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Observation of end-to-end pumping in a quasiperiodic Fibonacci-type photonic chain
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End-to-end pumps utilizing edge-localized states offer a promising route to operate as connecting buses,
supplying efficient and robust connectivity between non-neighboring elements in a network. Here, we investigate
a finite quasiperiodic Fibonacci-type photonic chain and demonstrate its ability for end-to-end pumping, with
only small and simple changes to the system. First, we use a tight-binding formalism to numerically show that
a localized pumping state can be transferred between opposite ends of the system, with only a small structural
change to the chain. Then, we experimentally implement this end-to-end pump in an array of coupled optical
waveguides, where light propagation is effectively described by the tight-binding model under the paraxial
approximation, enabling direct correspondence between theory and experiment. We numerically simulate and
experimentally demonstrate pumping by injecting light into a single waveguide at one end of the setup, which
activates a localized pumping state. As the light propagates along the waveguide array, it is also pumped to
the other end. We further show that pumping remains robust against structural deformation, such as controlled
defects in the waveguide array. Our results establish that quasiperiodic Fibonacci-type photonic lattices are a

robust and experimentally viable platform for disorder-resilient state transfer.

DOI: 10.1103/vxx3-13h4

I. INTRODUCTION

The emergence of localized states at the boundaries of a
system is a widespread phenomenon that arises in diverse
physical contexts, including topological phases of matter,
which host boundary states that are resilient to disorder and
imperfections [1-3]. Beyond electronic systems, topological
phases have been extended to classical platforms, including
in topological photonics, where synthetic lattices for light
emulate topological phenomena [4-6]. In particular, the anal-
ogy between Maxwell’s equations for light under the paraxial
approximation and the Schrédinger equation provides a play-
ground for simulating condensed matter systems in photonic
waveguide arrays [7-9]. This gives direct experimental access
to properties that may otherwise be challenging to probe in
electronic materials.

A particularly intriguing use of boundary states is adiabatic
pumping, such as quantized charge pumping [10,11] and end-
to-end pumping [12,13]. While quantized charge pumping
consists of a cyclic evolution of a Hamiltonian [10] in a topo-
logical system, end-to-end pumping relies on the adiabatic
switch between two Hamiltonians [13], with both providing
intriguing ways to transfer edge-localized states. In particular,
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end-to-end pumping has been explored in platforms such
as the dimerized Su-Schrieffer-Heeger (SSH) chain [13-35],
chiral edge states in quantum spin liquids [36,37], and even
in quasiperiodic systems [12,38—40]. Eventually, end-to-end
pumping has been experimentally demonstrated in a photonic
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FIG. 1. (a) Schematic representation of the waveguide array
illustrating the end-to-end pumping of light in a quasiperiodic
Fibonacci-type system. The interwaveguide separation has two char-
acteristic distances ds and dp at z =0 and L. To pump the light,
only two waveguides (green) are bent along the propagation direction
(z). Light is then injected at z = O at the left end (red arrow), and
the pumped light emerges at z = L from the opposite end of the
array. (b) Tight-binding approximation of the waveguide array at
z = 0 (configuration 1) and z = L (configuration 2), with weak bonds
or coupling (J4, corresponding to larger separation d,) in blue and
strong bonds (Jp, corresponding to smaller separation dp) in red.
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waveguide array based on both the SSH chain model [26,41]
and the Fibonacci quasicrystal (FQC) [12,38].

Despite these advances, a key practical limitation remains
for end-to-end pumping. The existing pumping schemes in
SSH-based systems and quasicrystal implementations have
all required continuous tuning of the bond strength along
the entire length of the system [12-35,38,39]. Such a need
for exhaustive, fine-tuned control throughout the system in-
creases the experimental complexity and inevitably introduces
accumulated imperfections, especially as the system size
increases. In contrast, a quasiperiodic setup has recently
been theoretically shown to allow a significant reduction
in the number of required tuning parameters [40], thereby
simplifying end-to-end pumping as it requires only very
few controls throughout the system. In this work, we ex-
ploit this advantage and demonstrate an efficient and simple
end-to-end pumping scheme using a quasiperiodic pho-
tonic system, with only minor structural changes needed for
pumping.

In particular, we consider a quasiperiodic system made
from a Fibonacci-type photonic chain, formed by an array
of coupled optical waveguides, as a platform for simple
end-to-end pumping [see Fig. 1(a)]. The propagation of
light in this waveguide setup can be effectively described
by a tight-binding model under the paraxial approxima-
tion [see Fig. 1(b)], enabling direct correspondence between
theory and experiment. Based on this framework, we first
numerically simulate the end-to-end pumping of localized
states and then experimentally demonstrate pumping by in-
jecting light into a single waveguide at one end of the setup
and detecting the light emerging from the opposite end via the
intensity profile recorded by a charge-coupled device (CCD)
camera. We also demonstrate that the pumping of light is
robust against structural deformations, such as controlled de-
fects in the waveguide array.

The remainder of this work is organized as follows. In
Sec. II, we discuss the photonic setup, and in Sec. III, we
discuss the tight-binding model for the photonic waveguide
arrays. Section IV is devoted to numerical demonstration of
pumping based on tight-binding calculations. In Sec. V, we
demonstrate the experimental pumping of light and compare
it with the numerical simulations. In Sec. VI, we show the
stability of the end-to-end pumping with the structural defects.
Finally, we conclude with a summary and outlook in Sec. VII.

II. PHOTONIC SETUP

A quasiperiodic Fibonacci-type system contains quasiperi-
odic modulation of either hopping strength or on-site poten-
tial, following the Fibonacci sequence [42-48]. This system
has rapidly become a well-established platform to study the
interplay between quasiperiodicity and a wide range of in-
triguing physical phenomena [48-60], and experimentally
realized in various settings [12,38,61-70]. In our photonic
setup, we experimentally arrange waveguides in a linear
array with nearest-neighbor separations belonging to the se-
quence {d;} in Fig. 1(a). The Fibonacci-type distribution {d;}
is constructed using the sign of a Sturmian characteristic

function
Xj = sgn[cos(ZJij1 +rxr 4 o) — cos(zt™ )], (1)

with positive (negative) values of x; setting the jth distance to
dp (dy) [38,47], representing short (long) separations between
neighboring waveguides. Here, T = (1 4 +/5)/2 is the golden
ratio and ¢ € [0, 277) the phason angle, which we use to tune
the structure of the system [47].

The propagation of light in a classical waveguide array is
described by Maxwell’s equations, which under scalar and
paraxial approximation become [9,71]

i, W(x,y,z) = [— V2 — koAn(x, y)}v(x, y,2). (2)

2/(01’10
Here, V1 = (87 4 9;), W(x, y, z) is the amplitude of the elec-
tric field, kg = now/c, with w being the light frequency and
ng the refractive index of the substrate glass, and An(x,y)
is the change in refractive index. In Appendix A, we detail
the waveguide fabrication method in the experiment. In the
experiments, the separations were chosen as d4 = 10 um and
dp = 7um. The array of coupled optical waveguides for end-
to-end pumping is schematically shown in Fig. 1(a).

III. TIGHT-BINDING MODEL

Equation (2) for the light propagation in a classical
waveguide array has a structure resembling the Schrédinger
equation with the electric field W(x, y, z) and z playing the
role of wavefunction and time, respectively. This analogy
enables us to describe the waveguide setup using a “quantum”
tight-binding Hamiltonian. This Hamiltonian consists of an
on-site term, proportional to the eigenvalues of the principal
mode of the waveguide, and a hopping term, proportional
to the integral of the kinetic contribution [7-9]. The on-site
term depends on the waveguide’s diameter, while the hopping
term is determined by the separation between two waveguides
[8]. In our case, we assume uniform waveguide diameters,
yielding a constant on-site term that thus only produces a
uniform shift in the system’s spectrum. Thus, we can neglect
the on-site term and keep only the hopping term as

N
H =" Jjclc;+Hec., 3)
i, ji

where cj is the creation operator at lattice site i and J;; is
the bond strength, or coupling, between lattice site at i and
j, and N is the total number of sites or equivalently waveg-
uides. The bond strength depends on the distance between
the waveguides, as J;; ~ Je~%il%  with d; ; being the distance
between two waveguides, J the bare hopping amplitude, and
& the decay length of the coupling between two waveg-
uides. In Appendix A2, we show experimentally measured
changes in J;; as a function of distance between two waveg-
uides and extract J = 63.5 mm~! and & = 2.2um. Since
the hopping amplitude is exponentially suppressed between
non-neighboring waveguides, we may effectively model the
system with a nearest-neighbor tight-binding Hamiltonian us-
ing only two kinds of hoppings J;, = Je~%/é (weak) and Jz =
Je~/% (strong), as illustrated in Fig. 1(b). However, in all our
numerical calculations, we keep J;; as the hopping between
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FIG. 2. (a) Eigenvalue spectra E (mm™") of the Hamiltonian H
[Eq. (3)] as a function of phason angle ¢. Red curve marks the
pumping state. (b) Eigenstate of the pumping state as a function of
the waveguide index i for phason angles ¢; (green) and ¢, (orange).

any two lattice sites, without resorting to the nearest-neighbor
approximation.

We analyze the eigenvalue spectra E of the Hamiltonian
in Eq. (3) as a function of the phason angle ¢ in Fig. 2(a).
Varying the phason angle ¢ modifies the distance between
neighboring waveguides and, as a result, the hopping se-
quence in the Hamiltonian H, thereby reshaping the spectrum.
The red curve highlights the localized eigenstate we choose
for pumping; we refer to this state as the pumping state. To
facilitate end-to-end pumping, we choose two specific phason
angles ¢; (configuration 1) and ¢, (configuration 2), denoted
by green and orange dashed lines in Fig. 2(a), respectively.
The waveguide array and the corresponding hopping structure
for these two phason angles are schematically illustrated in
Figs. 1(a) and 1(b). As seen, to switch between configura-
tions 1 and 2, we just need to change four hoppings (two
hoppings per end), corresponding to bending only two waveg-
uides, which makes our pump much simpler compared to ones
based on the SSH chain or previous quasicrystal proposals
[12-35,38,39]. In Fig. 2(b), we show the distribution of the
pumping state for phason angles ¢, (green) and ¢, (orange).
Figure 2(b) shows that the pumping state is localized on op-
posite ends for ¢; and ¢», a prerequisite for pumping [40]. We
also verify the localized behavior of the pumping state experi-
mentally (see Appendix B). Figure 2 utilizes the phason angle
¢, a parameter arising from the quasiperiodic nature of the
system, to identify the localized states. This demonstrates the
crucial role of the system’s quasiperiodic properties, encoded
via the phason angle in designing the pump.

IV. END-TO-END PUMPING SCHEME

To pump a state from one end of the system, we introduce a
scheme that continuously interpolates between configurations
1 and 2 using the transfer protocol

Tz
d19(2) = dp = (dg — dp)cos (3.

dZ,IO(Z) = dA + (dB — dA)COS (%), (4)

where L is the total propagation distance along z, and we
introduced the shorthand notation d| = dy5, d» = d»3, etc. The
transfer protocol for pumping state is schematically shown in

1 6 l 11

FIG. 3. Evolution of the pumping state at z = 0, L/4, L/2,3L/4,
and L. Ticks on x axes indicate the position of the waveguides
and colorbar highlights the normalized weight of the propagating
pumping state |y (z)|? at a given site. Here, L = 40 mm.

Fig. 1(a). The protocol in Eq. (4) involves bending only the
second and tenth waveguides [40], which substantially simpli-
fies the transfer protocol compared to previous quasiperiodic
setups, where, in contrast, all waveguides/modes have to be
controlled [12,38]. This waveguide bending amounts to mod-
ulating two outer bond strengths at each end of the system
in the tight-binding Hamiltonian [Eq. (3)] [see Fig. 1(b)]. To
ensure a successful end-to-end pumping, it is important to
avoid level crossings during the protocol to maintain adia-
baticity [13]. Throughout the pumping process, the pumping
states’ eigenvalues should remain separated from the remain-
ing states by a so-called excitation gap, arising in this case
from finite-size effects that depend solely on the number of
sites/waveguides N [40]. Adiabaticity also depends on the
light propagation distance L; a chain with a smaller excitation
gap requires a longer L for adiabaticity [13]. In the experimen-
tal setup, the propagation distance L is limited by the physical
dimensions of the waveguide array. Considering this experi-
mental limitation on L, we choose N = 11 as a good system
size for a successful end-to-end pumping. In the main text,
we focus on the total propagation length L, interwaveguide
separation distances, and the system size considered in the ex-
perimental setup, while we additionally show in Appendix C
how the pumping fidelity and adiabaticity depend on these
parameters.

Next, we numerically demonstrate the end-to-end pump-
ing with the transfer protocol [Eq. (4)] and the Hamiltonian
H [Eq. (3)]. We consider the pumping state in configura-
tion 1 [phason angle ¢;, green state in Fig. 2(b)] as the
initial state [¢(0)). We obtain the instantaneous Hamilto-
nian H(z) by replacing the hopping amplitudes J; 2.9.10(2)
in Eq. (3) with their z-dependent values in the transfer pro-
tocol [Eq. (4)]. Here, we use shorthand notation J; = Jj»,
Jo = Jp3, etc. To obtain the propagating state |y (z)), we
construct the propagation-evolution operator in a propagation-
ordered (7)) manner as U(z, 0) = T exp[—i foz dz’H(Z)], such
that |y (z)) = U(z, 0)|¢¥(0)). Figure 3 shows the numeri-
cal evolution of the pumping state at propagation distances
z=0,L/4,L/2,3L/4, and L. At z =0, the pumping state
is localized at the left end of the system. As this initial
state evolves along the propagation direction, the state is
adiabatically transported through the bulk, and at z =L it
becomes localized at the right end of the system. This numer-
ically demonstrates that the pumping state can be transferred
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FIG. 4. Schematic of experimental setup. Light from a tunable
laser is focused by an objective to selectively excite individual
waveguides in the array. The output light is collected by a second
objective and imaged onto a CCD camera.

efficiently across the system. Thus, we obtain as the final state
the pumping state for configuration 2, i.e., the orange state in
Fig. 2(b).

We note that the pumping state is not a winding state of the
Fibonacci quasicrystal [40], but rather a defect state, whose
energy eigenvalue remains almost unchanged as we change
the phason angle [see Fig. 2(a)]. This defect state is similar to
that observed in the SSH chain [26,41], but it emerges instead
in a quasiperiodic Fibonacci-type chain and, as such, requires
only a much smaller tuning than in the SSH chain. We choose
this defect state over a winding state for pumping, as the defect
state maintains a finite excitation gap throughout the pumping
protocol (see Appendix D). The winding states have a smaller
excitation gap and thus cannot easily maintain adiabaticity.
Furthermore, in Appendix E, we numerically compare our
pumping scheme with an SSH-chain pump.

V. EXPERIMENTAL DEMONSTRATION OF PUMPING

Having established end-to-end pumping numerically, we
here establish experimental pumping of light in the waveg-
uide array; see Fig. 4 for a schematic representation of the
experimental setup. For optical characterization, light from a
780 nm laser source is coupled to individual waveguides using
a 10x objective with a numerical aperture of 0.25. The initial
excitation position is controlled to selectively address either
edge or bulk waveguides. The sample output facet is imaged
onto a CCD camera via another objective whose parameters
match those of the input objective. The CCD camera enables
direct measurement of the light-intensity distribution across
the entire waveguide array. The recorded intensity profiles
are used to analyze the result of the light propagation in
the lattice. For each configuration studied in this work, two
nominally identical samples were fabricated and measured to
verify reproducibility.

The cosine bending profile of Eq. (4) is experimentally
implemented by an S-bend trajectory composed of two circu-
lar arc segments, which closely approximates the theoretical
profile while remaining straightforward to fabricate (see
Appendix A for details).

In the waveguide setup, we do not have direct access
to the eigenstate corresponding to the pumping state calcu-
lated in Fig. 3. Nevertheless, we can effectively imitate the

Theory

Experiment

1 6 i 11

FIG. 5. Demonstration of end-to-end pumping of light in a
waveguide array numerically (top panel, similar to bottom panel in
Fig. 3) and experimentally (bottom panel). White circle indicates
the injection point of light at z = 0. Ticks on x axes indicate the
position of the waveguides and colorbar encodes the normalized light
intensity at different waveguides at z = L.

pumping state, which is localized at the left end of the system,
by injecting light only in the leftmost waveguide at z =0
(see Appendix B). Theoretically, we construct the initial state
with a vector having only a nonzero element at the first
site/waveguide of the system. In Fig. 5, we show how the
pumping state appears at z = L, after propagation in a waveg-
uide following the transfer protocol [Eq. (4)], obtained both
theoretically (top panel) and experimentally (bottom panel),
where the white circle marks the position of the waveguide
into which light is injected at z = 0. Both theoretical and
experimental results show that light emerges at the oppo-
site end at z = L. This behavior provides proof of principle
and confirms that the quasiperiodic Fibonacci-type waveguide
setup adiabatically pumps a localized state between the sys-
tem’s opposite ends. In Appendix F, we also discuss the case
when the interwaveguide distances are changed linearly, in-
stead of the transfer protocol [Eq. (4)], along the propagation
direction.

VI. STABILITY AGAINST DEFECTS

We next investigate effect of structural defects in the
waveguide array. A structural defect is introduced by locally
modifying the distance between two neighboring waveguides
such that it differs from d4 p = 7, 10 um, here for concrete-
ness setting the modified spacing by dp = 8 um. In Fig. 6(a),
we consider the case when one of the interwaveguide dis-
tances dy4 is replaced by dp, as illustrated in the schematic
representation in the top panel with green bond indicating the
defect. The bottom panels in Fig. 6(a) show the corresponding
theoretical and experimental results with this defect included.
These results demonstrate that the light pumping persists in
this system, despite the introduction of the structural defect.
Moreover, the experimental data suggest that pumping is even
more pronounced in the presence of the defect. We attribute
this improved performance to the larger excitation gap in-
duced by the structural defect (see Appendix D for details).

Next, we consider a configuration in which two of the
interwaveguide distances dy are replaced by dp [see top panel
in Fig. 6(b)]. The bottom panels of Fig. 6(b) present the corre-
sponding theoretical and experimental results, demonstrating

033347-4



OBSERVATION OF END-TO-END PUMPING IN A ...

PHYSICAL REVIEW RESEARCH 8, 033347 (2026)

(a) Replacing onc A bond:

Theory
Experiment

1 6 1 11
Replacing two A bonds:
d

(b

~—

Theory

Experiment

1 6 1 11

Theory

Experiment

1 6 1 11

FIG. 6. Demonstration of pumping of light in a waveguide array
in the presence of structural defects with (a) one d4 distance replaced
by dp, (b) two d4 distances replaced by dp, and (c) one dp distance
replaced by dp. The top panels show a schematic picture of the
waveguide array for configurations 1 and 2, with the defects rep-
resented by green, while the bottom two panels show the theoretical
and experimental weights of the pumped light at z = L. White circle
indicates the injection point of light at z = 0. Ticks on x axes indicate
the position of the waveguides and colorbar encodes the normalized
light intensity in the different waveguides at z = L.

that the light pumping also persists in this case. Finally,
we consider a case in which one single dp interwaveguide
distance is replaced with dp [see top panel of Fig. 6(c)].
The bottom panels again confirm the pumping of light. In
Appendix G, we showcase yet another case in which two of
the interwaveguide distances dp are replaced by dp. These

results illustrate that pumping in the quasiperiodic Fibonacci-
type chain does not rely on a fine-tuned setup but rather
exhibits remarkable stability against structural defects. In fact,
by studying the excitation gap in the presence of structural
defects, we can even predict which defects can enhance the
pumping characteristics (see Appendix D). Furthermore, in
Appendix H, we also numerically show that the end-to-end
pumping remains robust even for rather substantial random
structural disorder.

VII. SUMMARY AND OUTLOOK

In this work, we investigate a quasiperiodic Fibonacci-type
chain as a platform for end-to-end pumping. First, we present
theoretical results from a tight-binding model to demonstrate
pumping in this quasiperiodic system. The pumping takes
place via a defect state similar to that in the SSH chain, but our
system requires considerably fewer modifications to achieve
pumping. Then, we realize the quasiperiodic Fibonacci-type
chain in an optical waveguide array by tuning the spacing
between the waveguides. We show experimentally that light
injected into one end of the waveguide array is transported
to the opposite end, demonstrating end-to-end light pump-
ing via the localized state present in the system. Finally,
we introduce controlled structural defects into the waveguide
array, demonstrating the robustness of the pumping process
and highlighting the system’s resilience to imperfections. Our
work thus provides a proof of principle of pumping in a
one-dimensional quasiperiodic Fibonacci-type photonic lat-
tice. Notably, this end-to-end pumping requires very minimal
tuning in the setup, thereby dramatically simplifying the setup
compared to the previous work based on SSH chains or qua-
sicrystal setups [12-35,38,39].

Our work is also a stepping stone for many different
intriguing future extensions. Here, we resort solely to a one-
dimensional photonic lattice and illustrate the pumping of
localized edge states. A natural extension is to construct a
two-dimensional (2D) photonic lattice by implementing the
Sturmian sequence in both the x and y directions. The 2D
system can support a higher-order topological phase hosting
a corner mode [72] and thus provides a platform for pump-
ing the corner state between different corners of the system.
Another promising future direction is to incorporate loss in
the system, which can be effectively described by a non-
Hermitian framework [73]. Exploring the impact of loss on the
pumping is of particular interest. More intriguingly, it would
be worthwhile to explore whether an engineered loss can
improve the pumping process by enhancing the localization
properties of the pumping state.

Moreover, in this work, we primarily consider a cosine-
like or linear bending of waveguides along the propagation
direction for pumping [see Figs. 1(a) and 14, and Eq. (4)]. A
promising future direction is to improve the transfer protocol,
enabling scaling to a larger system size by engineering a
specific protocol within the framework of shortcuts to adia-
baticity [74—76]. Finally, our results indicate that the pumping
performance can be enhanced in the presence of controlled
structural defects. Consequently, future studies may exploit
machine-learning-based approaches to identify an optimal
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waveguide-array configuration that further improves end-to-
end pumping.
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APPENDIX A: EXPERIMENTAL METHODS

In this Appendix, we provide additional details on waveg-
uide fabrication and coupling calibration to extract the needed
parameters J and &.

1. Waveguide fabrication

The waveguide arrays were fabricated using femtosec-
ond laser direct writing in a transparent glass substrate. A
femtosecond laser system (BlueCut femtosecond laser from
Menlo Systems) with a central wavelength of 1030 nm, a
pulse duration of approximately 350 fs, and a repetition rate
of 1 MHz was employed. The laser beam was focused into the
bulk of the substrate using a 40x objective with a numerical
aperture of 0.6. The femtosecond laser direct-writing process
is schematically shown in Fig. 7.

During the fabrication process, the sample was mounted on
a high-precision three-axis translation stage and translated at
a constant speed of 40 mm/s, while the laser focus remained
fixed. All waveguides were written at a depth of approxi-
mately 100 um below the surface to minimize surface-related
aberrations and ensure homogeneous guiding conditions.

The writing laser power was optimized to produce single-
mode waveguides at the probing wavelength. The fabricated
waveguides support a single Gaussian mode at 780 nm, with
a mode field diameter (1/e?) of approximately 10 um. The
resulting refractive index modification is estimated to be on
the order of An ~ 1073, The propagation losses are estimated
to be around 0.3 dB/cm.

V/ /&4
/e

A

7 7.

FIG. 7. Schematic of the femtosecond laser direct-writing pro-
cess. A 1030 nm femtosecond laser is focused into the bulk glass
to fabricate the waveguides by translating the sample along the z
direction.

To verify the reproducibility of our results, two nominally
identical samples were fabricated for each configuration re-
ported in this work, including the defect-free arrays (Figs. 5,
9, and 14) and each of the structurally defected arrays (Figs. 6,
17, and 15). Light injection and intensity measurements were
performed independently on both samples under identical
conditions.

2. Coupling calibration

The coupling constants between neighboring waveguides
were experimentally calibrated using isolated two-waveguide
directional couplers. For this purpose, pairs of identical
waveguides with varying center-to-center separations were
fabricated under the same writing conditions as the full lattice
structures.

Light was then injected into one waveguide of each cou-
pler and the power evolution along the propagation direction
was characterized by measuring the output intensities at the
end facet. The coupling strength J;; was then extracted from
the measured power oscillations according to coupled-mode
theory [7-9].

By repeating this procedure for different interwaveguide
separations, a quantitative relationship between the waveguide
spacing and the coupling strength was obtained. The coupling
strength between neighboring waveguides decreases approx-
imately exponentially with their center-to-center separation
dij: Jij =~ Je~dilk, Using measured data, we extract coeffi-
cients J = 63.5 mm~!, £ =2.2 wum, with data and fit shown
in Fig. 8.

3. Waveguide bending implementation

In the experimental implementation, the bending of waveg-
uides 2 and 10 is realized by an S-bend trajectory composed of
two circular arc segments with opposite curvatures, joined at
z = L/2. This trajectory shares the same end points, the same
vanishing slope at z =0 and z = L, and the same midpoint
position as the cosine profile of Eq. (3), but differs slightly in
the intermediate region. In our experiment, the small bending
angle, with arc radius R = L?/(4Ax) ~ 133 m for Ax = 3 um
and L = 40 mm, ensures that bending losses are negligible.
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FIG. 8. Measured coupling strengths (blue circles) and exponen-
tial decay fit (red line) as a function of the distance between two
waveguides.

We emphasize that the precise functional form of the bending
profile is not critical for end-to-end pumping: As long as
the protocol smoothly interpolates between configurations 1
and 2 and remains adiabatic, pumping is preserved. This is
further confirmed by the linear-bending results presented in
Appendix. F.

APPENDIX B: LOCALIZED PUMPING STATE

In this Appendix, we demonstrate that the localized pump-
ing state can be effectively approximated by injecting light
only into one of the outermost waveguides. To this end,
we first consider the configuration 1 [see the left top panel
of Fig. 9(a)]. The left bottom panel of Fig. 9(a) shows the
corresponding waveguide array, which maintains constant dis-
tances along the propagation direction. For this configuration,

the system supports a pumping state localized at the left end of
the waveguide array. To emulate this pumping state, we inject
light into the leftmost waveguide only, with the white circles
in the right panel in Fig. 9(a) referring to this injection point
at z = 0. Owing to the presence of a localized pumping state,
we observe that light remains confined to the same end of
the waveguide array when it emerges on the other side of the
waveguide at z = L, as demonstrated both theoretically and
experimentally in Fig. 9(a), right panel.

Similarly, for configuration 2, we have a right local-
ized pumping state [left panels of Fig. 9(b)]. To mimic this
state, we inject light into the rightmost waveguide at z =
0 and demonstrate both theoretically and experimentally in
Fig. 9(b), right panel, that the light remains localized at the
same end at z = L.

APPENDIX C: PHASE DIAGRAM
AND PARAMETER DEPENDENCIES

In this Appendix, we numerically explore how the end-to-
end pumping depends upon the system parameters, especially
the total propagation distance L and the interwaveguide dis-
tance d4. We also discuss the effect of system size N on the
end-to-end pumping. For this purpose, we define the output
fidelity F as

F = Wiz (z = L)’ /(maximum(|yr(z = L)[*)),  (C1)
where ¥ (z = L) represents the final propagating state atz = L
and |;—y(z = L)|*> denotes the weight of the final propa-
gating state at the rightmost waveguide with i = N. Thus,
F =1 indicates a state with full localization at the right
end of the system, which is our target state, while F < 1
reveals that the final state does not have full localization at the
right end.

dA (]B Tl "y

a %A dp o __ heory

) Conin. 1 {E-Emoom—o—omoo=0=0 1
.
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da dg da dp
(JA dB 7
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FIG. 9. Demonstration of localized pumping state in the waveguide arrays for configurations 1 [panel (a)] and 2 [panel (b)], with
configuration and waveguide arrays (left) and resulting light propagation (right). White circle indicates the injection point of light at z = 0.
Ticks on x axes indicate the position of the waveguides and colorbar encodes the normalized light intensity in the different waveguides at
z=1L.
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FIG. 10. (a) Output fidelity F and (b) directional inverse participation ratio DIPR as a function of the interwaveguide distance d4 and total
propagation distance L. We fix dg = 7 um. The green line indicates d, used in the main text and panel (c). (c) Output fidelity F as a function
of total propagation distance L with the right axis showing adiabaticity A.

We demonstrate the output fidelity F by varying the in-
terwaveguide distance d4 and the total propagation distance
L while keeping dg = 7 um in Fig. 10(a). From here, we find
that for a lower interwaveguide distance dg4, the output fidelity
reaches unity (red region) for a shorter propagation distance.
In comparison, for a larger dy4, a larger propagation distance
is required to reach unit output fidelity. The green solid line
in Fig. 10(a) indicates the d4 chosen for all the numerical
calculations and experimental setup in the main text.

We further supplement the fidelity phase diagram by
computing the directional inverse participation ratio (DIPR),
defined as [78]

N

DIPR = sgn [Z <i

i

N
-5 V)Ii/fi(z = L)I}IPR, (€2

where the summation i is over the number of sites and IPR
stands for the inverse participation ratio, defined as IPR =
va |¥i(z = L)|*. The constant y takes a value in the range
0 < y < 0.5 and we choose y = 0.45 in this work. The DIPR,
unlike the conventional IPR, takes both positive and negative
values, indicating right- and left-localized states, respectively.
We demonstrate the DIPR in the ds—L plane in Fig. 10(b),
which indicates DIPR > 0, when output fidelity F ~ 1, while
DIPR < O signifies that the final propagation state remains left
localized, equivalently F =~ 0.

Next, we investigate the adiabatic condition for a fixed
interwaveguide distance ds by varying the total propagation
distance L. To determine the adiabatic condition, we compute
the following quantity [26]:

0H (z)/0z|Yr,
Ay = Y DHQ/Eeln(0)
n#£p " p

where v,(z) and E, represent the eigenstate and eigenvalue
of the pumping state, and H(z) is the instantaneous Hamilto-
nian as defined in the main text. For a successful pumping,
A(z) should remain much smaller than one throughout the
pumping period. Thus, instead of studying .A(z), we study the
maximum value of .4(z) in a given pumping period, which we
denote as A := max,¢o,1; A(z). In Fig. 10(c), we plot A as a
function of L on the right axis and compare it with the output
fidelity F on the left axis. As seen, A is large for a shorter
total propagation distance L and thus, the adiabatic condition

, (€3)

is not satisfied, and, as a consequence, output fidelity is also
close to zero. As we increase the total propagation distance L,
the quantity A decreases, indicating that the pump approaches
adiabaticity. However, since A is a slowly varying quantity,
we also use the output fidelity F to determine whether pump-
ing is successful or unsuccessful.

Finally, we compare the output fidelity F and excitation
gap Eg,, for different system sizes N. Here, the minimum
excitation gap Eg,, is defined as the smallest gap between
the pumping state and the closest eigenstate when we con-
tinuously switch from one configuration to another. Note that
Eg,p is independent of the total propagation distance L, but
only depends on the system size N and the ratio between the
interwaveguide separation distances (d4 and dg) [40]. To be
able to utilize the same defect state that appears for N = 11 in
the main text, we repeat the system twice, such that the bigger
system has a total of N =2 x 104+ 1 = 21 sites or waveg-
uides [see Fig. 11(a)]. Note that since we repeat the same

1.0
b 7
( ) I,I 0.3
F ! Eop
! 0.2
0.5 /
!
'/I 0.1
) — N=1
J - 21
0.0F==== 0.0
5 20 40 60 9 11 13
L (mm) dy (pm)

FIG. 11. (a) Tight-binding approximation of the waveguide array
for end-to-end pumping in N = 21 system at z = 0 (configuration
1) and z = L (configuration 2), with weak bonds or coupling (J4,
corresponding to larger separation d,) in blue and strong bonds (J3,
corresponding to smaller separation dg) in red. (b) Output fidelity
JF as a function of the total propagation length L for N = 11 (blue)
and N = 21 (red) for a fixed interwaveguide separation d4 = 10 um
and dg = 7 um. (b) Minimum excitation gap Eg, as a function of the
interwaveguide separation d4 for N = 11 (blue) and N = 21 (red)
pump, for fixed L = 40 mm and dz = 7 ym.
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FIG. 12. Eigenvalue of the pumping state (red) and its two closest eigenstates (blue) as a function of propagation distance z. Dashed curves
represent the eigenvalues in the presence of a defect. Here, panels (a)—(c) correspond to the same defect configuration as in Figs. 6(a)—6(c).

unit cell twice, in the bigger system, we need to bend eight
waveguides, or equivalently, we need to switch eight bonds to
pump the localized state, as indicated by the bicolored arrows
in Fig. 11(a).

First, we show the output fidelity F as a function of the
total propagation length L in Fig. 11(b) for N = 11 (blue)
and N = 21 (red). The plot shows that to reach F =1, we
need a longer total propagation length for a larger system size
N. Thus, for our experimental setup, we choose the smaller
N =11 to achieve faster state transfer from one end to the
other. Furthermore, we also show how the minimum exci-
tation gap E,,, depends on the interwaveguide distance dj
in Fig. 11(c) for N = 11 (blue) and N = 21 (red). The plot
shows that the excitation gap is smaller for a bigger system
size and illustrates that choosing N = 11 is the better choice:
Not only does it involve the least bent waveguides, but it also
offers faster pumping. Finally, we note that it is also possible
to use other odd-system sizes, but then one needs to redo
calculations with those defect states. Overall, choosing N =
11, given the experimental parameters and total propagation
length limitation, is a good choice.

APPENDIX D: EXCITATION GAP

In this Appendix, we discuss the excitation gap separating
the localized pumping state from other states during the trans-
fer process in the presence of bond defects. For this purpose,
we focus on the eigenvalues of the pumping state and the two
states closest to it, marked in red and blue, respectively, in
Fig. 12. The dashed curve represents the eigenvalues in the
presence of structural defects, with Figs. 12(a)-12(c) corre-
sponding to the same defect structure as in Figs. 6(a)-6(c).
The presence of a defect almost does not alter the eigenvalue
of the pumping state (red). However, the other states (blue)
actually move farther apart during the transfer process in the
presence of a structural defect (dashed curves), especially in
the presence of two bond defects [see Fig. 12(b)]. Owing
to this enhancement of the excitation gap, the end-to-end
pumping gets better in the presence of bond defects. Thus,
by introducing appropriate structural defects into the system,
Wwe can engineer an improvement in pumping.

APPENDIX E: COMPARISON WITH SSH-CHAIN PUMP

In this Appendix, we numerically discuss the end-to-end
pumping in the SSH chain. In an SSH chain, only two con-
figurations are possible (for J4 # Jp), which we denote as
configuration 1 (Config. 1) and configuration 2 (Config. 2).
We illustrate these configurations in Fig. 13(a). Config. 1 (2)
supports a left (right) localized mode. To pump a localized
state in this SSH-based system, we need to continuously
switch from Config. 1 to Config. 2. Such switching between
Config. 1 and Config. 2 requires a flip of all bonds simultane-
ously [indicated by the bicolored arrows in Fig. 13(a)]. Thus,
as discussed in the main text, the SSH-based pump requires

(a) Jg  Ja

Confie. | [ === =0

N i B i

S Vo Vo S Ve o Vo Ve S S ¥
1.0
— FQC
(b) W=
Egap .
~.
~.
0.5 ~
\,\\
— FQC
—-- ssH
0.0
40 60 9 11 13
L (mm) dy (um)

FIG. 13. (a) Tight-binding approximation of the waveguide array
for end-to-end pumping in the SSH-chain system at z = 0 (Config.
1) and z = L (Config. 2), with weak bonds or coupling (J4, cor-
responding to larger separation d4) in blue and strong bonds (J3,
corresponding to smaller separation dg) in red. (b) Output fidelity
JF as a function of the total propagation length L for SSH (green) and
FQC (blue) pump, for a fixed value of d4 = 10 um and dg = 7 um.
(c) Minimum excitation gap Eg, as a function of the interwaveguide
separation d4 for SSH (green) and FQC (blue) pump, for a fixed
L =40 mm and dg = 7 um.
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FIG. 14. (a) Schematic representation of the waveguide array
for end-to-end pumping of light in the quasiperiodic Fibonacci-type
system for the case of linear change of interwaveguide distances.
(b) Demonstration of end-to-end pumping of light in a waveguide
array numerically (top panel) and experimentally (bottom panel).
White circle indicates the injection point of light at z = 0. Ticks on
x axes indicate the position of the waveguides and colorbar encodes
the normalized light intensity in the different waveguides at z = L.

much more parameter tuning compared to the FQC-based
pump.

Next, we compare the output fidelity F as a function of
the total propagation distance L for the SSH- and FQC-based
pumps in Fig. 13(b). We observe that the output fidelity F
reaches 1 for a somewhat shorter total propagation distance
L with the SSH pump (green) compared to the FQC pump
(blue). To understand the different minimum L required for
the SSH and FQC pumps, we investigate the minimum excita-
tion gap Eg,p as a function of the interwaveguide distance dj,
while fixing dg = 7 um in Fig. 13(c). We see that the gap Eg,,
is larger for the SSH pump (green) when compared to the FQC
pump (blue). As a result, in the SSH pump, we can pump the
localized state already for a shorter total propagation distance
L. However, the difference between the minimum propagation
length for the two different systems is only around 10 mm
for the case studied in Fig. 13(b). Thus, although the SSH-
based pump can be slightly faster, our FQC-based pump still
substantially simplifies the pumping process by requiring only
a few parameters to be tuned, in contrast to the switching of
all bonds required for the SSH pump.

APPENDIX F: LINEAR BENDING

In the main text, we analyze a particular bending profile
of the waveguides following a cosine function, given by the
transfer protocol in Eq. (4). In this Appendix, we present an
alternative scenario in which the waveguides bend linearly
and thus exhibit a linear change in the interwaveguide dis-
tances. A schematic illustration of this configuration is shown
in Fig. 14(a), where the green waveguides are undergoing

(a) Replacing one A bond:
Theory

Experiment

1 6 i 11
(b) Replacing two A bonds:
Theory

Experiment

1 6 i 11
(c) Replacing one B bond:
Theory

Experiment

1 6 i 11

FIG. 15. Demonstration of the pumping of light in a waveguide
array in the presence of a structural defect with (a) one d, distance
is replaced by dp, (b) two d, distances replaced by dp, and (c) one
dp distance replaced by dp. Thus, panels (a)—(c) correspond to the
same configurations as Figs. 6(a)-6(c), but for a linear bending of
the waveguides. White circle indicates the injection point of light
at z = 0. Ticks on x axes indicate the position of the waveguides
and colorbar encodes the normalized light intensity in the different
waveguides at z = L.

bending during the pumping process. Considering this linear
bending, we show the end-to-end pumping of light both the-
oretically and experimentally in Fig. 14(b), top and bottom
panels, respectively, showing that light is pumped from the
left end of the photonic chain to the right. Overall, these re-
sults establish that light pumping remains effective also under
linear bending and closely resembles the behavior reported in
Fig. 5.

We also examine the effects of structural defects under
linear bending, using the same defects as in Fig. 6 and show
the result of end-to-end pumping in Fig. 15. Figure 15(a)
shows the case where a single d4 distance is replaced by dp
and demonstrates the end-to-end pumping both theoretically
and experimentally. Likewise, in Fig. 15(b) we depict the
pumping when two d4 distances are replaced by dp, while
Fig. 15(c) corresponds to the scenario when one dp distance
is replaced by dp. Thus, in this Appendix, we establish that
end-to-end pumping of light works in the photonic waveguide
setup, including in the presence of structural defects, also for
linear bending of the waveguides.
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FIG. 16. Comparison of the output fidelity F as a function of the
total propagation length L for the cosine- (blue) and linear-bending
(red) schemes. Here, d4 = 10 um and dg = 7 pm.

Finally, we compare the theoretical output fidelity F for the
cosine- (blue) and linear-bending (red) schemes in Fig. 16 as
a function of the total propagation length L. From Fig. 16, we
conclude that the output fidelity F behaves almost identically
for both bending schemes.

APPENDIX G: REPLACING 2B BONDS

In the main text, we investigate the effect of structural
defects on end-to-end pumping. In this Appendix, we discuss
another case in which we replace two separated interwaveg-
uide distances dg with dp. Figure 17(a) shows a schematic
representation of this setup with the green bonds representing
the defects. In Fig. 17(b), we show the results for end-to-
end pumping for both theory and experiment in the presence

Replacing one 2B bonds:

(a) dA (]B

Experiment

m0

1 6 i 11

FIG. 17. Demonstration of the pumping of light in a waveguide
array in the presence of a structural defect consisting of two spatially
separated dp distances replaced by dp. (a) Schematic picture of
the waveguide array for configurations 1 and 2, with the defects
represented by green. (b) Theoretical and experimental weights of
the pumped light at z = L. Ticks on x axes indicate the position of
the waveguides and colorbar encodes the normalized light intensity
in the different waveguides at z = L.
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FIG. 18. (a) Disorder-averaged output fidelity F as a function
of the disorder strength W for a fixed total propagation length L =
40 mm. (b) Disorder-averaged output fidelity F as a function of the
total propagation length L for the clean system (green), W = 1 (red),
and W = 2 (blue). Here, dy = 10 um and dp = 7um. We take an
average over 100 random disorder configurations for each W.

of these defects. The results illustrate that the end-to-end
pumping remains robust in the presence of these defects.
This section supplements the results presented in Fig. 6 for
different structural defects.

APPENDIX H: RANDOM STRUCTURAL DISORDER

In this Appendix, we discuss the effect of random struc-
tural disorder on the end-to-end pumping in our setup. For
this, we introduce random fluctuations in the interwaveguide
separation through d;; — (d;; + W;;), where W;; represents
the disorder, which we assume to be uniformly distributed
as W;; € [-W/2, W/2]. Here, W denotes the strength of the
disorder. We compute the output fidelity F for different ran-
dom disorder configurations and then take an average over the
number of disorder configurations for each W.

We plot the disorder-averaged output fidelity F in
Fig. 18(a) as a function of the disorder strength W for a
constant total propagation distance L. We observe that the
disorder-averaged fidelity F remains close to 1 for disorder
strengths up to around 1.8 um, which is around 20%—25%
of the clean interwaveguide distances d4 . Further increasing
the disorder strength leads to F starting to decrease, which
is expected in a strongly disordered system. We also show
the disorder-averaged output fidelity F as a function of the
total propagation length L for different disorder strengths in
Fig. 18(b), with clean limit (green), W = 1 um (red), and
W = 2um (blue). For small to moderate disorder strengths,
up to at least W = 1 um, the disorder-averaged output fidelity
F remains almost the same as the clean system as a function of
the total propagation length L [see the red and green curves in
Fig. 18(b)]. For stronger disorder, the output fidelity, however,
does not reach 1 for the investigated total propagation lengths
L [see the blue curve in Fig. 18(b)]. Taken together, the results
in Fig. 18 demonstrate that end-to-end pumping based on
the Fibonacci-type waveguide array is robust against rather
substantial random structural disorder.
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