRAP and promote its use
for quantum state transfer and Bell-state generation in a
meter-range multimode interconnect setting. By removing
leakage to the resonant interconnect mode, the operation
speed for SATD is no longer limited by the qubit-cable
coupling g but is determined by the free spectral range
(FSR) of the interconnect A., leading to a significant
speedup as well as a robustness to variation in g com-
pared with STIRAP. We show that the single-mode SATD
solutions work reasonably well for a multimode inter-
connect with sufficiently large FSR (A, > g), and we
quantify the deviations from expected behavior due to mul-
timode effects. In particular, we find that the even-odd
mode dependence of the interaction breaks the dark-state
symmetry, which is in principle detrimental to such dark-
state-based adiabatic protocols. This impacts the Bell-state
generation more by an adiabatic overlap error proportional
to (g/A.)?, and this can be mitigated only via a weaker g.
This requirement for weaker g due to multimode effects,
along with the g robustness of SATD, makes its application
very advantageous, especially for Bell-state generation.
Furthermore, we observe improvements by SATD in sup-
pressing the incoherent error due to qubit relaxation, pure
dephasing, and the interconnect quality factor.

The remainder of this paper is organized as follows.
Section II describes the system under consideration, with
two quantum modules connected via a multimode inter-
connect, and a Lindblad model is introduced for our analyt-
ical and numerical analyses. In Sec. III, we revisit the ideal
single-mode STIRAP protocol, which is used for quan-
tum state transfer and entanglement generation, and we
discuss potential detrimental multimode sources of error.
In Sec. IV, we present extensive simulations investigat-
ing the numerous advantages of SATD compared with
regular STIRAP in such a multimode context. We fur-
ther assess the performance of indirect two-qubit gates

achieved by combining quantum state transfer and remote
entanglement with local operations. Appendix A discusses
the details of our Lindblad model and simulations and pro-
vides a numerical convergence test. Appendices B and C
review the single-mode STIRAP and complications that
arise due to the use of a multimode interconnect, respec-
tively. In Appendix D, we review the derivation of SATD
solutions for single-mode STIRAP following Ref. [17].

I1I. SYSTEM AND MODEL

We consider a system consisting of two tunable-
frequency qubits that have tunable interactions via a com-
mon meter-range multimode interconnect, as depicted in
Fig. 1(a). The standard motivation for such a setup is to
perform remote quantum operations between two modules
(chips) connected via a long interconnect such as a coaxial
cable. This can, however, also be relevant to on-chip trans-
mission lines between distant qubits [52]. Notable experi-
mental studies have employed tunable grounded transmon
qubits with tunable rf superconducting quantum interfer-
ence device couplers [53—55] connected via an on-chip
transmission line [24] or a cable [29].

We characterize the performance of the STIRAP and
SATD protocols for quantum state transfer and Bell-state
generation via a Lindblad simulation that accounts for
qubit relaxation (77), pure dephasing (7,4), and cable
relaxation (k;,):

. A 1
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where p;(f) is the system density matrix and D[é] Os =
éﬁS@ - (1/2){CA'TCA', 05} is the dissipator for the collapse
operator C. We model the qubits as weakly anharmonic
and the interconnect as a collection of harmonic quan-
tum oscillators, with time-dependent (controllable) qubit-
interconnect interaction as
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where w, (1), ay, @, = w,, +nA., and g,,(#) are the qubit
frequency, anharmonicity, evenly spaced nth mode fre-
quency with FSR A, and qubit-interconnect interaction
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FIG. 1. System schematics and energy level diagram. (a) Two

quantum modules each with tunable-frequency qubits and tun-
able coupling to a shared meter-range multimode interconnect.
We account for incoherent error due to qubit/interconnect relax-
ation and qubit pure dephasing. (b) Energy-level diagram in
the one-excitation subspace. Bringing the qubits into resonance
with a center mode forms a resonant Lambda system. There
are, however, off-resonant Lambda systems formed by the adja-
cent interconnect modes with mode-dependent interaction signs
that are detuned by an FSR A, corresponding to a meter in
length. (c) The resonant Lambda system in the instantaneous
frame forms a dark eigenstate; using this, one can implement
STIRAP and its enhanced version SATD [17], in which we
actively cancel out the dark-bright leakage transition. The leak-
age is proportional to the derivative of the STIRAP mixing angle
0(t) = arctan(g,.(?)/g». (1)) (Appendices B and D).

rates for ¢ = a, b, respectively; n. is the center mode index
and N is the additional modes kept on each side. The inter-
connect length /. is related to its FSR as A, = v,/(2L.),
with v, as the phase velocity, which we take to be about
a meter long in our analysis. In writing the Hamiltonian
(2), we have made certain approximations, motivated by
the physics of multimode interconnects (see Appendix A),
similar to in Ref. [24]. An important feature of the Hamil-
tonian (2) is the even-odd mode-dependent relative sign for
the qubit-interconnect interaction, which accounts for the
distinct spatial profile of even and odd interconnect modes
[24].

While the above Hamiltonian description is moti-
vated by a superconducting architecture consisting of
frequency-tunable transmon qubits connected by tunable
couplers to a superconducting coaxial cable, other physical
hardware implementations can have similar Hamiltonian
descriptions. Examples of such systems include optical
cavity-QED systems connected by photonic waveguides

[56,57], or solid-state systems connected via photonic
crystal nanocavities [58,59]. In each case, the frequency
mode spacing between the modes (FSR) is determined
by the length of the interconnect, which is typically a
meter long. Thus, the analysis and characterization we
now present can also be applied to examine these physical
implementations.

II1. STIRAP VIA A MULTIMODE
INTERCONNECT

STIRAP is a protocol for adiabatic transfer of popu-
lation in a Lambda system—i.e., between two quantum
states coupled through a common intermediate state—via
temporal control of the interactions [Fig. 1(b)]. Under the
single-mode (ideal) case, the Hamiltonian reads

X 0 g 0
HSTRP(t) = gac(t) 0 gbc(t) > (3)
0 g® 0

where we assume that all levels are resonant. This resonant
Lambda system has a dark eigenstate

|D(#)) = cosO(¢) |1,0.05) — sin6(?) |0,0.1,)  (4)

and two bright eigenstates

|B£(0) = sin (1) [1,0:05) £ |041c05)

1
ﬁ[
+ cos6() [0,0.15)], Q)

with the mixing angle defined as tan 6 (¢) = g,.(¢)/gpc(?).
The dark eigenstate, having no overlap with the interme-
diate (possibly) lossy interconnect state, therefore allows
for an adiabatic quantum state transfer by arbitrarily
evolving the mixing angle 6(f). Common choices for
the controls are g,.(f) = gsinf(¢) and gp.(¥) = g cos(¢),
with 6(f) = (¢/7,)8, for t € [0,7,]. For instance, sweep-
ing 0(¢) from 0 to 7 /2 or /4 should ideally implement
[1,0.05) — —0,0.1,) (full state transfer), or |1,0.05) —
1/\/§(|10000b) —10,0.15)) (Bell state), respectively; note,
however, that unwanted nonadiabatic |D(f)) — |B+(?))
transitions, whose probabilities grow with 6(z), impose a
limit on the STIRAP speed [Fig. 1(c) and Appendix B].
For a multimode interconnect, with the interaction g
comparable to the FSR A, the adjacent modes detri-
mentally impact the fidelity of STIRAP by (i) breaking
the dark-symmetry condition, (ii) introducing additional
leakage, and (iii) additional decay channels. Regarding
item (i), each adjacent mode forms an effective off-
resonant Lambda system with the qubits [Fig. 1(b)]. Our
extended multimode STIRAP analysis suggests that for a
hypothetical interconnect with same-sign interactions the
Hamiltonian supports the original dark eigenstate, while
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FIG. 2. Characterization of STIRAP performance for state transfer and Bell-state generation via a multimode interconnect: (a) state
transfer error and (b) Bell-state error, as a function of qubit-interconnect coupling g for various interconnect quality factors Q. €
[103,10°] (same for all modes). We included five interconnect modes, with A./2w = 100 MHz, where the center mode is resonant
with the qubits (see Appendix A for a convergence test). Qubit relaxation is set to 7, = T, = 100 ws. Here, for each value of g, the
operation time is set to minimize dark — bright leakage as g7, = 47 [24]. STIRAP angles for state transfer and Bell-state generation
are 0, = /2 and 6, = 7 /4, respectively. Note that optimal couplings for state transfer and Bell-state generation (red stars) are distinct
and are found as approximately g /27 ~ 15 and 4 MHz, respectively. (c) State transfer and Bell-state generation error as a function of

Q. using the optimal g in (a),(b).

for the physical case of mode-dependent interactions, one
instead finds a pseudo dark eigenstate having a nonzero
overlap |[g(£)/A.]sin[20(£)]| with the one-excitation sub-
space of the odd (opposite-sign) modes (Appendix C).
Such an adiabatic error vanishes for quantum state transfer
with 6(z,) = /2 but is maximized for Bell state gener-
ation with 6(z,) = /4 requiring a weaker g for better
fidelity.

Figure 2 characterizes the performance of STIRAP in
such a multimode context, where we numerically simulate
the Lindblad equations [Egs. (1) and (2)] with five inter-
connect modes evenly spaced about the qubit frequency
for the common sine/cosine STIRAP controls and initial
pure state p;,(0) = |1,0.05) (1,0.0,|. We define the error

in terms of the overlap of the final density matrix with the
ideal target states for state transfer and Bell-state gener-
ation as |Yia) = 0,0c15) and [¥ia) = (1/8/2)(140.05) —
10,0.15)), respectively. Figures 2(a) and 2(b) show the cor-
responding error as a function of g for a fixed FSR of
A./2m = 100 MHz and various interconnect quality fac-
tors; here, we observe distinct approximate optimal g/A.
ratios of 15% and 4% for state transfer and Bell-state
generation, respectively, at Q. = 10° and T}, = T}, =
100 ws. The optimal couplings are a balance between
more leakage to the neighboring modes at stronger
g (faster operation) and more incoherent error at weaker
g (slower operation). The Bell-state generation also suffers
from a nonzero adiabatic overlap with the odd interconnect
modes due to dark-state symmetry breakdown (Appendix
C and Sec. IV B). Using the optimal couplings in Fig. 2(c),

E=1-"Tr{ps(ty) |¥ia) (Vial} (6)  we find that to reach subpercent error, the interconnect Q.
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o — Resonen
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FIG. 3. Comparison of the performance and leakage breakdown for quantum state transfer of STIRAP versus SATD: (a) state-

transfer error considering one (ideal) and five interconnect modes; (b),(c) final leakage, i.e., at ¢ = 1, to the interconnect modes for
the five-mode STIRAP and SATD simulations, respectively. The result is found by numerical simulation of Egs. (1) and (2), where
here the incoherent relaxation and dephasing channels are turned off. Qubit-interconnect interactions and FSR are set to g/27 = 15
(optimal choice from Fig. 2) and A./2m = 100 MHz, respectively. Leakage to interconnect modes that are symmetrically above and
below the center frequency is identical and is shown via a single curve.
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FIG. 4. Robustness of SATD with respect to qubit-

interconnect interaction g: state transfer error as a function
of 7, for (a) two weak values of g/27 = 8 and 4 MHz; (b) two
values of FSR A./2w = 100 and 400 MHz and fixed g/27w = 4
MHz. Other parameters are set as T, =T, =100 s,
g = Tapp = 10 us, O, = 10°. The two STIRAP curves in
panel (b) lie on top. The shaded gray area marks the parameter
region for which the derivative corrections in SATD require a
larger-than-g maximum pulse amplitude for g/2m =4 MHz
(Appendix D).

must approximately exceed 2.2 x 10* and 6.5 x 10* for
state transfer and Bell-state generation, respectively.

IV. IMPROVED STIRAP VIA SUPERADIABATIC
TRANSITIONLESS DRIVING

Transitionless driving is a control technique for can-
celing out nonadiabatic transitions via a corrected control
Hamiltonian [35—-38]. In an ideal case, from the hardware
perspective, the correction can be simply implemented
via a modification of the original control pulses. The
superadiabatic aspect refers to implementing the cancela-
tion in a dressed frame, i.e., effectively evolving the initial
state in a modified path in the Hilbert space toward the
target state. The standard single-mode STIRAP problem
allows for a family of exact SATD solutions [17]. A com-
monly employed SATD solution dresses the evolution path
along the spin-1 M, operator, yielding the explicit results

109 < —— STIRAP, Tyy=o s —— SATD, Top= pis
- \\ ~— STIRAP,T;3=20ps —— SATD, To4=20 s
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% 10
C
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—
)
3]
3
2 10-2
»n 10°
0 50 100 150 200 250
Tp (NS)
FIG. 5. Dependence of state transfer error on pure dephasing:

comparing STIRAP and SATD as a function of z, for various
dephasing times 7>y, = T2¢,q € {00,20,5, 1} ps. Other parame-
ters are set as Ty, = Ty = 100 ws, Q. = 10°, g/2m = 15 MHz,
and A./2w = 100 MHz. STIRAP and SATD results are shown
with dashed and solid curves, respectively, with the same colors
for each T4 value. The gray shaded region is the same as defined
in Fig. 4, but for g/27 = 15 MHz.

[17,48-50] (see also Appendix D)

T cos[0(H)16(?)

Sac() =8 [s1n9(t) + 2100 } @)
B _ sin[6()16(1)

ge() =g [cose(t) 21007 } (®)

where the corrections depend on both the first 6(#) and sec-
ond derivatives 6(¢) of the mixing angle (see Appendix D
for a comparison of pulse shapes).
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== STIRAP, T} =20 us = SATD, Ty =20 us
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FIG. 6. Dependence of state transfer error on
qubit/interconnect relaxation: comparing STIRAP (dashed)
and SATD (solid) results as a function of intercon-
nect quality factor Q. for various qubit lifetimes of
Ty = Tip € {00,100,20,10} ps, fixed Thpo = Togp = 10 ps,
and g/27 = 15 MHz. Operation times for STIRAP (SATD) are
picked according to the corresponding minimum in Fig. 5 as
7, = 651ns (7, = 44 ns).
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FIG. 7. Comparison of the performance and leakage breakdown for Bell-state generation of STIRAP versus SATD. This figure has

the same format as Fig. 3 except for a weaker qubit-interconnect g/27r = 4 MHz [approximately optimal based on Fig. 2(b)]. The
enhanced population of the odd interconnect modes is caused by the even/odd coupling sign, and it is far more detrimental to Bell-state
generation. Leakage to interconnect modes that are symmetrically above and below the center frequency is identical and is shown via

a single curve.

In the following, we characterize and compare the per-
formance of the regular STIRAP and SATD protocols
and dissect various favorable aspects of SATD usage in
the context of multimode interconnects for quantum state
transfer and Bell-state generation. Some advantages of
the SATD protocol, as compared with STIRAP, can be
summarized as follows:

(1) The speed of standard STIRAP is limited by the
dark — bright transitions, whose effective transition fre-
quency is equivalent to the resonant interaction rate g
(Appendix B). SATD, however, removes the dark —
bright leakage and allows for faster operations whose
speed limit is set by leakage to the adjacent interconnect
modes (Appendix D, Figs. 3 and 7).

(i1) One crucial practical consequence of (i) is the
SATD robustness to qubit-interconnect interaction g and
the possibility of performing fast high-fidelity operations
even with weak interactions (see Fig. 4 and Appendix D
for g-robustness speed limits).

(iii)) SATD provides a more pronounced speedup over
STIRAP for Bell-state generation. This is because Bell-
state generation is more sensitive to the even/odd sign
dependence of the interaction when compared with state
transfer, and it requires a weaker coupling to mitigate
adiabatic overlap with the odd modes (Appendix C and
Fig. 7).

(iv) We observe improved sensitivity of the SATD pro-
tocol error, as compared with STIRAP, with respect to
qubit relaxation and pure dephasing (Figs. 5—6 and 8-9).

A. Quantum state transfer

We begin by analyzing the performance of SATD
for quantum state transfer. Figure 3 shows a compari-
son and breakdown of the quantum state transfer error
between the regular STIRAP and SATD protocols. To
emphasize the corrections provided by adopting the single-
mode SATD solutions in this multimode setting, here,

we present the results considering both single- and five-
interconnect modes and for zero qubit pure dephasing and
qubit/interconnect relaxation. Figure 3(a) shows that for
regular STIRAP, the single- and five-mode curves agree,
indicating that state-transfer error is limited mainly by
leakage to the resonant interconnect mode. The single-
mode SATD simulation confirms the elimination of this
leakage down to numerical error, as expected. Apply-
ing the single-mode SATD solutions (7) and (8) in the
multimode setting is still advantageous in terms of opera-
tion time (orange curve). Figures 3(b) and 3(c) show the
breakdown of final-time leakage to individual intercon-
nect modes, where for SATD the error is mainly limited
by leakage to the adjacent interconnect modes at shorter
times.

To demonstrate the robustness of the SATD proto-
col with respect to g and the interplay with FSR A,

10° —= STIRAP,Tpg= s —— SATD, Tog=c s
== STIRAP, T4 =20 ps — SATD, T2¢ =20 ps
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FIG. 8. Dependence of Bell-state error on pure dephasing:

comparing STIRAP and SATD as a function of 7, for various
dephasing times 154, = T244 € {00,20,5,1} ps. Other parame-
ters are set as Ty, = Ty, = 100 ws, O, = 10°, g/2w = 4 MHz,
and A./2m = 100 MHz. STIRAP and SATD results are shown
with dashed and solid curves with the same colors for each T4
value. The gray shaded region is the same as defined in Fig. 4.
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Interconnect quality factor Qc

FIG. 9. Dependence of Bell-state error on qubit/interconnect
relaxation: comparing STIRAP (dashed) and SATD (solid)
results as a function of interconnect quality factor O, for var-
ious qubit lifetimes of Ty, = Ty, € {00, 100,20, 10} s, fixed
Topa = Topp = 10 us, and g/2m = 4 MHz. Operation times for
STIRAP (SATD) are picked according to Fig. 8 as 7, = 250 ns
(tp = 100 ns).

we compare the performance of STIRAP and SATD for
weaker-than-optimal couplings in Fig. 4. Comparing the
state transfer error for fixed A./27x = 100 MHz and two
choices of g/2m = 4.0 and 8.0 MHz in Fig. 4(a) shows the
operation time of standard STIRAP to be inversely propor-
tional to g, where we find optimal errors of approximately
0.009 and 0.017 at 120 and 241 ns (double), respectively.
On the other hand, for SATD, the two coupling choices
provide a comparable errors, showing that it is robust to
variations in g and 7, according to a speed limit set by
g7, > 0.9287 (see Appendix D). This feature of SATD is
very beneficial, as it allows high-fidelity fast operations to
be run even at weak coupling rates. In Fig. 4(b), we show a
similar comparison but for a fixed weak g/27 = 4.0 MHz
and two choices of interconnect FSR (which is inversely
proportional to length), A./2w = 100 and 400 MHz. This
emphasizes the distinct error behavior: for STIRAP, the
error is mostly dependent on the choice of g, while for
SATD it is limited by the FSR/length of the interconnect at
fast operation times.

We also assess the improvement achieved by SATD, as
compared with STIRAP, in error sensitivity to pure dephas-
ing and relaxation of qubits in Figs. 5 and 6, with the
approximately optimal g/2x = 15 MHz for state trans-
fer [Fig. 2(a)]. We find that the incoherent errors due
to dephasing and relaxation are approximately additive.
Figure 5 shows the state transfer error as a function of 7,
for various 754 € [00, 1] ps. First, due to the expedited
transfer, the pure dephasing error AEgepn(T2¢) = E7, .
Er, 5—>00 for SATD is substantially reduced, where at 7, ~
44 ns we find AEg‘é;ﬂD(l us) =~ 1.6 x 1072, Moreover, at
a longer (standard) STIRAP time of 7, = 47 /g ~ 130 ns,

SATD demonstrates a substantial improvement in dephas-
ing error as AE&Q}ID(I ws) & 2.2 x 1072 compared with
AEgeT;llfAP(l ws) & 6.0 x 1072, Furthermore, Fig. 6 shows
the error as a function of the quality factor O, € {10°,10%}
for various relaxation times 7} € {00, 10} ws. We observe
that SATD offers a substantial improvement in sensitiv-
ity with respect to qubit 77 as AEE_’;T]D(IO ps) & 3.6 x
1073 compared with AESTIRAP(10 1s) ~ 6.0 x 1073 at

. q-rel
sufficiently large Q..

B. Bell-state generation

We next discuss the advantages of the SATD proto-
col for Bell-state (entanglement) generation. The trade-
offs/benefits demonstrated in Sec. IV A for state transfer
also apply to Bell-state generation. In addition, Bell state
generation is more affected by the even/odd sign of inter-
action, and hence requires a weaker qubit-interconnect g
as found in Fig. 2(b). The use of regular STIRAP, how-
ever, means that the operation time will be set by g
and hence will become relatively slow; therefore, SATD,
whose speed is mostly limited by A., provides a larger
speedup for Bell-state generation compared with state
transfer.

Figure 7 shows a comparison between STIRAP and
SATD, similar to that in Fig. 3 with zero relaxation and
dephasing, for Bell-state generation. Figure 7(a) shows
that the SATD solution cancels out the resonant nonadi-
abatic error entirely; the five-mode simulation, however,
manifests a constant floor for the error at sufficiently
long times independent of 7,. The breakdown of inter-
connect mode populations in Figs. 7(b) and 7(c) reveals
the source of this error as loss of qubit population to the
odd modes, which is almost equal between STIRAP and
SATD. We find that this adiabatic overlap of the suppos-
edly dark state with the odd modes scales approximately
as (g/A.)*. Here, we have picked a weak coupling of
g/2m = 4 MHz, which suppresses the overlap error down
to 3.2 x 1073, In this regime, SATD gives a noticeable
speedup, where the fastest operation times for STIRAP
and SATD are approximately 250 and 100 ns, respec-
tively. Furthermore, Figs. 8 and 9 characterize the sensi-
tivity of the Bell-state generation error to pure dephasing
and qubit/interconnect relaxation in a similar format as
in Figs. 5 and 6 but for g/2mr = 4 MHz. In this weak-
coupling limit, SATD leads to a noticeable reduction in
error sensitivity to pure dephasing, where at 7, ~ 100
ns we find AE?:I;ED(I ws) = 5.11 x 1072, compared with
AESIRAP(1 ps) = 1.164 x 107" at 7, ~ 250 ns. More-
over, based on Fig. 9, SATD achieves improved error sen-

sitivity with respect to 7, where AES_‘?CTID(IO ws) ~ 8.7 x

10~* compared with AESTIAP(10 ps) ~ 2.37 x 1072 at
sufficiently large Q..
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FIG. 10. Examples of remote indirect two-qubit gate schemes.
(a) Schematics of two quantum modules coupled via an intercon-
nect. (b) A protocol that combines an arbitrary local two-qubit
gate U, between qubits A and B with two remote quantum state
transfers between qubits B and D to ideally achieve the same,
but with a remote gate U, between qubits A and D. A similar
two-qubit gate can be implemented between qubits B and E. (c)
The CNOT gate teleportation protocol [15,16,61,62] requires an
initial Bell state, two local CNOT gates, and two midcircuit mea-
surements and feedforward operations to achieve a remote CNOT
between qubits A and E. The default entangled state in this pro-
tocol is |®4) = (1/4/2)(|00) + [11)) (squiggly line), which is
equivalent to the state produced by STIRAP/SATD up to local
X and Z operations (not shown for brevity).

C. Practical impacts of SATD on indirect remote
two-qubit gate schemes

To put the SATD improvements into perspective, we
revisit the two indirect two-qubit gate schemes shown in
Fig. 10. Imagine two QPUs with qubits A and B on the
left, and D and E on the right. In each unit, we can per-
form a native two-qubit gate Ug; however, we assume that
between the interface qubits B and D across the intercon-
nect C, we can only perform quantum state transfer or
generate entanglement.

The first scheme in Fig. 10(b) allows the arbitrary native
two-qubit gate 0g to act between an interface qubit and
the qubit adjacent to the interface qubit on the other side.
For instance, to perform a remote gate between qubits A
and D we need to: (i) initialize qubit B in the ground state
|0), (ii) transfer the state of D to B, (iii) perform the local
native gate Ug, and (iv) transfer the state of B back to D. In
other words, Ug,AD = SATB_>DUg7ABSATD_>B. A similar gate
could be implemented between qubits B and E. Assuming
sufficiently high fidelity for each individual operation, the
average gate error [60] up to the leading order is roughly
Eg,A p ~ EUg + 2Egr. Given the requirement for two state
transfers, we expect the use of SATD to give notice-
able improvement in both the gate speed and the average
error. For instance, with g/2m ~ 15 MHz, in Ref. [24] a
130-ns state transfer is calibrated using STIRAP, while

with SATD, we expect an O(50)-ns transfer time for an
FSR of O(100) MHz.

Figure 10(c) shows the well-known controlled NOT
(cNOT) teleportation scheme [15,16,61,62]. The protocol
requires an initial entangled Bell pair between the interface
qubits B and D, which can be prepared using STIRAP or
SATD. Applying two local CNOT gates and two midcircuit
measurements and feedforward operations across the inter-
connect yields an effective CNOT gate between the outer
qubits A and E. We expect the fidelity of the protocol to be
mainly limited by the relatively long midcircuit measure-
ments and feedforward operations. The requirement for a
weaker optimal g/27 &~ 4 MHz, however, makes the use
of SATD more crucial, and it can expedite the Bell gener-
ation considerably, e.g., from 250 ns down to O(100) ns
(see Fig. 8).

V. CONCLUSION AND OUTLOOK

In this work, we promote the general application of
shortcuts to adiabaticity methods [63—65], in particu-
lar SATD for STIRAP [17,48-50], in improving remote
entanglement generation and quantum state transfer in
multimode interconnects. Our results have applications to
both long-range QPU-QPU connections and potential on-
chip connections. In addition to introducing new leakage
and decay channels, we find that the multimode nature of
an interconnect violates the dark-state symmetry required
for adiabatic passage by an adiabatic overlap error with the
odd modes that grows as (g/A.)?, which impacts entan-
glement generation more strongly. This observation makes
SATD a great fit in this multimode context because its
robustness against g allows for fast quantum operations
at a sufficiently weak g, and it also suppresses the over-
lap error. For a meter-long interconnect with an FSR of
100 MHz, we can calibrate an (O(50) ns quantum state
transfer and a Bell state with subpercent error.

We find the single-interconnect-mode SATD solutions
[17,48-50] to work approximately as intended in the
weak-g limit such that only leakage in the resonant sub-
space (dark-bright transitions) is canceled out, and the
operation speed is limited by leakage to the adjacent
modes, which is set by the interconnect FSR. A potential
future research direction is expediting the operation even
further by suppressing leakage to the off-resonant modes.
One could ask whether precise or approximate SATD solu-
tions exist in the multimode case, and whether they can
be implemented via the same control knobs. Furthermore,
the single-mode SATD solutions can potentially serve as
reasonable initial guesses for numerical optimal control
techniques [66,67] for further leakage improvement.
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APPENDIX A: LINDBLAD SIMULATION

For our numerical modeling of STIRAP and SATD,
we run Lindblad simulations with two qubits and a finite
number of interconnect modes. The Hamiltonian can be
approximately described as

N
Awn=>Y" [wq(t)q*qu anqTq*qq} + Y ok
N

q=a,b n—ne=—

N
+ ) 2w (a2 +a'e,)
n—ne=—N
N
+ Y a1y (e + ),

n—ne=—N

(AT)

with &, b, and ¢, denoting the qubits and the nth inter-
connect modes, respectively; w, o, and g represent the
mode frequency, anharmonicity, and exchange interac-
tion, respectively. The multimode interconnect is modeled
as a set of 2N + 1 linear quantum harmonic oscillators
as w, = w,. +nA. with the center frequency w,, and
FSR A..

We account for various incoherent error sources such
as qubit relaxation, cable relaxation, and qubit pure
dephasing, by numerically solving the following Lindblad
equation for the system density matrix g (%):

. . 1
ps(t) = —ilH (1), p)] + ) 7. Dlalas

g=a,b 9
+> :

T
g=ap 204

D345t + Y kaD[Ea1ps(0),
(A2)

where Ty, and 754 4 are the relaxation and pure dephasing
times for qubit ¢ = a, b, respectively, and k,, is the decay
rate of the nth interconnect mode. Furthermore, D[é],és =
Cp,CH — (1/2){@@, 05} is the dissipator for the collapse
operator C.

A few remarks are in order. First, the qubit Hamil-
tonian is expressed as a multi-level Kerr oscillator. For
the purpose of modeling state transfer and Bell-state gen-
eration, however, the time evolution is fairly accurately
described by the one-excitation subspace; therefore, the
two-level approximation works well. Second, we have
performed the rotating-wave approximation on the qubit-

interconnect interactions given the experimentally relevant
realizations, where g,./2m ~ O(10) MHz and w,/27 ~
O(5) GHz. Third, the qubit-interconnect interaction rates
gqn for ¢ = a, b in principle depend on the mode num-
ber approximately as ggu/gqn X (wn/wa)"/? [68-T71]. For
a long coupler, however, qubits are resonant with a high-
order interconnect mode, making the modal dependence
of the interaction less pronounced. Fourth, the phase fac-
tor (—1)" for the qubit b interaction rate accounts for the
opposite amplitude sign of even and odd spatial modes at
the two ends of the interconnect.

For all results in the main text, we have accounted for
five interconnect modes: one resonant with the qubits and
two on each side. Even under a two-level approximation
for the qubits and the modes, this constitutes a large density
matrix of dimension 128 x 128 (D =27 = 128). Figure
11(a) shows convergence tests of state transfer error with
one, three, and five interconnect modes. Generally speak-
ing, a stronger g leads to more pronounced multimode
effects involving further detuned modes. Our choice of
five interconnect modes is a balance between simulation
precision and speed for g/27 of up to approximately 15
MHz used in the main text. Furthermore, since STIRAP is
excitation preserving, higher-levels of the qubits would not
impact the dynamics, as shown in Fig. 11(b).

Lastly, we note that our numerical simulation of the
Lindblad dynamics (Al) and (A2) was performed using
Qiskit Dynamics [72,73], along with standard PYTHON
scientific-computing packages including NUMPY [74] and
SCIPY [75]. We used the DOP853 ordinary differential
equation solver with absolute and relative tolerances set
to atol=rtol=1e-10. The simulations were parallelized
over multiple CPU cores (up to 250) on IBM’s Cognitive
Computing Cluster.

APPENDIX B: SINGLE-MODE STIRAP

Consider a resonant Lambda system with tunable inter-
action rates between the qubit states ¢ = a, b and coupler
state ¢ as

. 0 ge® 0
Hgstrp() = | ac(D) 0 8re(?)
0 g 0
0 2(f) sin () 0
= | g(H)sin6 () 0 g(f)cosh(n) |,
0 g(f) cos () 0
i (BI)

where in the second step we have re-expressed the

interactions as g(f) =,/g2.() + g2 () and tan6(f) =
2ac (1) /gpe(?). This resonant A system contains two bright
eigenstates and one dark instantaneous eigenstate, where
dark refers to there being no overlap with the intermedi-
ate interconnect state. Explicitly, Hamiltonian (B1) can be
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FIG. 11. Numerical convergence test. State transfer error for
STIRAP (a) when including one, three, and five interconnect
modes, and (b) when making two- or three-level approximations
for the qubits. Parameters are set similar to those in Fig. 2(a) with
0. = 10°. The vertical dashed line in panel (a) shows the largest
coupling used in our simulations.

diagonalized as

5 _ 7 5 2l
Hinst = UnstH stre Upngr

+g() 0 0
= 0 o o0 (B2)
0 0 —g@®
via the unitary transformation
sinf()/vV2  1/v/2  cosb()/v2
Uinst = cos O (t) 0 —sinf(H) |, (B3)
sinf()/vV2 —1/3/2 cosb(1)/2

where the rows of Eq. (B3) represent the bright and
dark eigenstates, having eigenenergies Ep . (f) = £g(¢)
and Ep(z) = 0, respectively.

Under STIRAP, we adiabatically evolve the dark state
|D(%)) = cos6(¢) [1,0.05) — sin6(¢) |0,0.1,) of the system
by sweeping the angle 0(¢). Starting with 6(0) = 0, we
can create a Bell state or perform state transfer at final

angle 6(z,) = /4 and 6(z,) = /2, respectively. Com-
mon control pulse shapes are

gac(t) =g sin 9(1), (B4)

8he(t) = gcosO(p), (BS)

0(t) =0, i (B6)
Tp

which keeps the bright-dark transition frequency constant
in time equal to g. The nonadiabatic error of STIRAP is
explicitly found by the time-dependent transformation of
the Schrédinger equation in the instantaneous frame as

Hyap = iUnst UINST
0  +i0@®) 0
= | —if() 0 —i6 () |,
0 +i6 (1) 0

(B7)

which is responsible for dark-bright state transitions whose
strength is determined by the STIRAP speed 6(¢).

We can derive leading-order expressions for the
dark-bright transitions using Magnus expansion [76—78].
Employing the control pulse shapes (B4) and (B5), and
in the frame rotating with the instantaneous Hamiltonian
(B2), the nonadiabatic Hamiltonian is transformed to

Hyap (1) = eH™NSTHy\p (f)eHsT!

0 +if (e ¢ 0
= | —if (et 0 —i0(H)etie
0 +if (H)e ¢! 0

(B8)

Up to the lowest order, the Magnus generator and the time-
evolution operator are found as [78]

Than(1,0) = 1 — iGi(1,0) + O, (1), (BY)
Gi(t,0) = / dt Hyap (£). (B10)
0

We finally compute the dark-bright transition probability
up to the leading order as

2 2
Pp.5.(6,0) = |(B2(0)] Uxan(1,0) [D(O))|

2 A
+ O(Hiap (). (B11)

%

t
/ dt 6(t)eTe’

0

Based on Eq. (B11), for constant 0 (f) = 0, /7y, this leakage
can be minimized if the operation time satisfies gz, = 2nmw
for n € N, explaining the regular STIRAP lobes as, e.g., in
Fig. 3(a).
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APPENDIX C: STIRAP CONSIDERATIONS FOR A
MULTIMODE INTERCONNECT

In a multimode setting, where g is a non-negligible frac-
tion of the interconnect’s FSR A., the off-resonant modes
have a detrimental effect on the STIRAP protocol. Here,
we provide a simplified argument on why using STIRAP
for entanglement generation is more prone to multimode
error compared with state transfer.

Note the qubits also form off-resonant Lambda systems
with the adjacent interconnect modes. To study the role
of off-resonant modes, and the even-odd sign-dependent
interactions, consider the simplest multimode extension of
Eq. (B1) as

0 guc® Zac®  gac(D) 0

R gac(t) _Ac 0 0 _gbc(t)
Hg/![hép(t) = gac(t) 0 0 0 gbc(t) 5
gac(t) 0 0 Ac _gbc(t)
0 _gbc(t) gbc(t) _gbc(t) 0
(CDH

where we add two adjacent interconnect modes with detun-
ings £A..
Due to the sign-dependent interactions, Hamiltonian
(C1) only supports a pseudo-dark eigenstate of the form
cos[B(1)]
@ o
gA—C sin[26 ()]
|Dpseudo(t)> 0.8 0 D
@ o
- gA—C sin[26 ()]
—sin[0 (9]

(€2)

where g(1) = ,/g2.(1) + g, (1) and tan 6.(1) = guc()/gse (0.

According to Eq. (C2), for the case of alternating inter-
action sign, the pseudo dark eigenstate has a nonzero
overlap of magnitude |[g(f)/A.]sin[20(f)]| with the one-
excitation subspace of the odd interconnect modes. For a
hypothetical case of same-sign interaction, however, we
find that the original dark state is supported with zero over-
lap with all interconnect modes. First, we emphasize that
this unwanted overlap is an adiabatic error, which is inde-
pendent of the STIRAP speed 6(f), and it can only be
mitigated by a weaker interaction g. Second, when sweep-
ing the mixing angle from 6(0) =0 to 6(z,) = /2 for
state transfer, the unwanted end overlap is zero given that
sin[20(z,)] = sin(r) = 0; however, this is not the case
for arbitrary entanglement generation and Bell-state gen-
eration with 6(t,) = 7/4 in particular, making it more
susceptible to such an adiabatic error.

APPENDIX D: SATD CORRECTION FOR STIRAP

Here, we revisit the SATD solutions for the STIRAP
problem [17,48-50]. Under the SATD method, we actively

cancel out the nonadiabatic contribution by (i) correcting
the controls and (ii) dressing the adiabatic evolution path.
Here, we review the derivation of a special SATD solution
in which both the control and the dressing is along the x
direction:

Aerr. (0 = O [ it | Onsr 0, @1
V(1) = R[] = explin(HM.], (D2)

where £,(f) and p(f) are the x control amplitude and x
dressing angle, respectively (to be determined), and M, for
k = x,y,z is the spin-1 operator.

We then solve for 4,(¢) and w(¢) such that in the frame
dressed by ¥(#), given by

Aors () = V) [gh.0) + 61,0 + 0810 V()
+ 00, (D3)
the off-diagonal nonadiabatic transitions are canceled out

at arbitrary time ¢. Enforcing the cancelation results in the
following equations:

10

tan pu(f) = ——, (D4)
g
h(8) = p(2), (D5)
with an explicit solution for 4, (¢) as
6(f)
ho(t) = ——20 (D6)
g +00

Transforming the corrected control back to the lab frame
according to Eq. (D1), one finds the SATD solutions as

, cos[0(0)]6(2)
sin 6 (t) + m
—

SATD correction _|

8ac (t) =g . (D7)

sin[6(1)16 ()
cos 6 (f) — m
R —

SATD correction _|

gbc(t) =& (DS)

To ensure that the initial and final points of the adi-
abatic evolution remain unchanged, we further enforce
ODli=0.5, = 0D li=0.c, = 0, in addition to 6(0) =0 and
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FIG. 12. STIRAP and SATD mixing angles and corresponding

pulse shapes. (a) First-order (STIRAP) and fifth-order (SATD)
polynomial parametrization of mixing angle as in Egs. (B6) and
(D9) with 6, = /2. (b),(c) Corresponding STIRAP and SATD
pulse shapes, given in Egs. (B4), (B5), (D7), and (D8) for (b)
g7, =4mand (c) g7, = 7.

0(t,) = 6,. The lowest-order polynomial satisfying these
conditions is then found as

\’ A\ 1\’
09 (1) =0, |:6 (—) —15 (—) + 10 (—) } :
Tp Tp Tp
(D9)

Lastly, we comment on the relation between g and 7,
for the SATD solutions (D7) and (D8). Note that for
STIRAP, the maximum pulse amplitude is set directly

by g because |sin(6(¢))| < 1 and | cos(8(¢))| < 1. To min-
imize leakage in STIRAP, the operation is calibrated at
g7, = 2nm as described in Appendix B, with g7, = 4n
as a common choice. For SATD, however, the derivative
corrections can grow in magnitude at sufficiently short 7,,
where we find that |g,.(f)/g| <1 and |g,.(t)/g| <1 for
operation times as fast as g7, < 0.9287. Below this limit,
ie., g, < 0.9287, the SATD implementation requires a
larger-than-g maximum pulse amplitude for an exact leak-
age cancelation. This is a practical consideration, as such
a larger interaction needs to be supported by the underly-
ing hardware. In summary, with a fixed allowed maximum
g(f), SATD provides an approximate 4x speedup with
respect to the standard STIRAP calibration (2x speed-up
with respect to the g7, = 2 choice).

Figure 12 shows a comparison between the modified
SATD control pulse shapes (D7){(D9) and the stan-
dard STIRAP control in Egs. (B4){(B6), comparing the
standard choice g7, = 4m and the borderline choice of
g1, = 7. Note that for g7, = 7, the derivative corrections
are non-negligible and lead to nontrivial control shapes.
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