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The large number of available orbital angular momentum (OAM) states of photons provides a
unique resource for many important applications in quantum information and optical communica-
tions. However, conventional OAM switching devices usually rely on precise parameter control and
are limited by slow switching rate and low efficiency. Here we propose a robust, fast and efficient pho-
tonic OAM switch device based on a topological process, where photons are adiabatically pumped
to a target OAM state on demand. Such topological OAM pumping can be realized through ma-
nipulating photons in a few degenerate main cavities and involves only a limited number of optical
elements. A large change of OAM at ∼ 10q can be realized with only q degenerate main cavities and
at most 5q pumping cycles. The topological photonic OAM switch may become a powerful device
for broad applications in many different fields and motivate novel topological design of conventional
optical devices.

INTRODUCTION

Discrete degrees of freedom, such as charge, spin, val-
leys, etc., play a crucial role in many information en-
coding and device applications [1–4]. In this context, a
fundamental degree of freedom of photons, the orbital
angular momentum (OAM), possesses a unique property
that an infinite number of distinctive OAM states are
available [5–7]. This unique property makes photonic
OAM very attractive for various applications in opti-
cal communication [8–10], quantum simulation [11–14],
quantum information [15–18], and quantum cryptogra-
phy (e.g., key distribution) [19–22]. To fully utilize these
applications, a tunable device that can rapidly and ro-
bustly switch between different OAM modes on demand
is therefore highly desirable. However, many conven-
tional OAM switching devices rely on precise parameter
control and are usually limited by slow switching rates
(∼kHz) [23, 24] or low purity and efficiency [25, 26], and
limited number of usable OAM modes [27, 28].

The photonic OAM is a discrete degree of freedom that
characterizes the topological charge (i.e., the winding of
the azimuthal phase) of a photon field with cylindrical
symmetry. Therefore a natural question is whether a
topological process can be designed to create a robust
photonic OAM switching device with high performance.
Recently, the study of topological photonics has become
one frontier direction in optical physics with the major fo-
cus on modulating photon propagation through topolog-
ical edge states [29–35], while practical topological pho-
tonic devices for on-demand switching of photon internal
degrees of freedom are still largely lacking.

In this paper, we propose a practical photonic OAM
switching device through the topological adiabatic pump-
ing of OAM states, which is robust (immune to small per-
turbations in system parameters), fast (∼ MHz switch-
ing rate), efficient (∼ 90% efficiency and ∼ 100% pu-

rity in principle), and highly tunable (on demand switch
for high-OAM states). Topological pumping was initially
proposed by Thouless [36] for a periodically time-varying
system, and has been recently realized in ultra-cold atom
optical lattices [37, 38] and coupled optical waveguides
[39, 40], where particles are adiabatically pumped in real
space lattices. Such “Thouless pumps” along particle’s
internal degrees of freedom have not been well explored,
although atomic hyperfine states have been utilized as
a synthetic dimension for studying quantum Hall effects
[41–43].

Here we show how to realize Thouless pumps in the
synthetic OAM space of photons where large numbers of
OAM modes are available, which provides the basis for
engineering a topological photonic OAM switch. Essen-
tially, we propose a scheme to realize a tunable double
well OAM lattice (two lattice sites in each unit cell) by
manipulating photons in a single degenerate main cavity,
where photons can be adiabatically pumped to target
OAM lattice sites (i.e., the OAM states). Thanks to the
topological nature of the pumping, precise switch can be
realized without involving precise control of the param-
eters during the pumping cycle. Such robustness of the
pumping against perturbations as well as its properties in
the presence of photon losses are considered. Moreover,
even though the pumping process is adiabatic, the pump-
ing cycle can be very short. With realistic optical ele-
ments, it is possible to achieve a switching rate of ∼MHz,
which is much faster than commonly used OAM switch-
ing devices [23, 24]. Even for a large change of OAM
at ∼ 10q, only q degenerate main cavities and at most
5q pumping cycles are needed using a multistage setup,
leading to exponential speedup of the OAM switch. The
proposed topological photonic OAM switch only relies on
a simple optical setup with a few degenerate main cavi-
ties, therefore it may become a powerful device for broad
applications in quantum information and optical commu-
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FIG. 1: (a) Experimental photonic circuit for a degenerate
cavity system. The main cavity (red curved mirrors) is cou-
pled with auxiliary cavities (blue curved mirrors) by beam
splitters (BSs). A tunable beam splitter (TBS) is used to
tune the coupling between the cavity (in H polarization) and
the input/output fields (in V polarization). (b) Optical design
for the TBS. (c) Schematic diagram of the system with three
auxiliary cavities (dashed lines), with corresponding tunnel-
ing phase φs and step Ms as labeled.

nications. Our proposed topological approach for device
engineering may go beyond the OAM switch and inspire
novel topological design of conventional optical devices.

THE SYSTEM

As shown in Fig. 1(a), our system contains a main
degenerate multimode cavity [44–48], which supports a
large number of OAM modes and is coupled with three
degenerate auxiliary cavities by beam splitters. The de-
generate cavities used in our scheme possess fully trans-
verse degeneracy and their design principle is based on
the round-trip Gauss matrix [often called ABCD ray ma-
trix with A,D (B,C) diagonal (off-diagonal) matrix el-
ements] [44]. We consider a ring-type cavity possessing
cylindrical symmetry with respect to the optical axis,
the cavity modes are Laguerre-Gaussian (LG) modes Ep,l
with radial index p and azimuthal index l. The resonance
frequencies of the LG modes are [49, 50]

ωp,l = nΩF + (2p+ |l|+ 1)
arccos(A+D

2 )

2π
ΩF, (1)

where the integer n is the longitudinal mode index that
is fixed in our scheme and ΩF is the free spectral range
of the cavity. The off-diagonal ray matrix elements B
and C only affect beam waist size. The degenerate cav-
ity is obtained when the round-trip ABCD ray matrix
is equal to identity [44], which can be achieved using
curved mirrors or intracavity lenses. In this case, all
transverse LG modes Ep,l have the same resonance fre-
quency nΩF, yielding a degenerate cavity supporting dif-
ferent OAM modes l for photons. The tunneling be-
tween different OAM states is realized by spatial light
modulators (SLMs). The unimportant radial index p,

which is related to the radial mode profile of the in-
put photons, is omitted. There are many ways to con-
struct a degenerate cavity, for example, we consider a
rectangular-shaped cavity shown in Fig. 1(a) formed by
four identical curved mirrors with focal length equal to
optical path length between adjacent mirrors (see Ap-
pendix A). We use a tunable beam splitter (TBS) to
couple the cavity with the outside world, it is realized
by sandwiching an electro-optic modulator (EOM) [49]
between two polarizing beam splitters (PBSs), as shown
in Fig. 1(b). The EOM rotates photon’s polarizations
in a tunable way as |H〉 →

√
1− r2

P|H〉 + rP|V 〉 and

|V 〉 →
√

1− r2
P|V 〉 − rP|H〉, with |H〉 and |V 〉 the hor-

izontal and vertical polarization states which are sepa-
rated by the PBS. The tunable coefficient rP acts as the
reflectivity of the TBS.

The beam splitters divert a small portion of the main-
cavity photons towards the s-th auxiliary cavity, and
merge them back after passing through spatial light mod-
ulators (SLMs) [51, 52], which change the OAM state by
±Ms. This corresponds to tunnelings between different
OAM states in the main cavity, with a tunneling rate de-
termined by the reflectivities of the BSs. During the tun-
neling, the photon can also acquire a phase determined
by the optical path-length difference between two arms
of the auxiliary-cavity, which can be generated and tuned
using high-speed phase modulators (PMs). The system
is equivalent to a one-dimensional lattice model with the
lattice sites represented by the OAM states [13–15]. The
Hamiltonian is given by (see Appendix A)

H = −
∑

l

∑2

s=0
Jse

iφsa†l+Ms
al + h.c., (2)

where al is the annihilation operator of the cavity photon
in the OAM state l, and Ms is the step index of the SLMs
in the s-th auxiliary cavity with the tunneling amplitude
Js and phase φs = lαs + βs. The PM contains a beam
rotator [53] and an EOM [49]: the beam rotator, realized
by two Dove prisms rotated by αs/2 with respect to each
other, is used to generate the l-dependent phase lαs, and
the EOM is used to tune the l-independent phase βs.

The auxiliary cavities are designed as φ2 = 0, M0 = 0,
M1 = M2 = 1, J1 = J2, as shown in Fig. 1(c). Therefore
the Hamiltonian describes a generalized AAH model [54]
with modulations in on-site energy, tunneling phase and
amplitude, whose periods are determined by α0 and α1.
Here, we focus our discussion on α0 = α1 = 2π · 1

2 , in
analogy to the Rice-Mele model (i.e., double-well supper-
lattice model) [55] with neighboring site energy detuning
∆ ≡ −4J0 cos(β0) and inter- and intra-cell tunnelings
J± ≡ J1[1 ± eiβ1 ] [see Fig. 2(a)]. We rewrite the Hamil-
tonian as

H = −
∑

j
J+b

†
j,2bj,1 + J−b

†
j+1,1bj,2 + h.c.
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+
∑

j

∆

2
(b†j,1bj,1 − b

†
j,2bj,2), (3)

where we have introduced the unit cell index j with
bj,1 = a2j and bj,2 = a2j+1. After a Fourier transfor-
mation bk,1(2) ∝

∑
j e
ijkbj,1(2), the Hamiltonian in the

Bloch basis becomes

H = −
∑

k
[b†k,1, b

†
k,2]Hk[bk,1, bk,2]T , (4)

with the Bloch Hamiltonian Hk(t) = h(k, t) · ~σ, where
~σ = (σx, σy, σz) are the Pauli matrix and the real vector
h(k, t) satisfies hx(k, t)+ihy(k, t) = −[J+(t)+J∗−(t)e−ik],

and hz(k, t) = ∆(t)
2 . The band structure and the Bloch

wave function eikj |un(k)〉 can be obtained by solving
Hk|un(k)〉 = En|un(k)〉, with band spectrum E± =
±|h(k, t)|. The parameters ∆ = −4J0 cos(β0) and J± =
J1(1 ± eiβ1) depend on the time-varying phases β0,1(t)
[see Fig. 2(b)], so does the Hamiltonian H(t).

TOPOLOGICAL PUMPING

Topological pumping was first proposed by Thouless
for fermionic systems [36]. Consider a fermionic system
with the same single-particle Hamiltonian as H(t), if the
Hamiltonian is modulated adiabatically and periodically
without closing the band gap, the amount of transported
particles (along the OAM space) for a filled band is char-
acterized by the Chern number defined as the change in
polarization during one pump cycle (i.e., the center-of-
mass displacement of the Wannier function), which is

Cn =
1

2π

∫ T

0

dt

∫ 2π

0

dkΩkt (5)

with

Ωkt = 〈∂tun(k, t)|∂kun(k, t)〉 − 〈∂kun(k, t)|∂tun(k, t)〉.

The Chern number also equals to the winding number
of ±h(k, t) surrounding the origin as t varies over one
period and k varies over the Brillouin zone. The two
band is gapped in the parameter space except the critical
point when ∆ = |J+| − |J−| = 0. It can be proven that a
loop which encloses the critical point is topological non-
trivial. For a clockwise loop enclosed the critical point,
we find that C± = ∓1. The Chern number is equal to
the winding number of ±h(k, t) surrounding the origin
as t varies over one period and k varies over the Brillouin
zone.

Photons are non-interacting bosons, so the photonic
pumping is reduced to single-particle pumping, which is
different from the fermionic pumping of a filled band. We

consider a single photon in the n-th band

|Ψ(j, 0)〉 =
∑
k

ψke
ijk|un(k, 0)〉, (6)

the modulation is adiabatic so that it will follow the ini-
tial band, and also k is a good quantum number during
the pumping. So, the final state can be written as

|Ψ(j, t)〉 =
∑
k

ψke
ijke−i

∫ t
0
dt′En(k,t′)eiγn(k,t)|un(k, t)〉,

(7)
with γn(t) the Berry phase given by

γn(k, t) = i

∫ t

0

〈un(k, t′)|∂t′un(k, t′)〉dt′. (8)

The center of mass of the particle is

j̄(t) =
∑

j
〈Ψ(j, t)|j|Ψ(j, t)〉

=
∑
k

〈Ψ̃(k, t)|i∂k|Ψ̃(k, t)〉 (9)

with

|Ψ̃(k, t)〉 = ψke
−i

∫ t
0
dt′En(k,t′)eiγn(k,t)|un(k, t)〉. (10)

So we have

j̄(t) =
∑

k
iψ∗k∂kψk +

∫ t

0

I(t′)dt′ (11)

with the average current given by

I(t) =
∑
k

|ψk|2[∂kE(k, t) + Ωkt]. (12)

So the displacement after one pumping cycle would be

∆j̄ = j̄(T )− j̄(0)

=

∫ T

0

I(t)dt. (13)

For the simple case with ψk = 1√
N

, N is the total

number of lattice sites, |Ψ(j, 0)〉 is reduced to the Wan-
nier function |Wn(j, 0)〉,

|Ψ(j, 0)〉 =
∑
k

1√
N
eijk|un(k, 0)〉 ≡ |Wn(j, 0)〉, (14)

and we have

∆j̄ =
1

N

∑
k

∫ T

0

Ωktdt =

∫ T

0

dt

∫ 2π

0

dk

2π
Ωkt = Cn. (15)

We can see that the average displacement is exactly quan-
tized even for a single-particle Wannier state.

We consider a pumping process as shown in Fig. 2(c),
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FIG. 2: (a) Diagram of the effective lattice in the OAM
dimension. Each unit cell (enclosed by the dashed square)
contains two sites with detuning ∆ = −4J0 cos[β0(t)]. J± =

J1[1 ± eiβ1(t)] are the inter- and intra-cell tunnelings respec-
tively, whose dependence on the tunneling phase β1 is shown
in (b). (c) The pumping loop in the β0-β1 plane. Since the
tunneling phase has a period of 2π, their choice is not unique,
and the two loops (red dashed and blue solid) have the same
topology. (d) Illustration of the pumping process. The loop
in the δJ-∆ plane can be realized by either loop shown in
(c). Red solid circle represents a site occupied by a photon,
which moves to the right by two sites (one unit cell) during
one pumping cycle.

where the pumping cycle corresponds to a loop in the 2D
parameter space spanned by β0 and β1. The two bands
of the system are gapped in the parameter space except
at the critical point β0 = β1 = π/2 with ∆ = δJ = 0
and δJ ≡ |J+| − |J−|. A loop which encloses this crit-
ical point is topologically non-trivial, and the topology
of the pump is invariant under deformation of the loop
without cutting through the critical point. Therefore it is
more convenient to consider the pump in the ∆-δJ plane,
with corresponding pump loop and photon movement il-
lustrated in Fig. 2(d).

The band structures (E± = ±|h(k, t)|) along the
pumping loop are shown in Fig. 3(a), with a smallest
bandgap 4J1. The two gapped bands have different trans-
port properties due to their different topologies, charac-
terized by Chern number C = ∓1 respectively. We start
the pumping at δJ = 2J1 and ∆ = −4J0 with J0 � J1,
where the Wannier functions are well localized at a sin-
gle OAM state (since the inter-cell tunneling J− is van-
ished and intra-cell tunneling J+ is very weak compared
to detuning ∆). We consider a lower-band state with
a single photon initialized at OAM state l0 (this can
be realized by resonantly feeding a single-photon pulse
carrying the corresponding OAM into the cavity), which
will be pumped to l0 + 2 after one cycle (each unit cell
contains 2 sites). The photon distribution and displace-
ment of its center-of-mass are shown in Figs. 3(b) and
(c). We can see a clear step-like displacement as ex-
pected. The transport is topologically protected and ro-
bust against perturbations in the parameter modulation
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FIG. 3: (a) The band structure in one pump cycle with Chern
number C = ±1 for two bands. (b) Cavity photon distribution
in two pump cycles with step-like transport. Pl(t) is the prob-
ability of the photon in OAM state l at time t. (c) Center
of mass displacements (dots) and their standard deviations
(error bars), which are calculated by assuming Gaussian dis-
tributed random disorders δβ0,1 in the tunneling phases with
standard deviations σ(δβ0,1) = 0.1rad. (d) The final-state pu-
rities at m

2
pump cycles (tm = mT

2
) versus different coupling

ratio J0/J1. The pink stars, blue cycles, black crosses and red
squares correspond to m = 1, 2, 3 and 4 respectively. The
modulation of the pump parameters is chosen to satisfy the
adiabatic condition with period T = 21/J1, whose temporal
profiles are shown in (c) with β0 the red solid line and β1 the
red dashed line. In (b-d) the initial OAM state is l0 = 0 and
in (a-c) the coupling ratio is J0/J1 = 5.

loop. Fig. 3(c) shows the center-of-mass displacement
and its variation caused by the random shifts in the phase
β0 and β1, demonstrating that the quantized transport
is almost immune to such small errors.

To obtain a final state with a high purity (defined
as the probability of finding the photon in the desired
OAM state), a large J0/J1 is required to make the Wan-
nier function well localized at a single OAM state. This
is because, at the beginning (end) of the pumping, we
have two flat bands with E± = ±

√
4J2

0 + 4J2
1 , and the

eigenvectors |u−(k, 0)〉 = [cos(θ),− sin(θ)] |u+(k, 0)〉 =
[sin(θ), cos(θ)], with tan(2θ) = J1/J0 independent of k.
The Wannier functions of the lower band is |W−(0)〉 =
cos(θ)|l = 0〉 − sin(θ)|l = 1〉, which is well localized on
l = 0 for J1/J0 � 1. As a result, the pumping of state
|l = 0〉 is characterized by the lower band which gives
a quantized transport of C− = 1. In addition, differ-
ent from the pumping of a whole filled band, the final
state is not a simple displacement of the initial state for
single-particle pumping, this is because there exists dif-
fusion during the pumping due to the dynamical phase

e−i
∫ T
0
dtEn(k,t), which decreases the purity of the final

state. The diffusion leads to a wider profile of its density
distribution, and induces minor populations of unwanted
OAM states. To reduce such effect, we need to make
the band as flat (in momentum space) as possible during
the pump, then the dynamical phase becomes a constant
phase independent of k. During the pump, the bands are
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given by

E± = ±
√

4J2
0 + |J∗+ + J−eik|2 (16)

' ±
{

2J0 +
J2

1

J0
+

J2
1

4J0
[cos(k)− cos(k + 2β1)]

}
,

which is always flat for β1 = 0, π. As we modulate β1

from 0 (π) to π (0), such that J+ (J−) changes from 2J1

to 0 while J− (J+) changes from 0 to 2J1, the bands
are approximately flat in the limit J1/J0 � 1, and the
diffusion effect is negligible. The band gap is also very
large during this modulation, and the diffusion effect can
be reduced further by increasing the modulating speed
properly. These effects are verified by our numerical cal-
culation of the purity for different values of J0/J1 [see
Fig. 3(d)]. The purity can be close to 100% by using a
larger value of J0/J1.

Each pumping cycle shifts photon’s OAM by 2, there-
fore even switching numbers can be realized by integer
pumping cycles. However, we notice that photon’s OAM
state is also well localized at half-integer pumping cycles
with OAM shifted by an odd number [see Figs. 3(b)-
(d)], therefore odd switching numbers can be realized by
half-integer pumping cycles. Alternatively, we can de-
sign the synthetic double-well lattice such that two sites
in each unit cell are represented by different polariza-
tion states with the same OAM, and each pumping cycle
changes photon’s OAM by 1. Similarly, we can put the
photon in the upper band, then the above pumping will
change its OAM by −1 or −2, alternatively, this can also
be achieved by considering a counterclockwise pumping
loop and a photon in the lower band. The system is
linear (with no photon-photon interaction), as a result,
our scheme can simultaneously switch multiple photons
in different OAM modes, each pumping cycle shifts the
OAM by +2 (−2) for photons in the lower (upper) band.

TOPOLOGICAL OAM SWITCH

Such quantized transport offers a robust way to switch
the OAM states of photonic signals in three steps: (i)
Input—the input photon pulse enters the cavity and the
l0 cavity-mode is excited; (ii) Topological pumping—
the photon is pumped to the desired OAM state; (iii)
Output—photon pulse is released out of the cavity. The
input and output are realized by a tunable beam splitter
(TBS) which couples the cavity with the outside world.
The tunability of the input/output beam splitter is cru-
cial for improving the efficiency of the OAM switch be-
cause the coupling between the cavity and the outside
world need be turned on during input/output so that the
signals can get in/out, and turned off during the pump-
ing to avoid unwanted photon losses. The dynamics are
characterized by [56]

ȧl =
1

i
[al, H]− κ

2
al + δl,l0

√
κeEin(t),

where Ein(t) is the input photonic field in l0-OAM state,
κ is the total photon loss, and the tunable coupling
strength between the cavity and the input/output fields

is
√
κe ' |rP|

√
ΩF

2π [57] with r2
P � 1 and ΩF the free

spectral range (FSR) of the main cavity.

In an ideal case, all optical elements are perfectly de-
signed, and the only photon loss channel is the TBS, so
we have κ = κe. With proper modulation of κe (i.e., rP),
the input signal pulse can enter the cavity with an effi-
ciency as high as 90%. Then it is pumped to the desired
OAM state and finally released from the cavity. The evo-
lution of the photon field inside the cavity, as well as the
temporal profiles of input/output fields and photon loss κ
are shown in Figs. 4(a) and (b). We see that photons are
almost perfectly transported to the desired OAM state,
but the intensity is slightly reduced due to photon losses
during input and diffusion during pumping.
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EXPERIMENTAL CONSIDERATION

Typically the FSR of the main cavity is ΩF ∼ 2π ×
1GHz, and the tunneling strength, given by Js =

ΩF
|rs|2

2π(1+|ts|2) with rs (ts) the reflectivity (transmissiv-

ity) of the corresponding beam splitters [13–15, 30], can
be up to tens of MHz (e.g., J0 ∼ 2π × 20MHz and
J0 � J1 ∼ 2π × 4MHz). The pump period T ∼ 20/J1

leads to a switching time of the order of µs. Notice that
the bandwidth of the input signal pulse should be smaller
than the initial band gap 4J0, leading to a bandwidth of
the order of 10MHz for the input photon, and such pho-
ton source can be realized using cavity-enhanced para-
metric downconversion [58]. The upper limit (lmax) that
the OAM state can be switched to, is determined by
the aperture of the optical elements because the beam
size increases with the OAM number l. For typical mir-
ror size, lmax can be very large (hundreds), leading to a
switchable OAM range l ∈ [−lmax, lmax]. Imperfections
such as extra photon losses may be introduced by cavity
mirrors, TBS, phase modulators and SLMs. Such losses
only reduce the intensity of the output field without af-
fecting the quantized switching (see Appendix B). To re-
duce such extra losses, we can make use of high-efficiency
intra-cavity elements (e.g., EOM, SLM, etc.) with high
transmission (through anti-reflection coating), it is possi-
ble to make these extra losses as small as a few tens of kHz
(much smaller than the switching rate of MHz) [51, 59–
61]. Also, the defects in the SLMs would induce imper-
fect switch, fortunately, only two high-efficiency SLMs
(which can be fabricated with high precision [51]) are
used and photons may pass the SLMs many times to
realize high switch distance. Deviations from cavity de-
generacy lead to random on-site energy shifts δωl ∼ |l|δω
(see Appendix C). Due to the topological protection, our
scheme works well as long as the shift for the maximal
OAM state (hundreds) is smaller than the smallest band
gap lmaxδω . 4J1 (see Appendix C). This requires that
the accuracy of the mirror (lens) distance should be of the
order of µm which can be realized using high-precision
translation stage. Thanks to the degenerate-cavity setup
with all OAM modes sharing the same optical paths, dis-
orders in the tunneling coefficients are negligible since
all tunnelings are realized by the same sets of auxiliary
cavities and can be controlled simultaneously. Other im-

perfections, such as a global shift in the resonance fre-
quency of the degenerate cavity, will not affect the pump-
ing. Therefore, our scheme should be feasible even in the
presence of realistic imperfections.

MULTISTAGE GENERALIZATION

To obtain high OAM states, large numbers of pump cy-
cles may be required, which slow down the switching rate.
To accelerate the switching rate, we consider a multistage
setup with several cascaded degenerate-cavity systems as
shown in Fig. 5. In the n-th stage, we choose the tun-
neling step of the SLMs as M1 = M2 = Nn with N an
integer, and α0 = α1 satisfying mod(α0N

n, 2π) = π. For
an arbitrary switching distance ∆l =

∑
n cnN

n (with cn
the expansion coefficients), the corresponding pump cycle
of the n-th stage is cn/2, which gives the total switching
time T

∑
n cn/2. For example, consider ∆l = 512 and

N = 10, the total switching time is only 4T . Both the
maximum number of stages ≤ logN lmax and the max-
imum switching time ≤ TN

2 logN lmax are logarithmic,
yielding exponential speedup for the OAM switch.

DISCUSSION AND CONCLUSION

Conventional spatial light modulator [23] and digital
micro-mirror device [24] are limited by the switching
rates of ∼kHz. Higher switching rates can be achieved
by combing acousto-optic (electro-optic) modulator with
SLMs (q-plate) [25, 28], or using on-chip resonators [26].
However, the acousto-optic modulator would induce un-
wanted change in wavelength, and the on-chip switching
has a very low efficiency. Moreover, all these approaches
require precise control of experimental parameters and
the number of usable OAM modes is usually very limited.
In contrast, our scheme is robust against perturbations
due to its topological feature, and also able to rapidly
switch to high OAM modes with high efficiency. Our
results of single-photon pumping can be generalized to
multi-photon states or even classic coherent states. Since
the system is linear with no interaction, every photon is
pumped independently.

In summary, we proposed a topological photonic OAM
switch which is fast, robust, efficient and accessible to ex-
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ponentially large OAM states. The proposed topological
pumping in the OAM-based synthetic dimension offers a
powerful platform to study 1D topological physics of the
generalized AAH model. The simple optical setup for the
topological photonic OAM switch opens a wide range of
experimental opportunities and may find important ap-
plications in quantum information processing and optical
communications.
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Appendix A

The cavity stability and effective Hamiltonian.
There are many ways to construct a degenerate cav-
ity, and its stability may depend on specific configura-
tion. for example, we consider a rectangular-shaped cav-
ity shown in Figure 1(a) in the main text with width X
and length Y . Four curved mirrors are identical with
the focal length F and the fully transverse degeneracy
can be obtained for X = Y = F . The cavity is stable for
(X−F )(Y−F ) >= 0 and unstable for (X−F )(Y−F ) < 0
(see Fig. 6). In the stable region, the beam waist is given

by w2
0 = λF

2π

√
X−F
Y−F with λ the wavelength, and w0 is of

the order of 1mm. These properties are similar to those
for confocal Fabry-Perot cavity [49, 50]. Because the cav-
ity possesses cylindrical symmetry with respect to the op-
tical axis, ellipsoidal (rather than spherical) mirrors are
used to correct astigmatism caused by non-normal reflec-
tions. Alternatively, this can be done by replacing curved
mirror with an intracavity lens and a plane mirror, or by
changing the geometry of the cavity.

Inserting beam splitters (BSs) may slightly adjust the
optical path length of the cavity and thereby the ABCD
ray matrix, which can be restored easily to identity by
modifying X or Y . The beam splitters divert a small por-
tion of photons in the main cavity to the auxiliary cavity
containing two SLMs, which induce tunnelings between
different OAM modes. To show this, we first consider a
single auxiliary cavity with two ±1-SLMs. Our system
is equivalent to a 1D lattice of coupled cavity array with
lattice sites represented by different OAM modes [13–
15], as shown in Fig. 7. The optical path length of the
auxiliary cavity is chosen for destructive interference so
that photons spend most of the time in the main cav-
ity (small imperfections of the auxiliary cavity can be
ignored because of this). The system is characterized by
the following tight-binding Hamiltonian [30]

H = −
∑

l
Jeiφa†l+1al + h.c., (A1)

(X − F)/μm 

( Y
−
F
) /
μ

m
 

𝛿𝜔/4𝐽1 

FIG. 6: Plot of frequency difference δω between adjacent
OAM modes normalized to the band gap 4J1 with respect
to the width and length of the rectangular cavity. The white
regions represent configurations where the cavity is unstable.
Our scheme works well if |l| δω

4J1
. 1. Other parameters are

F = 10cm, J1 = 0.004ΩF.

𝑙 𝑙 + 1 

BS 

𝜙 

−𝜙 

𝑎𝑙  𝑎𝑙+1 …… 

FIG. 7: The equivalent circuit in the OAM space, with φ
the phase imbalance between two arms of the auxiliary cavity
and al the field operator for OAM mode l. Red (blue) loop
represents the main (auxiliary) cavity.

where al is the annihilation operator of the cavity photon
in the OAM state l, J and φ are corresponding tunneling
amplitude and phase, which are determined by reflectiv-
ities of the BSs and the optical path length of two arms
of the auxiliary cavity, respectively. It is straightforward
to generalize the results to multi auxiliary cavities. Us-
ing three properly designed auxiliary cavities, we obtain
the Hamiltonian Eq. (1) in the main text. Without tun-
nelings, the system has a single trivial flat band since
all OAM modes are degenerate. The tunneling and in-
terference between different OAM modes lead to non-
trivial topological band structures, based on which we
can switch OAM states through topological pumping.

Appendix B

Effects of photon losses. Typically, the optical path
length of the cavity is about tens of centimeters which
leads to a FSR ΩF = 2πc/L ∼ 2π×1GHz, where L is the
optical path length of the cavity and c the speed of light.
The reflectivity rP of the TBS can be tuned by the EOM.
If the tuning rate is much smaller than the FSR ΩF, its
effect is well characterized by a time-dependent coupling
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(a) (b) 

J1𝑡

𝜅
/𝐽

1
 

J1𝑡
𝑙

|ℰ|2 
𝑃𝑙(t)

𝑙 
J1𝑡

0.8

0

FIG. 8: (a) Normalized cavity photon distribution and (b) Input/output photon pulses in the OAM switching. The parameters
are the same as in Fig. 4 in the main text, except that the photon loss is nonzero during the pumping with κ0 = 0.02J1.

√
κe(t) ' |rP(t)|

√
ΩF

2π , where κe can be tuned from 0 to

a few MHz within a few µs and vice versa. In realistic
experiments, there are other photon losses due to factors
such as the finite Q-factor of the cavity, the intrinsic loss
of the SLMs and phase modulators. Such photon loss
can be made as low as tens of kHz (much smaller than
the switching rate) using high performance optical ele-
ments. For extremely high OAM states, the beam size
becomes comparable with the aperture of the optical el-
ements, which gives a upper limit that the OAM can be
switched to. We consider the pumping between OAM
states smaller than the upper limit, the dynamics of the
lossy system is characterized by the master equation

ρ̇ =
1

i
[H, ρ] + κ0

∑
l

(alρa
†
l −

1

2
ρa†l al −

1

2
a†l alρ) (A2)

with photon loss rate κ0. For the pumping of a single
photon state, the solution is simply given by

ρ = (1− e−κ0t)|vac〉〈vac|+ e−κ0t|Ψ(t)〉〈Ψ(t)|, (A3)

with |Ψ(t)〉 the solution of non-dissipative case. The pho-
ton density distribution

N(l, t) =
Tr[ρ(t)a†l al]∑
l Tr[ρ(t)a†l al]

= 〈Ψ(t)|a†l al|Ψ(t)〉 (A4)

is the same as the non-dissipative case, except that the
probability to find the photon inside the cavity is reduced
to e−κ0tp with tp the total pumping time. Our system
is linear with no interactions, thus the results of single
photon pumping can also be generalized to multi-photon
states and even classic coherent states.

When the cavity is coupled with the input/output sig-
nals, the dynamics are characterized by the Langevin
equation

ȧl =
1

i
[al, H]− κ

2
al + δl,l0

√
κeEin(t), (A5)

with κ = κ0 + κe and Ein(t) the input optical field

in l0-OAM state which can be either a single-photon
pulse or a classic coherent pulse. The dynamics of both
single-photon and coherent input signal are described by
Eq. (A5), with al being the coherent (single-photon) am-
plitude of OAM state l. Typically, the intrinsic pho-
ton loss κ0 is of the order of tens of kHz (which can be
made even smaller by improving the performance of the
optical elements), and it only reduces the switching ef-
ficiency without affecting the quantized transport (even
for a strong loss), as shown in Fig. 8 with a large κ0

(∼ 2π × 100kHz).

Appendix C

Effects of deviations from degeneracy point. In
the ideal case, the cavities always stay at the degen-
eracy point when ABCD matrix is equal to identity.
Deviations from the degeneracy point lead to an fre-
quency shift (2p + |l| + 1)ΩF arccos(A+D

2 ) to the LG
cavity modes. This would hardly affect tunnelings be-
cause the BS reflectivity is not affected and the optical
path length of the auxiliary cavity is chosen for destruc-
tive interference (photons spend most of their time in
the main cavity). For the OAM states considered in
our system, the radial index p is of the same order of
magnitude as |l| (though each OAM mode may contain
multiple p components). Overall, deviations from de-

generacy lead to a random energy shift δωla
†
l al to each

OAM mode, with δωl ' |l|δω and δω ' 3
arccos( A+D

2 )

2π ΩF

(unimportant global shift is ignored). Thanking to the
topological protection, we find that our scheme works
very well as long as the energy shift is smaller than the

smallest band gap |l|δω4J1
. 1, as confirmed by our numer-

ical simulation shown in Fig. 9. Without loss of gener-
ality, we consider above rectangular-shaped cavity with
F = 10cm. δω

4J1
as a function of X and Y is shown in

Fig. 6, and |l|δω
4J1

. 1 leads to |l|
√

(X − F )(Y − F ) .
1000µm. If we encode the quantum information in the
space l ∈ [−lmax, lmax] (i.e., the maximal OAM to be
switched to is |l| = lmax), our scheme works well when
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𝑙/
𝑀

1
 

𝐽1𝑡 𝐽1𝑡 

𝑙/
𝑀

1
 

FIG. 9: (a) Center of mass displacements (red dots) and their standard deviations (blue error bars), which are calculated
by assuming Gaussian distributed random on-site energy shift δωl = |l|δω due to deviations from the degeneracy. Standard
deviations σ(δω) = 0.05J1 and tunneling step M1 = 1 corresponds to the 0-th stage of the multi-stage switch. δω = 0.05J1
corresponds to

√
(X − F )(Y − F ) ' 10µm. (b) The same as in (a) except that the tunneling step M1 = 10, corresponding to

the 1-th stage of the multi-stage switch.

lmax . 1000µm√
(X−F )(Y−F )

. Using standard micrometric lin-

ear translation stages, one can easily achieve an accuracy
with (X − F ) ∼ (Y − F ) ∼ µm, thus corresponding lmax

can be up to hundreds. Nanometer-precision linear trans-
lation stage (e.g. M-714.2HD, PI, Germany) can reach
an accuracy of 0.05µm, which yields a maximal usable
OAM of several thousands in principle.

∗ Email: chuanwei.zhang@utdallas.edu
† Email: zwzhou@ustc.edu.cn
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