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Controlling state evolution via adiabaticity has attracted significant interest for its vital role in quantum
and photonic applications. However, attaining the adiabaticity control limit (ACL)—defined as the shortest
possible duration with minimal mode crosstalk during evolution—remains a significant challenge. In this
Letter, we address this issue by introducing an inverse adiabaticity control strategy, where the tolerable
crosstalk serves as a control parameter. Taking the stimulated raman adiabatic passage as an example, we
demonstrate the principle of inverse adiabaticity control and determine the map of optimal solution under
various parameter constraints. The effectiveness and superiority of the inverse design strategy are
experimentally demonstrated in silicon photonic waveguides. Crucially, we show that ACL solutions can
achieve both the fastest and most robust evolution simultaneously, overcoming the usual tradeoff in
conventional forward-designed structures and meeting key needs for photonic and quantum computing
devices. The inverse control method offers a universal strategy that may be applicable across a wide range

of physical settings.
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Exploring the dynamical evolution of physical states
represents a central challenge in fundamental physics
[I-11], in which accelerating (non-) adiabatic state evolu-
tion toward a prespecified final target has attracted con-
siderable attention in both fundamental physics and
practical applications, such as in fast quantum computation
in fast quantum computation [12-14] and integrated
photonic devices [15-17], etc. Existing strategies include
optimizing the evolution path in parameter space under
adiabatic conditions [18], or minimizing the total evolution
duration to achieve the fastest state transfer [19]. In
addition, the framework of shortcuts to adiabaticity
(STA) [20,21] has been developed, which deliberately
allows partial nonadiabatic transitions for appropriate
acceleration, while ultimately enabling high-fidelity access
to the target state. Representative STA protocols include the
counterdiabatic (CD) method [22-24] and invariant-based
inverse engineering (IIE) [25,26], etc.

It is anticipated that efforts to accelerate state evolution
will encounter a fundamental optimum. Usually, the state
evolution process is governed by two parameters: total
evolution time and mode crosstalk. While the optimal
scenario is to minimize both, they inherently trade off
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against each other. For example, adiabatic protocols sup-
press crosstalk at the cost of long durations, whereas STA
shorten the evolution but typically increase crosstalk and
parameter sensitivity. It is therefore essential to identify the
fundamental bound—the adiabaticity control limit (ACL)—
defined as the shortest attainable evolution with minimal
crosstalk. Establishing the ACL would deepen the under-
standing of adiabatic control and guides the design of high-
performance photonic and quantum devices.

However, existing conventional designs typically struggle
to reach the ACL, resulting in unavoidable redundancy
during their state evolution process. This is because these
approaches face difficulties in quantitatively controlling the
dimension of crosstalk, which prevents them from obtaining
a complete map of (non-)adiabatic state evolution. By
contrast, inverse design approaches [27-34] offer the
potential to control crosstalk—and thus adiabaticity—
allowing for the precise determination of the ACL.

In this Letter, we propose an inverse adiabaticity control
framework, which introduces a new dimension to control
the eigenmode crosstalk and enables identification of the
ACL. Using stimulated raman adiabatic passage (STIRAP)
as an example, we elaborate on the inverse adiabaticity
control strategy and construct a comprehensive map of
(non-)adiabatic state evolution, illustrating the landscape of
optimal fidelity. Consequently, we reveal for the first time
the existence of the ACL, at which the evolution process

© 2025 American Physical Society
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FIG. 1. Schematic illustration of the inverse adiabaticity con-
trol. For each pair of evolution time and tolerable crosstalk, there
exists an optimal evolution strategy that maximizes fidelity. The
lower panel illustrates the four marked typical evolution strate-
gies. The parameter combinations that precisely enable the
evolution process to achieve the target form the ACL, which
is challenging for conventional designs to reach.

achieves both maximum speed and robustness. We further
validate our method experimentally in integrated silicon
waveguides, showing clear advantages over conventional
design strategies. Importantly, we find that, contrary to
conventional understanding, the reduced robustness of
conventional STA designs does not stem from degraded
adiabaticity. Instead, it arises from redundancy in both
duration and crosstalk, as evidenced by the result that the
best robustness is achieved on the ACL. Furthermore, our
results demonstrate that achieving the most compact and
robust state evolution is in fact a unified goal, which is
crucial for device design in optical waveguides and other
physical platforms.

The basic principle of inverse adiabaticity control is
illustrated in Fig. 1. Regardless of specific implementation,
a state evolution process has a predetermined target state.
Fidelity, defined as the overlap between final output and
target state, quantifies the accuracy of the result. A fidelity
close to unity is obtained when the output matches the
target, while a value near zero indicates complete diver-
gence. In a state evolution process, evolution time and mode
crosstalk usually are two key parameters that influence the
system’s dynamics. The evolution time reflects the longi-
tudinal scale of the system. A longer evolution time
provides more opportunity for the modes to evolve. On
the other hand, transverse modulation of the system gives
rise to mode crosstalk. While crosstalk typically varies
during evolution, we can define an average crosstalk [35] to

quantify its overall degree. By permitting a high level of
average crosstalk, the evolution time can be shortened, as
seen in the STA process [20]. However, such approaches
lack control over the degree of crosstalk, often resulting in
excessive crosstalk and reduced robustness. In contrast,
inverse design allows us to specify a folerable crosstalk—an
upper limit on average crosstalk—which enables quantita-
tive regulation of the system’s adiabaticity. This, in turn,
enables the optimization of maximum fidelity across all
combinations of these parameters (evolution time and
tolerable crosstalk), represented by the colored surface in
Fig. 1. In fact, Fig. | indicates the highest fidelity attainable
for a given evolution time and crosstalk bound, and it
reveals four representative evolution scenarios, illustrated
using waveguide light propagation: (I) Adiabatic evolution
that has long duration and low crosstalk, characterized by
slow coupling of light in waveguides; (II) redundant
evolution, where excessively large values of both parame-
ters cause optical modes to retrace their paths and thus
induce unnecessary oscillations; (III) insufficient evolution,
in which small parameter values prevent complete transfer
of light to the target waveguide output; and (IV) STA-like
evolution, where increased tolerable crosstalk between
waveguide modes compensates for a shorter evolution time.
When both parameters are increased to the point where the
fidelity approaches sufficiently close to unity (here taken as
0.99), the existence of the ACL is identified, delineating
conditions under which the system achieves the target
without redundancy, as exemplified by cases I and IV.
Conventional forward-design methods usually fail to reach
the ACL and thus fall into case II. To reach the ACL,
optimization-based inverse design is indispensable for the
ideal high-fidelity outcomes.

In the following, we illustrate our approach using
stimulated raman adiabatic passage (STIRAP) as an
example. STIRAP, characterized by adiabatic population
transfer via dark states, is renowned for enabling noise-
resistant quantum operations, making it crucial for quan-
tum control protocols [4,6,7]. This process serves as a
suitable model to demonstrate our design, which can be
implemented in photonic systems using single-mode
waveguide arrays. Specifically, when the optical field
overlap between adjacent waveguides is sufficiently small,
light propagation in the waveguide array can be described
using coupled mode theory (CMT) [36], whose math-
ematical form closely resembles that of the Schrodinger
equation —i(d/dt)|y) = H|y) with the time variable ¢
replaced by the propagation distance z. In the tight-binding
CMT equation, |w) = (w1, w2, w3)" denotes the modal
amplitudes in each waveguide and H is the system
Hamiltonian featuring the propagation constants in each
waveguide (diagonal) and the couplings between them
(off-diagonal). The total waveguide length L is related to
the normalized evolution time as L = T/ ¢y, Where ¢pax
is the maximum coupling coefficient in the system.
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FIG. 2. Inverse design in STIRAP. (a) Optical-waveguide

realization of the STIRAP framework. The input X modulates
the system Hamiltonian to generate the output fidelity Fy. The
gradient of colors shows energy transfer from site 1 to site 3.
(b) Mode distributions under linear coupling functions c;(#) =
t/T and c,(t) = 1-t/T. Here ¢|/co =0~ for t=0~T.
(c) Left: the evolution of eigenstate populations indicated by a
color gradient. Right: average crosstalk constrained by a non-
linear condition. (d) Comparisons of design principles. Top:
forward design, where input X yields direct outputs (F, pi).
Bottom: inverse design, where 7 and p7T{* are specified,
producing optimal outputs (F oy, Xop()-

In Fig. 2(a), the target of STIRAP is to transfer
the dark state input from site 1 to the output at site 3.
The coupling coefficients ¢; and ¢, are modulated by
interpolation points X, where c; varies from O at the
input to the maximum value c,, at the output, while ¢,
behaves inversely. The fidelity Fo = |(y(T)|0(T))|%
which quantifies the overlap between the output state
and the target dark state, is calculated using CMT. As
shown in Fig. 2(b), if the system evolves completely
adiabatically, the input mode will follow the dark state
|0) = (cos 0,0, —sind)” throughout the evolution, where
0 = arctan(c;/c,) is the mixing angle. However, any
evolution inevitably induces transitions of the dark state
to the other two modes |+) = [1/v/2](sin@, £1,cos ).
To achieve a high-fidelity output, there must be a
process where the target state first transitions out to these
modes and then converges back to zero-energy level
[Fig. 2(c)]. The sum of average population of the other
two modes can be defined as the average crosstalk

pir=1=po=1=(1/T) [ (y(1)|0(r))]*dt, where a
larger value indicates stronger departure from adiabaticity
throughout the entire evolution process. The optimization
problem can thus be formulated as

min_ — f(x),

0<X;<1

S.LPei(X) < pm, i=1,2,.... Ny, (1)

where f(X) is the fidelity function, and X denotes the
interpolation points that specify the time-dependent cou-
pling-coefficient profiles ¢; and ¢, [37]. Both f(X) and
P+1(X) depend explicitly on X. The nonlinear inequality
constraint in Eq. (1) serves to constrain py; to be below
the tolerable crosstalk p7P4* [Fig. 2(c)]. The gradient
descent method is used to maximize the fidelity by
minimizing —f(X). More detailed optimization settings
are provided in Ref. [37].

A key advantage of inverse design is its ability to
incorporate such nonlinear constraints. As shown in
Fig. 2(d), forward design involves a one-way mapping
from an input X to output performance F, where p; is
merely a by-an product. In contrast, both p'f{* and T are
treated as key requirements in inverse design, effectively
breaking the unidirectional causal relationship and thereby
yielding a richer diversity of optimal solutions (F g, Xop)-
In conventional STA techniques, one passively sustains
resultant crosstalk, which has long been regarded as an
unintended incidental effect. By contrast, our approach
enables advance assessment of whether the crosstalk results
meet the constraints. Thus, tolerable crosstalk actually
becomes a control parameter in inverse design, enabling
systematic exploration of the full fidelity landscape and
precise identification of the ACL.

Figure 3(a) shows the inverse-designed results, where the
optimal fidelity F, is obtained over the parameter space,
forming in a complete distribution Fo(pT{*,T). As both T
and pTY* increase, the optimal fidelity increases and
ultimately approaches unity, delineating the ACL (defined
by the Fy = 0.99 contour). This result aligns with the
aforementioned schematic in Fig. 1, where the four repre-
sentative strategies are marked. The evolution of zero-mode
population p, as function of normalized time ¢/T for these
strategies is illustrated in Fig. 3(b) (see Ref. [37] for more
details about p, and coupling coefficient profiles). In case I,
the zero-mode population remains consistently high
(po > 0.94), reaching the target while preserving adiaba-
ticity. In case IV, controlled nonadiabaticity accelerates the
evolution, achieving the target in shorter time. In case III,
the adiabatic path is preserved but the duration is too short to
reach the output. In case II, the target is reached but
unnecessary nonadiabatic process is introduced. Through
inverse design, the full fidelity landscape is uncovered. The
ACL, which represents the most efficient scheme—that is,
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FIG. 3. (a) The optimized fidelity F, as a function of evolving time 7 and tolerable crosstalk p7{*. The dotted line represents the
contour of Fy = 0.99, indicating the ACL under this fidelity threshold. Four representative cases (I-IV) are selected for subsequent
analysis. (b) The zero-mode population p, as a function of normalized time 7/T under the four cases. (c) Schematics of the inverse
designed STIRAP processes on SOI waveguide platform. (d) CCD recorded optical propagation in the waveguide arrays.
(e)—(h) Simulated light propagation in the optimized waveguide arrays with corresponding scanning electron microscope (SEM)
images for the four cases. (i)—(1) Output intensity at z = 0.25L, 0.5L, 0.75L, and L corresponding to structures in (e)—(h).

Cmax = 0.177 pm™! for L = T/c . Input wavelength 4 = 1550 nm.

the fastest possible state evolution achievable under a given
tolerable crosstalk p'1i*—has thus been demonstrated.

To experimentally validate the feasibility of inverse
design, we implement the four aforementioned cases on
a silicon-on-insulator (SOI) photonic waveguide platform,
as illustrated in Fig. 3(c) [18,41,42]. Details regarding
the waveguide parameters, sample fabrication, and exper-
imental measurement setup are provided in Ref. [37].
Figures 3(e)-3(h) present full-wave simulations performed
using COMSOL Multiphysics. The simulation results are in
good agreement with the analysis in Fig. 3(b), where the
intensity observed in the intermediate waveguide serves as
an indicator of the system’s adiabatic behavior. In experi-
ments, the waveguide arrays, input grating couplers, and
extended output ports were fabricated using electron-beam
lithography (EBL, Eliomix ELS-F125) and dry etching
(Oxford PP100). We coupled the laser light into the wave-
guide lattice via an input grating coupler. The transmitted
light scattered from the extended output ports was collected,
and the coupling-in and coupling-out processes were imaged
using a near-infrared charge-coupled device (CCD) camera
in Fig. 3(d). For the four STIRAP lattices in Figs. 3(1)-3(1),
the output optical fields were measured at z = 0.25L, 0.5L,
0.75L, and L, respectively. The experimental results agree
well with simulations, confirming the feasibility of the
inverse design strategy in photonic waveguides.

The optimal STIRAP evolution has been achieved using
inverse adiabaticity control, with its feasibility experimen-
tally demonstrated. We now turn to a more detailed

discussion of the results from this new landscape.
Figure 4(a) compares several typical conventional designs,
including linear, Gaussian—exponential, CD protocol, and
IIE schemes. Given a coupling profile X and 7, F, and
P+ can be evaluated. A design is considered valid if
Fo > 0.99, and its location in the (p'1{*, T) space can then
be identified. Although several valid points appear, none
lie exactly on the ACL [marked points in Fig. 4(a)],
implying structural redundancy. In contrast, inverse design
has the ability to yield solutions precisely on the ACL,
ensuring maximum compactness (see Ref. [37] for detailed
comparisons).

Importantly, solutions on the ACL also demonstrate
superior robustness. To verify this, we introduce random
diagonal detuning disorders of strength A: A, = ¢, A6,
n=1, 2, 3, which are known to cause significant
performance degradation in integrated photonic devices.
Figure 4(a) illustrates the standard deviation of fidelity o,
for inverse-designed structures subjected to a substantial
disorder strength of A = 0.3. It is evident that proximity
to the ACL results in decreased variability in fidelity.
Figure 4(b) shows the average fidelity F, and its variation
o, over different 7" at pT{* = 0.45. Notably, at the ACL
point where 7 = 2.4, the system achieves maximum
fidelity accompanied by relatively low variability.
Conversely, unnecessarily prolonged evolution times
result in decreased fidelity and increased variability,
signifying a drop in performance.
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FIG. 4. (a) The standard deviations of fidelity o, with respect to
evolving time 7 and tolerable crosstalk pT¢* under a structural
deviation degree of A = 0.3. The dotted line indicates the ACL.
The marked points correspond to the results (p.;, T) of forward
designed structures satisfying F, > 0.99. (b) The mean values of
fidelity F, and the standard deviations of fidelity o, with respect
to varying 7 and A at fixed p7{* = 0.45. The dotted line indicates
the ACL point (0.45, 2.4). Each data point is derived from 100
independent simulation runs. Detailed parameters and more
results of robustness are provided in Ref. [37].

Once the target outcome is ensured, the reduced
redundancy actually enhances robustness. The ACL pre-
cisely defines the optimal frontier where such redundancy
is eliminated. It achieves the shortest possible evolution
time under the same tolerable crosstalk, corresponding to
optimal compactness, and simultaneously yields the
smallest average crosstalk among all solutions with the
same duration, ensuring the highest robustness against
perturbations. In contrast, solutions not lying on the ACL
inevitably undergo unnecessary additional crosstalk,
which increase the likelihood of deviation from the target
state [37]. In this sense, the degradation of robustness in
conventional STA designs does not merely stem from the
simple introduction of crosstalk, but from the fact that
these designs fail to follow the ACL, thereby introducing
redundant average crosstalk. This finding highlights the
critical role of the ACL, where compactness and robust-
ness—two essential attributes for large-scale photonic
integration and high-precision quantum computation—
are simultaneously optimized.

In conclusion, we have constructed a comprehensive and
optimal landscape of (non-) adiabatic state evolution by
introducing an optimization-based inverse design frame-
work. Using STIRAP as a representative case, we demon-
strated how inverse design systematically identifies optimal
strategies that achieve the target output with high fidelity. As
a proof of principle, we experimentally validated these
designs in integrated silicon waveguides, confirming opti-
mal compactness compared to conventional forward-
designed structures. Crucially, our approach enables access
to the ACL, thereby eliminating redundant evolution and
achieving optimal robustness performance—a key require-
ment for practical quantum and photonic applications.
Beyond the specific case studied here, the method can be
readily extended to more complex systems [37]. Our results
provide broadly applicable tool for precise and flexible
control of (non-) adiabatic state evolution, providing new
opportunities for a wide range of quantum and integrated
photonic devices, such as adiabatic quantum computation
[12,43], non-Abelian quantum logic gate [13,42,44-46] and
quantum sensor [14,47].
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