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Mode-locked lasers play a key role in modern
science and technology. Not only do they lay the
foundation for ultrafast optics and play a cen-
tral role in nonlinear optics, but also they have
important applications in imaging1, metrology2,
telecommunications3, sensing4, and computing5.
While substantial efforts have focused on mode-
locking the spectral modes of lasers6, relatively
little attention has been paid to mode-locking
their temporal modes. However, temporal mode-
locking presents ample opportunities to develop
new technologies7 and to study the intersection
of nonlinear, non-Hermitian, and topological phe-
nomena8, which, in recent years, has been a pri-
ority for the field of topological physics9–11. Here,
we theoretically predict and experimentally real-
ize topological temporal mode-locking in a laser
cavity with time-delayed intracavity couplings.
These couplings introduce non-Hermitian point-
gap topology12 into the temporal modes of our
laser and conspire with an effective nonlocal non-
linearity to generate mode-locked temporal struc-
tures in our laser cavity, whose form can be tai-
lored by suitably engineering the underlying cou-
plings. We harness this approach to realize a
nonlinearity-driven non-Hermitian skin effect12,
and we show that the topological temporal modes
of our laser are robust against disorder-induced
localization13. The flexibility and programma-
bility of our topological temporal mode-locking
scheme reveals new opportunities to study non-
linear9 and non-Hermitian10 topological phenom-
ena in mode-locked photonic resonators and could
enable new applications of mode-locked lasers to
sensing and optical computing.

Mode-locking occurs in a photonic resonator when non-
linear interactions lock the amplitudes and phases of the
resonator’s modes relative to one another14. This pro-
cess occurs in a variety of photonic systems, including
lasers6 and Kerr cavities15, and it plays a crucial role
in existing and emerging technologies. Most research ef-
forts in this area have focused on spectral mode-locking,

in which a nonlinear mechanism, such as active mod-
ulation6, saturable absorption16, or four-wave mixing17,
synchronizes the longitudinal, or spectral, modes of a res-
onator. However, recent work suggests that spatial and
temporal mode-locking can produce novel phenomena
that are interesting from both fundamental and practical
perspectives7,18–20. For instance, recent results suggest
that temporal mode-locking can provide new tools for
telecommunications21, photonic computing5, all-optical
data storage7, and the study of topological physics8. Yet,
despite this promising potential, a scheme to controllably
and programmably mode-lock the temporal modes of a
laser cavity has not been realized.

Meanwhile, a principal objective of topological physics
is to understand the interplay between nonlinearity, non-
Hermiticity, and topology9–11. While photonic exper-
iments on nonlinear and non-Hermitian topology have
largely utilized passive optical nonlinearities22,23 and
linear gain and loss24,25, recent theoretical studies on
mode-locked topological resonators point to their un-
precedented potential to realize novel nonlinear and non-
Hermitian topological effects26–28. However, despite a
growing number of such theoretical proposals29–31, ex-
perimental realizations of topological mode-locked res-
onators remain rare. In addition, existing proposals for
mode-locked topological resonators largely rely on topo-
logical mode-locking in the spectral domain, which can
limit the study of topological edge effects or the real-
ization of topological lattice models with inhomogeneous
couplings in mode-locked systems. The dearth of exper-
imental topological mode-locked resonators and the re-
strictions of topological mode-locking in the frequency
domain strongly motivate the search for an alternative
mode-locking scheme that can straightforwardly and con-
trollably introduce topology into mode-locked resonators.

In this work, we introduce and experimentally real-
ize a scheme to topologically mode-lock a laser’s tem-
poral modes, which we refer to topological temporal
mode-locking. We begin by introducing the laser ar-
chitecture that underlies this scheme, the topological
temporally mode-locked laser (TTMLL). We then uti-
lize this laser architecture to experimentally demon-
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FIG. 1: Topological Temporal Mode-Locking (a) General concept of the topological temporally mode-locked laser
(TTMLL). Sinusoidal modulation of the intracavity loss produces N evenly spaced temporal modes in the laser cavity. Dis-
sipative coupling between the modes alters the roundtrip loss of the modes and, together with the slow gain saturation non-
linearity, gives rise to a mode-locked temporal structure. (b) Schematic of the fiber-based TTMLL used in our experiments.
The architecture consists of a main laser cavity with two optical delay lines, which introduce dissipative couplings between
nearest-neighbor pulses in the cavity. EDFA: Erbium-doped fiber amplifier. IM: Intensity Modulator. (c-e) Schematic illus-
tration of topological temporal mode-locking with the Hatano-Nelson (HN) model, which is a one-dimensional chain with
asymmetric couplings w and v. W represents the topological winding number. Note that, due to the nature of dissipative
couplings, Im(λ) appears on the abscissa while Re(λ) appears on the ordinate32.

strate a nonlinearity-driven non-Hermitian skin effect
(NHSE)12 and to demonstrate the topological robust-
ness of our mode-locked laser’s (MLL’s) temporal modes
against disorder-induced localization. Our work demon-
strates a flexible and programmable temporal mode-
locking scheme that is capable of implementing arbitrary
couplings between the temporal modes of our MLL32.
This capability not only enables us to study diverse topo-
logical lattice models under different boundary condi-
tions, but it may also enable novel applications of MLLs
to sensing and optical computing. Moreover, the tempo-
ral mode-locking scheme discussed in this work may be
straightforwardly extended to other photonic resonators,
which exposes a bevy of opportunities to explore nonlin-
ear and non-Hermitian topology in mode-locked photonic
resonators.

The dynamics of the TTMLL can be described by a
modified master equation for active mode-locking6. In

the low power regime, in which the Kerr nonlinearity
may be neglected, this master equation models N evenly
spaced temporal modes (laser pulses), which are strongly
localized within their respective “gain wells” [see the cor-
respondence between the pulse positions and loss minima
in Fig. 1(a)]. Due to this strong localization, we can ap-
proximate the master equation by a tight-binding model
of the form [see Supplementary Information Sec. 7]:

∂an
∂T

=
[
KL

n an−1 +KR
n an+1

]
+ (g(T )− Γ) an (1a)

∂g

∂T
= −γ

(
g − g0 + gε

∑
n

|an(T )|2
)
. (1b)

Here an is the amplitude of the nth pulse, g(T ) describes
the nonlinear laser gain, g0 is the small signal gain, Γ
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FIG. 2: Topological Mode-Locking at HN and NH-SSH Domain Walls (a) Topologically mode-locked domain-wall
skin mode corresponding to an HN domain wall. (b) Schematic representation of the HN domain wall implemented for the
measurement in (a). (c) Schematic representation of the NH-SSH domain wall implemented for the measurement in (d).
(d) Topologically mode-locked domain-wall skin mode corresponding to an NH-SSH domain wall. Note that for our experi-
ments we choose w/v =

√
2 and κ = (w + v) /2.

is the effective linear loss, γ = TRT/τ is the ratio of
the roundtrip period and the gain relaxation time, and
ε is related to the saturation intensity. The terms in
square brackets in Eq. 1a describe nearest-neighbor in-
tracavity couplings between the pulses. We introduce
non-Hermitian topology into our TTMLL by engineer-
ing KL

n and KR
n to implement lattice models that exhibit

non-Hermitian point gap topology12. While we only con-
sider nearest-neighbor couplings in Eq. 1a, it is possible
to introduce arbitrary couplings between the pulses32.

The interplay between the topological intracavity cou-
plings and the gain saturation nonlinearity produces
topological temporal mode-locking in our laser. As is
shown in Fig. 1(a), the intracavity dissipative couplings
modify the loss landscape experienced by the laser’s tem-
poral modes. Meanwhile, the laser gain, whose dynamics
we assume to be slow (γ � 1), acts as a source of non-
local nonlinear interactions between the pulses, in the
sense that the gain saturates due to the average power
in the laser cavity [see Eq. 1b]. These nonlinear inter-
actions enable the pulses that experience less linear loss
due to the dissipative couplings to “consume” more gain
than the other pulses, and this drives all of the pulses
collectively towards the lowest-loss temporal structure.
Indeed, our simulations and analysis in Supplementary
Information Secs. 8 and 9 indicate that the system sta-
bilizes in the temporal structure that corresponds to the
lowest-loss right eigenstate defined by the intracavity dis-
sipative couplings. Because the dynamics of the TTMLL
fixes the relative phases and amplitudes of the pulses in-

side the cavity, the combination of the non-Hermitian
topological couplings and slow gain saturation leads to
topological temporal mode-locking.

We present an example of topological temporal mode-
locking in Figs. 1(c-e), where we illustrate topological
temporal mode-locking with the Hatano-Nelson (HN)
model13,33, which consists of a one-dimensional chain
with asymmetric couplings w and v. When our intra-
cavity couplings implement the HN model with periodic
boundary conditions (PBCs), the HN lattice exhibits a
nontrivial topological winding number W in the com-
plex energy plane34, and the mode-locked temporal struc-
ture in our TTMLL is evenly distributed among the laser
pulses [Fig. 1(c)]. When we reduce the coupling at the
boundary of the lattice [Fig. 1(d)], the topological wind-
ing number remains nontrivial [W 6= 0], but the steady-
state temporal structure in our laser begins to localize
near one boundary. This localization is accompanied by
an increase in the laser’s peak power because the energy
provided by our gain medium becomes concentrated in a
smaller number of pulses. Finally, in the presence of open
boundary conditions (OBCs) [Fig. 1(e)], the eigenvalues
of the HN model collapse onto a line, and the lattice is
topologically trivial [W = 0]12. In this limit, the pulses
in our TTMLL experience a nonlinearity-driven NHSE,
and the mode-locked temporal structure is strongly lo-
calized near the boundary. It is important to note that,
although this NHSE occurs in the topologically trivial
phase, it is a distinctly topological phenomenon, in the
sense that it both guarantees and is guaranteed by the
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presence of a topological invariant in the bulk lattice35.

While the discussion above describes the dynamics of
the TTMLL at low powers, at higher powers the Kerr
nonlinearity can alter the phases, intensities, and pulse
widths of the mode-locked topological temporal structure
in the TTMLL. In the present experiments, we operate in
a regime in which the Kerr nonlinearity has little effect
on the intensity distribution of the observed temporal
structures, which allows us to compare the measured in-
tensities to the predictions of Eq. 1. We consider the
effect of the Kerr nonlinearity in simulations presented
in Supplementary Information Sec. 8.

We experimentally realize a topological temporally
mode-locked laser by constructing the fiber-based
TTMLL shown in Fig. 1(b). This laser consists of a main
laser cavity and two delay lines [labeled ±TR]. We per-
form active mode-locking by inserting an erbium-doped
fiber amplifier (EDFA) and an intensity modulator (IM)
into the main cavity. The EDFA provides a slow gain
medium (γ = TRT/τ ≈ 10−5), whose gain saturates
due to the average power in the main cavity. Mean-
while, sinusoidally modulating the intracavity IM at a
frequency of fmod = 64/TRT gives rise to N = 64 time-
multiplexed actively mode-locked pulses with widths of
∼ 100 ps and a repetition period of Trep ≈ 4 ns [see
Supplementary Information Sec. 3]. The two delay lines
implement the nearest-neighbor dissipative couplings de-
scribed in Eq. 1a, while the IMs in the delay lines en-
able us to modulate the strengths of these couplings both
within one roundtrip and between roundtrips. Note that
the two delay lines enable us to control each direction of
the nearest-neighbor couplings independently32. This fa-
cilitates implementing non-Hermitian topological lattice
models in our system.

For our first demonstration of topological mode-
locking, we program the dissipative couplings of our
TTMLL to realize the HN domain wall shown in
Fig. 2(b). In this instance, we expect the NHSE to local-
ize all modes of the system at the domain wall between
the inverted HN domains, which possess different bulk
topological winding numbers12. To observe this local-
ization experimentally, we begin by tuning our laser to
operate with a small signal gain of ∼ 23.7 dB, which, in
the presence of the HN domain wall, results in an av-
erage output power of ∼ 40 µW. We then switch the
dissipative couplings of our laser to implement the HN
domain wall with a coupling ratio of w/v =

√
2. Shortly

thereafter, we observe that the pulse pattern in the laser
becomes temporally mode-locked in a skin mode at the
domain wall of the synthetic lattice [see Fig. 2(a)]. The
intensity distribution of this domain-wall skin mode is
in excellent agreement with the theoretically predicted
lowest-loss skin mode of the underlying HN lattice.

To showcase the flexibility of our topological mode-
locking scheme, we repeat our domain wall localization
experiment with the non-Hermitian Su-Schrieffer-Heeger
(NH-SSH)36–38 domain wall shown in Fig. 2(c). Here,
we program the dissipative couplings of our laser to im-

plement the NH-SSH domain wall with w/v =
√

2 and
κ = (w + v) /2, and we operate our laser with a small
signal gain of ∼23.1 dB, where the average output power
in the presence of the NH-SSH domain wall is ∼42 µW.
Once again, we find that the intensity of the measured
domain-wall skin mode is in excellent agreement with
the theoretical lowest-loss skin mode of the underlying
lattice. Notably, we are clearly able to distinguish the
the NH-SSH skin mode, with its pairwise amplitudes [see
Fig. 2(d)], from the HN skin mode observed in Fig. 2(a),
which demonstrates that the observed skin mode indeed
reflects the couplings of the underlying lattice.

While domain-wall localization has been observed pre-
viously in linear point-gap topological systems, where
it is known as topological funneling38, we emphasize
that the dynamics responsible for domain wall localiza-
tion in our topological MLL is fundamentally different.
Topological funneling also utilizes the NHSE, but it is
a linear transport phenomenon, in which excitations in
a non-Hermitian lattice localize at a domain wall due
to an effective asymmetry in the system’s conservative
couplings38. In contrast, domain wall localization that
occurs in our topological MLL is not a transport phe-
nomenon and is instead driven by the combination of
asymmetric dissipative couplings and a nonlocal gain sat-
uration nonlinearity. Moreover, this process occurs in the
absence of externally introduced excitations due to the
presence of net gain in our topological MLL, which en-
ables the observed domain-wall skin modes to form from
noise in the laser cavity. In this sense, the domain wall
localization in our topological MLL is a nonlinearity-
driven NHSE and is fundamentally distinct from topo-
logical funneling.

We next study how changing the boundary conditions
of an HN lattice influences the steady state of our topo-
logical MLL. In theory, varying the boundary conditions
of our topological MLL from PBCs to perfect OBCs en-
ables us to verify the correspondence between the bulk
topological winding number and the NHSE that occurs
in the presence of open boundaries40. However, in prac-
tice, the finite extinction ratio of our delay-line IMs limits
our ability to perfectly suppress the coupling between the
first and final sites of our synthetic HN lattice. Nonethe-
less, even with imperfect OBCs, we expect to see the
emergence of a nascent skin mode, which presages the
existence of the NHSE in the lattice with exact OBCs.
Therefore, observing topological temporal mode-locking
in this nascent skin mode still provides clear evidence of
the nontrivial topological winding number in the lattice
with PBCs.

We begin this experiment by preparing the couplings
of our TTMLL to implement the HN model with PBCs
and w/v =

√
2, and we tune our laser to operate with

a small signal gain of ∼ 22.2 dB and an average output
power of ∼23 µW. In the presence of PBCs, we observe
a uniform pulse train, as we expect from discrete trans-
lation symmetry [Figs. 3(a)]. Next, we suddenly reduce
the coupling at the boundary of our synthetic lattice. In
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FIG. 3: Non-Hermitian Topological Winding in a TTMLL (a) Measured mode-locked pulse pattern for an HN lattice
with w/v =

√
2 and PBCs. Here the laser power is evenly distributed between all pulses in the cavity. (b) Schematic illus-

tration of the band diagram and pulse-to-pulse couplings of an HN lattice with PBCs. With PBCs, the energies ω of the HN
model enclose a finite area in the complex energy plane and feature a nontrivial topological winding number. (c) Schematic
illustration of the band diagram and pulse-to-pulse couplings of an HN lattice with with imperfect OBCs. Note that, because
the eigenvalues of the HN lattice change rapidly near the realization of exact OBCs39, the change in the eigenvalues is ex-
aggerated for illustrative purposes. (d) Measured mode-locked skin mode of an HN lattice with w/v =

√
2 and suppressed

coupling between the first and final pulses. The theory is a best-fit skin mode that assumes a coupling ratio of w/v =
√

2
and treats the degree of coupling between the first and final sites as a fit parameter. Temporal mode-locking in this nascent
skin mode provides evidence of the topological winding number in the lattice with PBCs.

this case, the laser undergoes a series of relaxation os-
cillations before the dissipative HN couplings and slow
gain saturation temporally mode-locks the laser in the
lowest-loss nascent skin mode of the underlying HN lat-
tice. In Figs. 3(d) we show an experimentally measured
pulse pattern along with the best-fit lowest-loss state of
an HN lattice with w/v =

√
2 and variable boundary

conditions. We find that the best fit occurs when the
coupling between the first and final lattice sites is sup-
pressed by a factor of ∼11.6 [see Supplementary Informa-
tion Sec. 4], which is reasonable given that our delay line
IMs have a nominal DC power extinction ratio of 22 dB.
Based on the formation of this nascent skin mode, we
conclude that our topological MLL indeed hosts a non-
trivial topological winding numberW when the couplings
are programmed to implement an HN lattice with PBCs.

Given that our topological MLL can host a nontrivial
topological winding number, we expect it to also exhibit
topological robustness. In an HN lattice with PBCs, the
existence of a nonzero topological winding number con-
fers robustness against disorder-induced localization12.
In particular, when sufficiently small amounts of disor-
der are added to an HN lattice, either on-site or in the

site-to-site couplings33, the nontrivial winding number
enables the states of the system to remain in a delocal-
ized phase12. This stands in sharp contrast to trivial 1D
Hermitian lattices, where, in the thermodynamic limit,
any finite level of disorder can produce Anderson local-
ization41. The ability to control the boundary conditions
of the synthetic HN lattice in our topological mode-locked
laser provides a distinct opportunity to study this robust-
ness against disorder and to experimentally connect it to
the existence of the topological winding number.

To experimentally demonstrate that the mode-locked
temporal state of a disordered HN lattice with PBCs can
remain in the delocalized phase in our topological MLL,
we show that this state is highly sensitive to the bound-
ary conditions on the HN lattice. This sensitivity has
previously been established as a signature of the delocal-
ized phase in point-gap topological systems13,33,42, and
it can be correlated with other measures of delocaliza-
tion [see Supplementary Section 10]. We begin our exper-
iments by programming the couplings of our topological
temporal mode-locked laser to implement an HN lattice
with w/v = 4 and PBCs. To each coupling, we add dis-
order distributed according to the uniform distribution
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FIG. 4: Topological Robustness in the TTMLL (a) Mode-locked pulse pattern of an HN lattice with w/v = 4, PBCs,
and non-Hermitian coupling disorder distributed according to Unif(0, w/5). The topologically nontrivial winding number of
the lattice confers robustness against disorder-induced localization. (b) Mode-locked pulse pattern of the HN lattice from
(a) with the coupling suppressed at the boundary. The observed signature of the NHSE indicates the existence of a nontriv-
ial winding number in the lattice with PBCs. (c) Localized mode-locked pulse pattern of a trivial lattice (coupling κ) with
PBCs and the same level of non-Hermitian coupling disorder. (d) Mode-locked pulse pattern of the corresponding trivial lat-
tice with boundary coupling suppressed, which shows the absence of the NHSE in the trivial lattice. The pulses in the heat
maps are artificially broadened to improve visibility.

Unif(0, w/5), so that we implement the HN model with
20% coupling disorder. This off-diagonal disorder is dis-
tinctly non-Hermitian, and it stands in stark contrast to
recent experimental realizations of non-Hermitian disor-
der, which have only considered on-site gain and loss43.
In the presence of 20% coupling disorder and PBCs [see
Fig. 4(a)], the mode-locked pulse pattern of our TTMLL
appears spread across the HN lattice. However, if we
sharply reduce the coupling at the boundary, we ob-
serve that the power in the TTMLL concentrates near
one boundary of the lattice. While the observed nascent
skin mode is again broadened due to residual coupling
between the first and final pulses, the signature of the
NHSE is unambiguous. The emergence of a nascent skin
mode in Fig. 4(b) not only verifies that the mode-locked
state remains in the delocalized phase in the presence
of disorder but also establishes that a nontrivial wind-
ing number persists in the disordered HN lattice with
PBCs35. Additional realizations of this phenomenon for
other instances of disorder are presented in Supplemen-
tary Information Sec. 10.

We contrast our observations of disordered HN lattices
with those of topologically trivial lattices with the same
level of disorder. The mode-locked pulse patterns aris-
ing from one instance of disorder in the trivial lattice
are shown in Fig. 4(c,d). Unlike in our HN lattices, in
the presence of PBCs [Fig. 4(c)], we observe a localized
pulse pattern in the trivial lattice. Furthermore, when
we reduce the coupling at the boundary [Fig. 4(d)], we

observe that this mode-locked state remains largely un-
changed, suggesting that it is not sensitive to the bound-
ary conditions. This confirms the absence of a topologi-
cally nontrivial winding number in the trivial lattice and
verifies that the trivial mode-locked state enters a local-
ized phase.

While the contrast between Figs. 4(a,b) and
Figs. 4(c,d) provides strong evidence that our HN lat-
tice is topologically robust against localization, for other
realizations of the disordered trivial lattice, the mode-
locked pulse pattern can sometimes also appear sensitive
to the boundary conditions [see Supplementary Informa-
tion Sec. 10]. For the trivial lattice, this apparent sensi-
tivity to the boundary conditions is due to the relative
weakness of the disorder and the small size of our syn-
thetic lattice. To remove any ambiguity caused by the
finite size of our lattice, in Supplementary Information
Sec. 10, we simulate the steady-state pulse patterns of
the HN and trivial lattices as a function of the lattice
size. Plotting a generalized inverse participation ratio
for the two lattices as a function of the lattice size re-
veals that mode-locked state of the HN lattice remains
in a delocalized phase, while that of the trivial lattice
becomes localized.

While the present experiments focus on temporal
mode-locking in topological systems, the architecture
of the TTMLL may be straightforwardly adapted to
study other fundamental phenomena as well as poten-
tial applications. The time-multiplexed architecture of
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our dissipative couplings enables the realization of mul-
tiple synthetic dimensions and arbitrary pulse-to-pulse
couplings32. This capability may enable our TTMLL
to implement higher-dimensional NHSEs44, point-gap
topological models with long-range couplings45, non-
Hermitian Anderson topological insulators46, and other
coupled systems of fundamental interest, such as those
that exhibit PT -symmetry47. Beyond fundamental sci-
ence, one can imagine applying a temporally mode-locked
laser (TML) to sensing and optical computing — for ex-
ample, by designing the intracavity couplings so that
the mode-locked temporal structure is highly sensitive
to changes in the couplings, by using the steady-state
of the TML in the low-power regime to solve unwieldy
eigenvector problems, or by incorporating the dynamics
of the TML into a time-multiplexed computing architec-
ture such as the coherent optical Ising machine5.

Additionally, while the topological temporal mode-
locking mechanism studied in this work utilizes active
mode-locking and a slow, solid-state laser gain, the ar-
chitecture of the TTMLL may be adapted to study topo-
logical phenomena in other mode-locked photonic sys-
tems — including various kinds of passively mode-locked
lasers3,48; fast-gain, semiconductor mode-locked lasers49;
cavity solitons17,21,50; and sychronously pumped optical
parametric oscillators5,51. Indeed, the notion of combin-
ing a nonlinear pulse formation mechanism with pulse-to-
pulse intracavity couplings may be adapted to any source
that generates a uniform, intracavity pulse train, as such
a pulse train may be thought as a temporal synthetic
lattice whose pulses can be coupled with optical delay
lines. In this sense, our realization of topological tempo-
ral mode-locking reveals myriad opportunities to study
the interplay between topology and a diversity of mode-

locked resonators and has the potential to expand the
scope of nonlinear and non-Hermitian topological pho-
tonics.

In conclusion, we have theoretically proposed and ex-
perimentally demonstrated the topological temporally
mode-locked laser. By harnessing the interplay between a
slow gain saturation nonlinearity and intracavity dissipa-
tive couplings, we observed a nonlinearity-driven NHSE
and, by adding non-Hermitian coupling disorder to an
HN lattice with PBCs, we demonstrated the topological
robustness of the HN model against disorder-induced lo-
calization. We explained how our topological MLL can be
extended to study both different fundamental phenomena
and potential applications, and we discussed how our ex-
perimental architecture may be adapted to study non-
linear and non-Hermitian topological phenomena with
other short-pulse sources. In future work, we will ex-
tend our experiments to both explore topological tem-
poral mode-locking in the high-power regime, where the
Kerr nonlinearity plays a more substantial role, and to
study topological dynamics in other mode-locked pho-
tonic resonators.
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METHODS

Experimental Setup and Calibration

As discussed in the main text, the experimental plat-
form utilized in this work is a topological temporally
mode-locked laser (TTMLL) [Fig. 1(a)]. This laser ar-
chitecture consists of a main laser cavity and two optical
delay lines, which introduce nearest-neighbor couplings
between the pulses in the laser. For a more detailed pic-
ture of our setup, please see Fig. 1 in Supplementary
Information Sec. 1.

Our TTMLL is built from polarization-maintaining
fiber patch cables and discrete optical components.
All components and patch cables are terminated with
FC/APC connectors to reduce back-reflections, and they
are joined with PM fiber mating sleeves. The primary
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optical elements of the main cavity are an erbium-doped
fiber amplifier (EDFA) and an intensity modulator (IM),
which together are responsible for pulse formation in the
laser cavity. The main optical element in each delay line
is an IM, which controls the coupling strengths between
the pulses. In addition to these fiber elements, there are
free space delays in both the main cavity and in the two
optical delay lines, which provide the flexibility necessary
to properly match the lengths of the different lines.

We set the lengths of the main cavity and the delay
lines by injecting the pulses of an auxiliary mode-locked
laser into our system. We tune the length of the main
cavity so that these auxiliary pulses are resonant within
the cavity, and we tune the delay line lengths so that
they couple the auxiliary pulses.

Next, we use the auxiliary pulses to perform a pre-
liminary calibration of the delay line IM responses. We
disconnect the feedback of the main cavity and recon-
figure the path to our photodetector so that we observe
only the throughput of one optical delay line. We then
linearly sweep the RF voltage applied to IM in the de-
lay line and observe the resultant power of the auxiliary
pulses. With this data, we construct an applied voltage
versus optical power curve, which we use to generate the
coupling waveforms for our experiments.

After this calibration step, we reconnect the feedback
in the main cavity.

Because the lengths of our TTMLL’s paths and the re-
sponses of the delay line modulators are calibrated with
an auxiliary MLL, we want the pulses generated in our
TTMLL to have the same repetition rate as the auxiliary
pulse train and to temporally overlap with the positions
of the auxiliary pulses in the cavity. The first condition
ensures that the repetition rate of the pulses is compati-
ble with the cavity length, while the second ensures that
the pulses of our TTMLL see the same response function
of the delay line IMs.

To match the repetition rate of our TTMLL with that
of the auxiliary MLL, we use a 10 MHz reference from
our auxiliary MLL as a clock for the RF function genera-
tor responsible for actively mode-locking the main cavity.
We then set the frequency of the RF function generator’s
sinusoidal output to be the known repetition rate of the
auxiliary laser.

To match the temporal overlap of the TTMLL’s pulses
with those of the auxiliary laser, we place an RF phase
shifter at the output of the RF function generator. With
the RF output on and the auxiliary pulses inside the cav-
ity, we tune the phase of the RF output until we maximize
the resonant power in the laser cavity. At this point we
reason that the TTMLL’s pulses will be generated in the
same temporal positions as the auxiliary pulses.

We now remove the auxiliary pulses from the laser cav-
ity.

All of the calibration steps described above occur below
threshold. In an effort to ensure that our calibration does
not break down once we initiate lasing in our TTMLL, we
perform a second round of calibration procedures above

threshold.
First, we disconnect the fiber that recombines the de-

lay lines with the main cavity, so that pulses can pass
through the delay lines without coupling back into the
main cavity. We reconfigure the path to our detector so
that we observe the pulses passing through one of the
delay lines.

We now bring the laser cavity above threshold, and
we tune the length of the main cavity slightly until we
observe a stable pulse train. Then, using our initial cali-
bration for the delay line IMs, we generate the coupling
waveforms that we want to use for a particular experi-
ment, and we apply them to the delay line IMs. We view
the throughput of the delay lines on our detector and
evaluate whether it agrees with the expected couplings.
If the throughput does not agree with our expectations,
we further tune the positions of the optical pulses until
the agreement with the expected throughput improves.
If small discrepancies persist after this tuning, we manu-
ally update the coupling waveform to achieve the desired
delay line throughput.

Note that the calibration procedure described here is
only valid for a limited amount of time, as the length of
our main cavity is not locked to the RF function gen-
erator that produces the optical pulses. Therefore, the
relative drift of the main cavity and the RF function gen-
erator can both destabilize the pulse train in the main
cavity and change the pulse positions, which can mod-
ify the intracavity coupling in our experiment in unex-
pected ways. In the future, regenerative mode-locking52

may help to improve the stability and consistency of our
system.

Experimental Procedure

To initiate our experiments, we first block the light in
the two delay lines by placing beam blocks in their free
space delays. We bring the main cavity above threshold
and tune the length of the main cavity and the gain of
the EDFA until we observe a train of uniformly spaced
pulses. Then we unblock the delay lines one at a time and
attempt to lock them to constructively interfere with the
main cavity. As the threshold of our TTMLL is lower
with the delay lines constructively locked to the main
cavity, we next reduce the gain in our laser to lower the
intracavity power to the point where we can neglect the
effects of the Kerr nonlinearity.

In this initial operating phase, the delay lines imple-
ment constant couplings between all of the pulses. How-
ever, while these couplings are constant, they need not
be the same for each delay line. In particular, by tun-
ing the coupling strength in one delay line to be greater
than that in the other, we can immediately initialize our
laser in the topological phase of the HN model. Then we
can study the non-Bloch bulk-boundary correspondence
in the HN model by reducing the coupling between two
pulses to achieve a boundary.



10

Next, we change the coupling waveforms applied to
the delay line IMs to achieve topological temporal mode-
locking. We implement these couplings for several min-
utes at a time, and we observe the pulse pattern pro-
duced by the couplings on an oscilloscope. To ensure
that the observed pulse pattern occurs in the expected
position in the synthetic lattice of the laser pulses, we
reuse the auxiliary MLL from our calibration. By send-

ing one pulse from this laser directly to a second detector
on each roundtrip of our TTMLL, we produce a refer-
ence point from which to determine the positions of the
pulses in our TTMLL relative to the applied couplings.
This positioning procedure is detailed in Supplementary
Information Sec. 5.

Finally, we manually stop the oscilloscope and save the
data on-screen to a USB drive.
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Extended Data Figure 1: Additional Data for Topological Mode-Locking at HN and NH-SSH Domain Walls
(a) Temporal mode-locking in the HN domain-wall skin mode for 500 roundtrips. (b) Temporal mode-locking in the NH-
SSH domain-wall skin mode for 500 roundtrips. The plots shown in Fig. 2(a,d) are produced using (a) and (b), respectively,
together with the averaging procedure discussed in Supplementary Information Sec. 4. (c) Schematic representation of the
HN domain wall. (d) Schematic representation of the NH-SSH domain wall. Note that the pulses in these figures are artifi-
cially broadened for visibility.

(b)

(a)
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Extended Data Figure 2: Additional Data for Non-Hermitian Topological Winding in a TTMLL (a) Topolog-
ical temporal mode-locking of the HN lattice with PBCs for 500 roundtrips. (b) Topological temporal mode-locking in
the lowest-loss mode of the HN lattice with reduced coupling between the first and final lattice sites. The traces shown in
Fig. 3(a,d) are generated from (a) and (b), respectively, using the averaging procedure described in Supplementary Informa-
tion Sec. 4. Once again, the pulses in these figures are artificially broadened for visibility.


