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I. EXPERIMENT SETUP

The setup used in our experiment consists of an optoa-
coustically mode-locked laser [1–4] and the external con-
trol device that applies global- and individual-control, as
sketched in Fig.S1. The mode-locked laser has a unidi-
rectional ring-fibre cavity and consists of a gain section
of erbium-doped fibre (EDF, 1.2-m length) pumped by
two laser diodes at 980 nm (each with max. 900 mW
power). A linear polariser and a few FPCs are used to
initiate the mode-locking through nonlinear polarization
rotation (NPR) [5, 6]. The optoacoustic mode-locking is
enabled using a solid-core PCF described in system con-
figuration. A tunable delay line is used for adjusting the
cavity length so as to allocate a specific harmonic of the
cavity round-trip frequency into the acoustic resonance
of the PCF. The total cavity length is ∼ 20 m, which
could be varied in different experiments, leading to dif-
ferent harmonic orders.
The global-control setup applies fast perturbations

upon laser parameters, mainly the laser gain and cav-
ity loss, so as to perturb the interactions between the
multi-solitons in all time-slots while the harmonic mode-
locking state (i.e. the optomechanical lattice) remains
stable. The laser gain can be perturbed by changing
the pump current of the pump-laser diodes using a func-
tion generator. The cavity loss can be perturbed by a
fast variable optical attenuator (Boston Applied Tech-
nologies, response time < 100 ns) inserted in the laser
cavity. The relationship between the induced loss and
the applied voltage is shown as inset of Fig.S1. The
parallel reactions could also be initiated by tuning the
delay-line or simply by rotating the FPCs. However, due
to the mechanical nature of the methods, the whole pro-
cess lasts too long to be clearly recorded, whereas the
final stages of the reactions are similar to those under
pump and cavity-loss perturbation.
The global-control technique needs to be implemented

in cooperation with a properly chosen working point of
the laser cavity as described above. In addition, rise/fall
time of the step-change in voltages applied to the laser
diode and the attenuator are also carefully adjusted in or-
der to trigger steady reactions without destabilizing the
optomechanical lattice. For example, in order to realize
soliton-molecule dissociation, the pump current needed
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FIG. S1. Optoacoustically mode-locked soliton ring-fibre laser
with external control device. (See text for details)

to be reduced by ∼ 8% with optimized fall edge of 50
–100 µs. If the pump current falls too fast, population
oscillation would arise and eventually destabilizing the
mode-locking state. Slower edge would cause, on the
contrary, ultra-long dissociation time that may exceed
the available time span of detection. Similar optimiza-
tions are also critical for cavity loss perturbations, which
should be neither too fast nor too slow.

The individual-control technique is realized by exter-
nally launching a repetitive pulse pattern that matches
the time grid of the intra-cavity optomechanical lattice,
so as to precise address selected soliton complexes and
initiate the desired reactions. The external pulses gener-
ated by modulating a single-wavelength laser at 1550 nm
using a programmable pulse-sequence generator (∼ 200
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ps duration). The programmed pulse sequence followed
a time grid that exactly matched the optomechanical lat-
tice in the laser cavity, in order to precisely overlap with
selected time-slots. The peak power of these external
pulse in the cavity (after the 50/50 coupler) is attenu-
ated to ∼ 10 W, which is still comparable to that of
the intra-cavity soliton (∼ 25 W), leading to non-trivial
perturbation during their direct overlapping. The polar-
ization state of the addressing pulses was adjusted (using
FPC-4 and -5) such that they could be blocked by the
inline polariser in the cavity. In order to obtain a clean
DFT signal without overlap from the addressing pulses,
we inserted a 90/10 output coupler before the 50/50 out-
put coupler in the laser cavity, which is unreachable for
the addressing pulses.

II. SPECTRAL ANALYSIS

The transition between the long-range bound double
solitons and the phase-locked soliton-pairs are analyzed
to study the soliton molecule synthesis and dissociation.
A typical optical spectrum for long-range double soli-
tons are shown in Fig.S2. The 3-dB bandwidth is mea-
sured to be 2.9 nm, corresponding to ∼ 850 fs transform-
limited pulse width, agreeing with the autocorrelation
trace (Fig.S2(b)). The spectral profile is mostly smooth
with weak fringes appearing only in the vicinity of the
dominant Kelly sideband, indicating that the two soli-
tons have uncorrelated phase-relations while the bind-
ing is based on repulsive forces exerted by the dispersive
waves [7]. The repulsion forces, which can be expressed
in terms of carrier-frequency shift ∆ωd, depends on both
the amplitude of the dominant sideband (Ad) and the
relative phase between the sideband and the perturbed
soliton (∆φ0) as below [7]

∆ωd ∝ Ad exp(−h∆t)Ψ(∆φ0) ,

in which h is a constant related to the bandwidth of the
sideband (the decaying rate of the dispersive wave enve-
lope), ∆t is the long-range spacing between the two soli-
tons, and Ψ is a complicated oscillatory function that de-
pends on the relative phase ∆φ0 as well as the dispersion
and nonlinearity maps of the laser cavity. For synthe-
sis, the global-control method that relies on pump power
and cavity-loss perturbation mainly operate on this re-
pulsion force, either by reducing the dispersive wave am-
plitude Ad or dismantle the delicate phase-relation ∆φ0,
such that acoustic-induced attraction force would lead to
soliton collisions and eventually, the formation of soliton
molecules.
When the long-range double-solitons in all time-slots

transit into soliton-pair molecules after synthesis, and
the optical spectrum exhibit high-contrast interferomet-
ric fringes over the entire profile (Fig.S2(c)). The inner
spacing between the constituting solitons can then be de-
termined to be ∼ 3.8 ps and their relative phase is locked
at ∼ π.
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FIG. S2. (a) Optical spectrum of the mode-locked laser with
all time-slots filled with a long-range double-soliton. (b) Au-
tocorrelation traces for individual solitons in the sequence. (c)
Expanded view over the dominant Kelly sideband, featuring
a weak fringe. (d) Optical spectrum of the mode-locked laser,
after the synthesis, with all time-slots filled with a soliton-pair
molecule.

A soliton-triplet molecule can be synthesized out of a
soliton-pair molecule and a single-soliton, and reversely,
dissociated into them. The optical spectrum for the
long-range bound state of soliton-pair molecules and
single-solitons also exhibit fringes due to the phase-locked
soliton-pairs (see Fig.S3(a)), although with a lower con-
trast compared with that in Fig.S2(d) due to the coex-
istence of single-solitons. After the synthesis, the time-
slots are occupied with soliton-triplet molecules, with the
corresponding optical spectrum shown in Fig.S3(b).
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FIG. S3. (a) Optical spectrum of the mode-locked laser with
all time-slots filled with the long-range bound state of soliton-
pair molecules and single-solitons, as the preparation states of
soliton-triplet molecule synthesis. (b) Optical spectrum of the
mode-locked laser with all time-slots filled with soliton-triplet
molecules after the synthesis.

For simplicity, We assume that the individual solitons
within the complexes have identical envelopes E(t) in our
analysis [8], and the total field of a soliton-triplet can be
described as:

Etot = E(t+ τ1)e
iφ1 + E(t) + E(t− τ2)e

−iφ2 ,
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Then the spectral interferogram of the complex envelope
obtained from the Fourier transform should be

S(ω) = |Ẽ(ω)|2 {3 + 2 cos(ωτ1 + φ1) + 2 cos(ωτ2 + φ2)

+2 cos[ω(τ1 + τ2) + φ1 + φ2]} ,

Accordingly, we can retrieve the inner spacings be-
tween the consecutive solitons as τ1 = τ2 = 5.9 ps and
their relative phase φ1 = φ2 ≈ π within the soliton-
triplet molecule from the measured spectrum shown in
Fig.S3(b) which exhibiting multiple interleaving fringes.
Retrieving the spacings and relative phases between
neighbouring solitons of a soliton triplet from the DFT
interferogram is however trickier than that of a soliton-
pair. This is due to the limited detection bandwidth for
the finer structure, the increased numbers of fitting pa-
rameters and more importantly, the symmetric form of
the interferogram that can give non-unique fitting param-
eters (flipping the value of τ1 and τ2, φ1 and φ2 would
give the same interferogram). Particularly, in case of
radical collision and repulsions (see Supplementary Note
V), we can no longer track the exact order the interacting
solitons from the DFT signal and the consecutive spacing
and phase-relation become uncertain. Currently, we can
only retrieve simple and smoothly changing dynamic of
soliton triplets from the DFT signal.

III. CYLINDRICAL COORDINATE

In a cylindrical coordinate, we converted the tempo-
ral position τk(n) of the k-th soliton in the n-th time-
slot following the relationship (ρk(n), ϕk(n)) = (τ0 +
τk(n), 2πn/N), where τ0 is an arbitrary constant and
N is the total number of time-slots. In each azimuthal
“slice”, the amplitudes of each soliton are indicated by a
color-map. In this way the relative positions of solitonic
elements in all time-slots are then clearly presented. As a
simple demonstration, we plot the preparation state for
soliton triplet molecule synthesis, with a single soliton
and a soliton-pair molecule in each of the 160 time-slots
(except a few), in the cylindrical coordinate as shown in
Fig.S4. Each division occupies δϕdiv = 2π/N ≈ 0.04 rad
azimuthal space (highly exaggerated in the white-line
marking), while the recorded signal within each time-
slot are plotted along the radial axis within a span of
one mechanical cycle (∆ρslot ∼ 0.532 ns in time or ∼ 10
cm in space) marked by the white circle (not drawn in
the main article. Pulsed signal with doubled amplitude
indicates a soliton molecule.
We employ cylindrical coordinate in the supplementary

movies to provide full recordings (with periodic snap-
shots) of soliton molecule synthesis (Movie 1) and dissoci-
ation (Movie 2) . All frames are precisely aligned so that
a time-slot that accommodates specific reacting solitons
remained in the same azimuthal angle ϕ(n) from frame to
frame. In addition, the DFT signal of specific time-slot
are aligned to same azimuthal angle ϕ(n) as that in the

time-domain signal. In Movie 1, only one time-slot is pre-
pared with a single soliton as reference, which appeared
as a red peak (color-map defined in Fig.S4) due to lower
energy, and remained unchanged till the completion of
the synthesis. In Movie 2, all time-slots are prepared
with soliton-pair molecules. Some of the molecules how-
ever end up with losing one of the constituting soliton af-
ter dissociation, due to radical repulsions similar to that
illustrated in Panel (iv) of Fig.5(a). These time-slots,
with only half the energy of two-soliton slots, appeared
as a few dimmed slices in the DFT signal in the final
state.
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FIG. S4. A soliton supramolecule plotted in cylindrical co-
ordinate, which consists of 160 divisions that accommodate
both single solitons and soliton-pair molecules.

IV. REACTION RATE OF SOLITON
MOLECULES

Resembling chemical reactions, the formation of soli-
ton molecules requires multiple collisions of individual
solitons in the trapping potentials before an effective col-
lision occurred that leads to establishment of the molec-
ular bond. Using the frame-by-frame recording of the
long-term synthesis (one example shown in Supplemen-
tary Movie 1), we can roughly estimate the synthesis rate
of the soliton molecule as well as collision rate of interact-
ing soliton during the reaction. As shown in panel (iii) of
Fig.3a, the separated pulses in each time-slot merge into
a single pulse with doubled amplitude (due to the limited
PD bandwidth,) and then repel each other again into two
pulses. We regard one such action as one collision. Af-
ter many times of such collisions, they eventually merge
into a stable soliton molecule (a single-peak signal) with
stable fringe in the DFT single. We repeat the synthe-
sis experiment for several times, and plot the collision
number as well as the soliton molecule number versus
round-trip number (or time) during the synthesis. Two
examples shown in Fig.S5. We revealed that although
the collision rate and synthesis rate seems to vary from
experiment to experiment (probably sensitive to discrep-
ancies in the initial states and perturbation strength from
time to time), their correlation exhibits a quasi-linear re-
lationship, reminiscent of classical collision theory of the
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chemical kinetics that the rate of reaction is proportional
to the collision frequency of the reactants. Although the
soliton reactions that occurred between pre-sorted and
paired solitons within the parallel reactors do not fully
mirror the real chemical reactions in which all reactants
freely collide with each other, the experiment result still
provide interesting insight into the statistical properties
of soliton interactions and can be further improved and
modified to host various reaction conditions.

S
o

lit
o

n
 m

o
le

c
u

le

n
u

m
b

e
r

C
o

lli
s
io

n
 n

u
m

b
e

rs
S

o
lit

o
n

 m
o

le
c
u

le

n
u

m
b

e
r

Soliton molecule

number
Time (sec)

Time (sec)

C
o

lli
s
io

n
 n

u
m

b
e

rs

Example-1

Example-2

C
o

lli
s
io

n
 n

u
m

b
e

rs

Soliton molecule

number

C
o

lli
s
io

n
 n

u
m

b
e

rs

(d) (f)

(e)

(a) (c)

(b)

Experimental

data points

Linear fitting

Experimental

data points

Linear fitting

FIG. S5. Correlation between synthesis rate and collision
rate of soliton molecules. Results from two synthesis experi-
ments under the same global-control parameter (∼ 8% pump
power change) are shown as Example-1 and -2. (a), (d) Soli-
ton molecule number over all parallel reactors that gradually
accumulated over time during the synthesis. (b), (e) Total
soliton collision number accumulated over all parallel reac-
tors. (c), (f) Cross-plots of collision number versus the soli-
ton molecule number during each synthesis, both exhibiting
quasi-linear proportionality.

The parallel dissociation of soliton molecules un-
der global control is found to follow an exponentially-
decaying profile, which can be described by the first-order
reaction model with rate equation

dN

dt
= −kN ,

where N is the instantaneous molecule number during
the reaction at time t. The general solution is an expo-
nential decay with a “half-life” of ln(2)/k.
In our analysis, a soliton molecule is regarded as com-

pletely dissociated when the two solitons are repelled be-
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FIG. S6. (a) Soliton-molecule number decaying and (b)
long-range double-soliton number increasing over consecu-
tive round trips under different spacing criterion. Different
curve colors are used to mark counting results under different
spacing-criteria. The dashed lines in both plots indicate the
time at which the perturbation occurred.

yond a significantly larger spacing (i.e. 14-ps in the ar-
ticle) than the molecular spacing. The exact criterion is
rather arbitrary within a reasonable range. We plot the
results under different spacing criteria in Fig.S6. We can
note that, since the initial repelling between the solitons
at short-range is generally fast, the exact decaying curve
varied only slightly under different criterion as shown in
Fig.S6(a). The spacing evolution becomes rather slow
later at long range due to weakened interaction. Conse-
quently, the formation rate of long-range double-solitons
varied significantly under different criteria, as shown in
Fig.S6(b).

Incidentally, since soliton molecule dissociation is gen-
erally much faster then their synthesis, detailed studies
on soliton motions using DFT signal in this work are
mostly based on results during dissociation in which the
entire process over all time slots can be fully recorded
round-trip by round-trip. Meanwhile, effective collisions
between solitons during the parallel synthesis can dis-
tribute over hundreds of milliseconds (Fig.2b), and only
a small fraction of them can be recorded with high
resolution (Fig.2d). Nevertheless, using limited results
obtained from synthesis experiment, we can still real-
ized that soliton motions in both process share similar
stochastic features, including random-walk-like motion
and repulsions at intimate spacings.

V. STOCHASTIC SOLITON MOTION IN
REACTIONS

Random-walk-like soliton trajectories The motion
of the solitons during synthesis and dissociation are found
to be highly stochastic, resembling one-dimensional ran-
dom walk with fixed length of motion step. The random-
walk-like motion is probably a result of phase-dependent
interactions between the solitons. The soliton inter-
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FIG. S7. Random-walk-like motion during soliton-pair
molecule dissociation. (a)–(c) DFT signal evolution of a
soliton-pair molecule dissociation within one time-slot, The
gray line indicate the induced perturbation. The initial soli-
ton spacing is 5 ps in (a), (b) and 6 ps in (c). (d) A numer-
ically generated 1D random walk over 300 steps, with fixed
step length of 1 and random direction (+1 or −1). The ran-
domly oscillatory deviation is plotted versus the step number

actions that depends on their relative phase leads to
changes in spacing which in turn leads to changes in rel-
ative phases, leading to such random and oscillatory mo-
tions. In addition, non-solitonic wave perturbations, in-
cluding disperisve waves and weak CW background may
also contribute to the stochasticity of the soliton motions.

Here we provide a few examples (see Fig.S7 (a) - (c))
observed during soliton molecule dissociation, where the
step-wise evolutions of soliton spacing are highly promi-
nent. The example shown in Fig.S7(c) has a minimum
step length (spacing change) of ∼ 0.6 ps taken over a
period of ∼ 50 round trips. The evolution steps are
also found to be shared over all parallel reactors during
the parallel reactions. As a comparison, we numerically
generated a one-dimensional random walk trajectory in
Fig.S7(d), with step length of 1 and a random direction
(+1 or −1).

Despite their similarity, a few significant differences
exist between the the soliton motions and generic
random-walk paths. Firstly, two boundaries exist for
soliton spacing during the reactions, the lower one
being the molecular spacing, below which the soliton
interaction become universally repulsive, and the higher
one being the long-range binding spacing, toward which

the soliton spacing no longer follow step-wise evolution.
In between, a few metastable spacings could exist, at
which the interacting solitons can temporally reside.

Soliton repulsions at intimate spacing The soliton
motions during dissociation, despite resembling random-
walk trajectories, would universally turn into strong re-
pelling when their spacing reached below the original
molecular-spacing, quickly pushing the interacting soli-
tons apart and could terminate the dissociation immedi-
ately. The strength of repulsion would vary from time-
slot to time-slot in the parallel reactors and multiple re-
pulsions could occur within a single dissociation trajec-
tory. In addition to the two examples given in the article
(Fig.5e and 5f), soliton repulsion could be quite mild, as
the example shown in Fig.S8(a), which only lead to slow
diverging of the two solitons; or rather radical, as the
example shown in Fig.S8(b), which lead to extinction of
both solitons after the sharp diverging.
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FIG. S8. Two examples of soliton-pair molecule dissociation
terminated by soliton repulsion. (a) The time-domain trace
(left), the DFT signal (right-top) and the retrieved soliton tra-
jectory (right-bottom) of a dissociation that involve a mild re-
pulsion marked by the red arrow. (b) Dissociation terminated
by a repulsion that lead to fast diverging and then extinction
of the interacting solitons.

The expanded view at the DFT signal during the soli-
ton repulsions listed above and in article (marked as #1
–#4 in those figures) are illustrated below (Fig.S9(a)) in
parallel in the order of repulsion strength. We can reveal
that in all these events, the two solitons always tends to
be in phase (with a peaked center in the DFT interfero-
gram) when their spacing sharply dropped, in accordance
to the conventional theory that in-phase relation induces
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attraction. However, such attraction force immediately
convert into radical repulsion that avoid further merging
of two solitons. The repulsion of two optical solitons in
fibres at intimate spacing has been noticed since decades
[9], while the exact mechanism behind this phenomenon
remains unclear. It seems that a mutual shift in the
carrier-frequencies of the soliton-pair has occurred that
quickly shifted the phase relation from in-phase to out-of-
phase, turning the soliton interaction into strong repul-
sion. The relative-phase shift is given by ∆φ = 2π∆ν∆t,
where ∆ν is the carrier-frequency shift of the soliton-pair
and ∆t is their internal spacing. We can estimate that
the frequency shift in our case should be in the order of
0.1 THz so as to have a π-phase shift.
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FIG. S9. (a) Expanded views of the DFT signal at re-
gions where soliton repulsions occurred during the dissoci-
ation marked as #1 –#4 in Fig.6 and S8. In each case, we
plot the DFT signal over 150 consecutive round trips where
the repulsions occurred in the middle of selected time-span.
(b) DFT signal over 3 consecutive round trips at which radical
repulsion occurred in case #4.

Soliton self-frequency shift due to Raman effects [10]
has been suspected to cause such shift of phase-relation.
The increased soliton amplitude out of the constructive
interference caused a stronger Raman shift simutaneously
for both solitons. In addition, the peak-power clamping
effect [3, 11] provided by the NPR-effect, as a critical non-
linear dissipative process of the mode-locked laser cavity,
may also contribute to preventing the two soliton merge
into one with enhanced peak power.
The soliton repulsion could occur so radically that

the DFT interferogram would change significantly
within even one round-trip. We plot the detailed DFT
in case #4 signal during the repulsion in Fig.S9(b),
where we can reveal that within only 3 round-trips, the
two solitons turn from intimate attraction into radical
repulsion, followed by attenuation and extinction. The

exact soliton motion is therefore out of the capability of
the current DFT method.

Metastable states of interacting solitons The the
random-walk-like trajectories during the soliton reac-
tions is accompanied with an additional phenomenon, in
which the interacting solitons would occasionally reside
at some metastable state, with fixed or only weakly os-
cillatory spacing and phase, as we revealed within the
massive events occured in the parallel reactors. More-
over, the same metastable states could appear in differ-
ent reactors during one parallel reaction process, which
suggests that they might correspond to fixed-point at-
tractors with weak stability of the current nonlinear sys-
tem. As a brief illustration, we provide here in Fig.S10
a few recorded dissociation trajectories retrieved out of
DFT signal where metastable states are observed. The
metastable regions within the dissociation trajectories in
each time-slot are marked by grey arrows. We can notice
that the trajectories in Fig.S10(a) and (b) share the same
metastable spacing at ∼ 6.2 ps, while Fig.S10(c) and (d)
share the metastable state at ∼ 5 ps (the metastable
spacings are marked by yellow dashed lines).
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FIG. S10. DFT signal and retrieved spacings and phase-
relations during dissociation reactions in four parallel time-
slots which encompass metastable states (marked by gray ar-
rows). (a) and (b) shared the same metastable spacing at 6.2
ps, while (c) and (d) shared the same metastable spacing at
5 ps, as indicated by yellow dashed lines.

VI. PARALLEL REACTIONS OF
SOLITON-TRIPLET MOLECULES

We provide here some additional details in parallel syn-
thesis and dissociation of soliton-triplet molecules in or-
der to illustrate the complexity and diversity unfolded
by the parallel reactors. The synthesis started with
long-range bound-states of a soliton-pair molecule and
a single-soliton in each reactor. Then cavity-loss was
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FIG. S11. (a) Schematic of synthesis dynamics. (b) The time-domain soliton sequence in 8 (out of 160) consecutive time-slots
recorded over the initial ∼ 29000 round-trips (2.5 ms). An abrupt 1-dB increase of cavity loss over a 50-µs edge is applied at
the beginning to initiate the reactions.(c) The corresponding DFT signal of the time-domain sequence in (b). (d) Schematic
of a typical dissociation of an soliton-triplet molecule, with one of the molecular bond severed. (e) The time-domain recording
of 8 consecutive time-slots (out of 160) over ∼ 29000 round trips of soliton-triplet dissociation. A few time-slots contain either
a soliton-pair or a single-soliton and exhibit the different group-velocity during the dissociation. (f) The corresponding DFT
signal of the time-domain recording in (e).

abruptly increased by ∼ 1 dB over a 50-µs edge. As
a consequence, the long-range repulsion collapsed and
the single-soliton went through multiple collisions with
the soliton-pair in each reactor, before an effective col-
lision occurred that led to formation of a soliton-triplet
(Fig.S11(a)). The synthesis in 8 consecutive time-slots
(out of 160) recorded over the initial 2.5 ms are shown in

Fig.S11 (b) and (c) with both time-domain sequence and
the DFT signal. We can first notice that the trajecto-
ries are highly diverse from reactor to reactor with both
successful and failed synthesis. We can also notice the
discrepancies in group velocities between different soli-
tonic elements during the dynamic process (compared
with the reference time-slots that contain only a soliton-
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pair or single-soliton). The trapping potentials provided
by the optomechanical lattice passively synchronize all
these different elements and settle the velocity discrep-
ancies into different trapping positions within each time-
slot, avoiding “cross-talks” between the reactors.
The parallel dissociation of soliton-triplet molecules

within the parallel reactors are also highly stochastic as
we observed in our experiment, although typically most
soliton triplets dissociated into a soliton-pair and a single-
soliton in the final state (Fig.S11(d)). We plot the time-
domain sequence and the corresponding DFT signal over
8 (out of 160) consecutive time-slots during the initial 2.5
ms of the parallel dissociation (Fig.S11(e) and (f)). The
global perturbation is introduced as a ∼ 1-dB decrease of
the cavity loss in the beginning. Similar to the synthesis
case, the group-velocity discrepancies between all these
different solitonic elements also exist, which are even-
tually synchronized by the parallel reactors (compared
with the reference slots loaded with only one soliton-pair
molecule or one single-soliton).
Apart from the smooth dissociation shown in Fig.6,

some radical break-down of the soliton-triplet molecules
are also observed within the parallel reactors during the
dissociation, which can occasionally lead to extinctions
of the constituting solitons, as shown in the two exam-
ples given in Supplementary Fig.S12. These phenomena
are similar to the soliton repulsions in two-soliton reac-
tions shown in Fig.5 and Fig.S8, although three-soliton
repulsions are currently difficult to analyze due to lim-
ited resolution of the DFT method, limited bandwidth of
PD, and non-unique fitting parameters that result in un-
determined spacing and phase-relation between all three
solitons.
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FIG. S12. Dissociation of a soliton triplet that end up with
losing (a) one and (b) two of the reacting solitons after a
radical repulsion. The selected time-slots are from the same
dissociation reaction as in Fig.6 of the article and Fig.S11(b).

VII. MECHANISM OF INDIVIDUAL CONTROL

For selective synthesis of soliton molecule, the ad-
dressing pulse pattern is set to be synchronized with

intra-cavity soliton in terms of the cavity round-trip
frequency. Each addressing pulse can then constantly
overlap with the target time-slot without relative drift-
ing. The two solitons, due to their large spacing, would
experience different XPM-induced nonlinear index when
riding at different position of the addressing pulse, which
leads to relative delay of two solitons that manifest as
attraction between the two solitons. Meanwhile, the
repulsive force between the solitons due to dispersive
wave perturbation could also be perturbed by the
overlapping of the addressing pulses. Consequently, the
effective attraction between the two solitons exceeds
their repulsion and the two solitons start to move
towards each other, until the spacing is small enough
that the phase-sensitive direct interactions start to take
over (see Fig.S13(a)).
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FIG. S13. (a) The overlapping of the addressing pulses with
the two solitons causes additional attraction that exceeds
the repulsions between them, leading to soliton collisions.(b)
Time-domain recording of a few time-slots during the indi-
vidual control experiment (same as the one shown in Fig.7b).
These time-slots all host long-range double solitons, while one
of them experience perturbations from the external address-
ing pulses that constantly overlap with the two solitons in it,
leading to soliton collisions.

In the examples shown Fig.7(b), such collision end up
with successful formation of soliton-pair molecule. while
in most other time-slots under the same perturbation,
however, the collision failed to establish the molecular
bond, and the two solitons repel each other again into the
long-range bound states (example shown in Fig.S13(b)).
This is a reasonable result considering the multiple colli-
sions required for soliton molecule synthesis under global
control (e.g. see Fig.2), since the initial phase-relations
between the interacting solitons vary from time-slot to
time-slot.

For selective dissociation of soliton molecules in se-
lected time-slots is most efficiently achieved by launch-
ing the addressing pulse with a slightly asynchronized
repetition rate (in our case ∼ 20 Hz), so that the ad-
dressing pulses would traverse across the target soliton-
pair molecules (Fig.S14(a)). The solitons in bound in the
molecule would then experience a mutual frequency shift
due the varying XPM induced by the traversing pulse
, i.e. ∆ω ∝ |∂Ia/∂t|, where Ia is the local intensity of
addressing pulse profile at the soliton molecule. This is
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FIG. S14. (a) Schematic of the dissociation mechanism
through addressing-pulse perturbation. The addressing
pulses traverse through the target soliton-pair, cause a flip-
ping of the phase-relation (from out-of-phase to in-phase) and
consequently narrowing of the soliton spacing. Then a radical
repulsion occurred which quickly push the two solitons away
from each other. (b) DFT signal and (c) the retrieved spacing
and phase-relation between the two solitons during the disso-
ciation. A radical repulsion occurred (marked by the yellow
arrow) before the two solitons completely dissociate.

actually similar to the well-known soliton dragging effect
[12, 13]. As a consequence, when the external addressing
pulses traverse over the soliton-pair, the relative phase of
the soliton molecule from π towards to 2π (or 0), turn-
ing the forces between the solitons into net attraction
[9] and lead to the sharp drop of soliton spacing. Then
the radical repulsion emerged, leading to collapse of the
molecular bond and fast diverging of the two solitons
away from each other, followed by establishment of long-
range binding. This process can be revealed from the
DFT interferogram and the retrieved spacing/phase re-
lation over the perturbed region as shown in Fig.S14(b)
and (c). The soliton spacing is first squeezed to ∼ 2
ps while the relative phase shift from π towards to 2π.
Then a radical repelling occurred and quickly completed
the dissociation. The significance of this traversing-pulse
technique is that it has turned a probabilistic event —the
radical soliton repulsion observed only in the stochastic
trajectories of soliton reaction (see Fig.5e) —into a de-
terministic event that can be triggered on demand.
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