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Abstract: Soliton molecules, or soliton bound states, are envisioned to make far-reaching
changes in both fundamental research and applications. Here, we report on the generation and
precision manipulation of soliton molecules based on a Kerr-lens mode-locked single-crystal
Cr:ZnS laser at 2.4 um. In the classical soliton regime, self-starting near-transform-limited pulses
with a duration of 37 fs, less than 5 optical cycles, have been obtained at a repetition frequency
of 173 MHz and an average output power of 572 mW. By fine-tuning the cavity group-delay
dispersion profile, bi-soliton states with pulse durations between 55 fs and 98 fs with temporal
separations between 348 fs and 604 fs have been observed and characterized. These are the
shortest pulse duration and separation of soliton molecules reported so far in the mid-infrared
region, to the best of our knowledge. With the ability of precision manipulation of soliton
molecules generated on a sub-100-fs timescale, the tunable mid-infrared soliton molecule source
paves the way for applications in the fields of telecommunications and ultrafast laser technologies.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Solitons, as a peculiar case of self-sustaining wave packages, have been found in many fields of
study such as fluid mechanics, plasmas and nonlinear optical systems [1-3]. Optical solitons,
like solitons in other media, are subjected to interactions including attraction, repulsion or
collision [2,4,5]. Optical solitons generated from passively mode-locked lasers are the result
of the intricate double-balance between dispersion and nonlinearity, gain and losses [6,7] often
described by the Ginzburg-Landau equation (GLE) [8]. Multiple optical solitons may form a
variety of bound states through interaction, often referred to as optical solitons molecules [4,6,9].
Soliton molecules have attracted increasing attention not only as an optimal subject for the study
of soliton dynamics [1,10], also as an analogy to chemical molecules [9,11] and for their potential
for telecommunication [12].

Being central to the research on soliton molecules, their generation, manipulation and detection
have seen an overwhelming surge of research endeavors. As an effective platform for the
generation of optical solitons, fiber lasers have been the primary choice of laser resonator in
which diverse types of multi-soliton states were theoretically predicted and experimentally
demonstrated, including compound states of solitons, bright/dark soliton states and vector soliton
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states [6,13—17]. So far, tightly and loosely bound soliton molecules have been discovered, which
are generated owning to the varying binding strength between neighboring soliton molecules
[9,18-22]. In previous studies, it has been shown that when two solitons are close to each other
but in opposite phases, a stable equilibrium point establishes at the crossing between the attractive
interaction and the repulsive interaction [23]. In fact, the time separation between solitons, as a
key factor in determining the intermolecular force of solitons, leads to different soliton molecular
states and intermolecular interactions. Therefore, the time separation and relative phase control
of bound state solitons play a fundamental role in various optical applications based on soliton
molecules [20].

In addition to fiber lasers, multi-pulse operations have also been observed in bulk lasers such
as Ti**:Sapphire [24-26] by changing the cavity configuration or controlling the pumping power
[27]. Often referred to as "Ti**:Sapphire of the mid-infrared (mid-IR)", Cr’>*:ZnS/ZnSe are
proven to be an excellent platform for mid-IR ultrafast lasers [28], as passively mode-locked laser
operation using this class of gain media was achieved with different types of saturable absorbers
[29-32] and recently down to the few-optical cycle regime [33-35].

According to Kalashnikov et al. [36], with both sufficiently high third-order nonlinearity
as well as emission and absorption cross section, Cr:ZnS/ZnSe is also an unique platform for
studying multi-pulse interactions in the few-cycle regime [37,38]. Recently, several studies on
the generation of bound soliton molecules have reported based on Cr:ZnS/ZnSe. Bi-soliton states
and multi-soliton states have been reportedly generated from Kerr-lens mode-locked (KLM)
[32] and semiconductor saturable absorber mirror mode-locked Cr:ZnS/ZnSe lasers [39,40], but
with limited means of control, leading to typically loosely-bound solitons with pulse-to-pulse
temporal separation from hundreds of femtoseconds to few picoseconds [32,39].

In this work, we report an in-depth investigation on the generation and the manipulation
of soliton and bi-soliton states based on a dispersion fine-tuned KLLM Cr:ZnS resonator. The
passively mode-locked pulse train, operating in the classical soliton mode-locking regime, is
obtained at a pulse duration of 37 fs, a repetition rate of 173 MHz and an average output power
of 572 mW. Tightly-bound bi-soliton states, or soliton molecules, were generated and controlled
by the discrete tuning of the intracavity dispersion. The soliton molecules are characterized
by sub-100-fs pulse durations at variable relative phase relations and a tunable intramolecular
separation, which can be interpreted as a tunable interaction strength of the soliton molecule.

2. Theoretical description of the interactions of soliton molecules

For nonlinear dissipative systems, the complex cubic—quintic Ginzburg-Landau equation (CGLE),
as a generalization of the higher order dissipation terms in the nonlinear Schrodinger equation,
can be used to describe a variety of soliton propagation processes including soliton molecular
pulses, in particular for the representation of a laser containing dispersion, nonlinearity, gain and
losses. The normalized form can be written as [6,41]:

W, + Dy |2+ W21 + Ity = iy + iely |y + B + iply* |y (1)

where ¢ is the envelope of the field, ¢ is the retarded time, z is the normalized propagation
distance along the cavity, i, is the first-order z-derivative and ¥, is the second-order t-derivative.
D is the group velocity dispersion coefficient, ¢ is the linear gain (>0) or loss (<0) coefficient.
Furthermore, i3;; accounts for spectral filtering (8>0), £|y?| represents the nonlinear gain
absorption, p represents a higher-order correction to the nonlinear absorption, and v corresponds
to a possible higher-order correction term to the intensity-dependent refractive index. For stable
local solutions of CGLE, we call them solitons. Soliton solutions need to satisfy the composite
balance of dispersion and nonlinearity, gain and loss, as shown in Fig. 1(a).
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Fig. 1. (2) Soliton solutions in dissipative systems, the composite balance between several
effects including nonlinearity, dispersion, loss and gain. (b) [llustration of the interactions of
anti-phase soliton molecule at different pulse separations. (c) Distribution of nonlinearity,
dispersion, loss and gain throughout the linear resonator.

For soliton solutions satisfying the CGLE equation, the evolution of solitons can be expressed
as:

W(1,2) = Yolt = p/2) + Yo(t + p/2)e” ()

which indicates that in the process of two solitons interaction, basically only the two parameters
of pulse separation p and relative phase difference ¢ change [42].

For soliton molecules with a certain phase relationship, in particular when their phase difference
is 7 (anti-phase), there is a balance between attractive and repulsive forces established through
the Kerr nonlinearity of an optical medium in which the solitons traverse [23]. When the soliton
molecules are in a repulsive interaction, the pulses repel each other. Similarly, the attraction
corresponds to the mutual attraction of the pulses. When the soliton molecules are in quadrature
phase, the intermolecular force remains zero at all separations (Fig. 1(b)). Intermolecular forces
can be expressed as [23]:

d 1 >0
T2 Mameone = =5 [~ s Py G

where ¢ is the propagation distance, (w) is the average soliton frequency, W is the soliton energy,
time 7 is normalized to the 1/e half width of the launched pulse, T, u and v represent the fields
of the two pulses. The relative phase information of the pulse can be obtained from the spectrum
of a periodic train of solitons. In general, the intensity of the spectral center depends on the
phase difference between bound soliton pairs. Both the O-phase and pai phase bound solitons
have spectral symmetry. The difference is that the O-phase bound solitons have the smallest
spectral center, while the m-phase bound solitons have the largest spectral center. The spectra
of /2 phase and -n/2-phase bound soliton pairs show obvious asymmetric characteristics. A
notable feature of 71/2 bound solitons is that the left peak of the spectrum is larger than the right
peak, while the -7/2 bound solitons exhibit the opposite characteristic [43—45]. Specifically, the
phase difference (0, +71/2, ) between the two pulses can be obtained from the spectrum using
this relation [45,46]:

¢ =2n(wo — w1)/(w2 — w1) )

where wy is the center frequency of the fitting sech? curve, and w; and w, are the frequencies
closest to wy.
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Based on the CGLE theoretical model, the distribution of Kerr nonlinearity, accumulated
group velocity dispersion (GVD), gain and loss throughout an unfolded linear laser resonator is
qualitatively represented in Fig. 1(c). The Kerr nonlinearity of the cavity is mainly attributed to
the Cr:ZnS single crystal where locates the beam waist. The GVD accumulates over multiple
reflections on the low-dispersion high-reflectivity (HR) mirrors, the optical path through gain
media Cr:ZnS, the chirped mirrors and a sapphire plate. In addition, the gain in the cavity is
mainly arose from the gain media Cr:ZnS. Moreover, the intracavity losses are mainly due to the
output coupler (OC) and interfaces of the Cr:ZnS crystal and the sapphire plate put at imperfect
Brewster’s angles.

In order to limit the strength of intra-cavity second-order nonlinear interactions leading to
randomly quasi-phase-matched second-harmonic generation and difference frequency generation
often observed when using polycrystalline Cr:ZnS/ZnSe gain media [47]. These nonlinear
frequency conversion may lead to a further dissipation of the intracavity soliton energy and
complications of the physical picture. As a result, we have selected the single-crystalline Cr:ZnS
as the gain medium in this work.

3. KLM laser resonator and the soliton mode-locking

As shown in Fig. 2(a), a KLM Cr:ZnS cavity is constructed using five dielectric mirrors: two
plano-concave HR mirrors M; and M, with ROC = —100 mm, a plane chirped mirror M3, a
plane HR mirror My and a wedged OC. The three cavity HR mirrors M;,M; and My have a
reflectance R>99.5% from 2000 to 2800 nm, a R<5% from 1500 to 1650 nm, a group delay
dispersion [GDD|<100 fs* from 2100 to 2500 nm (custom-made by Qifeng Landa Co. Ltd). M3
has a reflectance R>99.5% from 1700 to 2700 nm and a nominal GDD = —250 fs? (Ultrafast
Innovations GmbH). The OC has a reflectance R = 97% from 2100 to 2400 nm (LAYERTEC
GmbH). The total length of the cavity is 0.86 m, with the asymmetric HR arm and OC arm
length ratio of 3:5. A 5-mm-long Cr:ZnS single crystal (Miracrys), with a doping level of 1
x 10" jons/cm?, is used as the gain medium in this experiment, positioned at the Brewster’s
angle between plano-concave mirrors. The crystal is mounted by a copper heat sink, which is
controlled at 20 °C by a Peltier electric-cooler and a temperature controller.

The pump source is a single-mode narrow-linewidth linearly-polarized CW Er-doped fiber
laser (CONNET, VFLS-1550-B-MP) with a maximum output power of 15 W and an operating
wavelength of 1550 nm. Using a plano-convex lens with focal length of 100 mm, the pump
laser is focused on Cr:ZnS crystal through the plano-concave mirror. The designed spot size of
the pump mode is slightly smaller than the fundamental mode of the resonator to facilitate the
soft-aperture KLM, as calculated by the standard ABCD matrix method (ReZonator) [35].

The dispersion profiles of the intracavity components including the gain element, the 2-mm
thick sapphire plate (calculated using the standard Sellmeier equations) and the chirped mirror
(provided by the suppliers) are shown in Fig. 2(b). Two reflections on the chirped mirror and a 2
mm-thicked sapphire (Dien Tech Ltd.) are used to compensate for the positive dispersion of the
Cr:ZnS crystal. In fact, the atmospheric humidity will have a greater impact on the dispersion of
the cavity, therefore atmospheric dispersion is also taken into account in the GDD curves (at 40%
relative humidity) [48,49]. As a result, the net round-trip GDD at the central wavelength of the
laser output (~2.4 um) is estimated to be —252 fs.

The laser efficiency has been characterized as shown in Fig. 2(c) by measuring pump powers
before the plano-concave input-coupling mirror and the output power from the OC. Under
continuous-wave conditions, when the incident pump power is 9 W, the maximum output power
of the Cr:ZnS laser is 0.83 W. After optimizing the continuous wave output power and crystal
position, the self-starting KLLM is realized. When the incident pump power is greater than 3 W,
the self-starting KLLM state can be achieved by adjusting the cavity alignment properly. When the
pump power is 7 W, the maximum average output power of soliton mode-locking is 572 mW.
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Fig. 2. (a) Astigmatism-compensated asymmetric linear cavity configuration. L: lens,
=100 mm; M1, M2: HR mirrors with a radius of curvature (ROC)=100 mm; M3: HR
dispersion mirror; M4: HR mirrors; OC: Zero dispersion output coupler mirror. (b) GDD
spectra of the resonator elements and the net GDD of the cavity. The GDD of the HR
mirror is the sum GDD of five reflections. (c) Output power versus incident pump power in
both CW and KLLM regimes. Inset is the beam quality of the oscillator. Spectrum (d) and
interferometric autocorrelation (Inset) of the 173 MHz pulse trains generated by the KLM
Cr:ZnS.

Insert in Fig. 2(a) illustrates the laser spot profile measured extra-cavity at a distance of 50 cm
from the OC using a mid-IR beam profiler (DataRay S-WCD-IR-BB-7.5). The laser beam quality
is characterized measured by the mid-IR beam profiler in the mode-locking operation regime to
M2, and sz are 1.08 and 1.06, respectively (as shown Fig. S1 in Supporting Information(SI)).

The output pulse spectrum is measured by a Fourier-transform infrared (FTIR) spectrometer
(Arcoptix FTIR-L1-120-4TE) as shown in Fig. 2(d). The pulse autocorrelation is measured by a
home-made interferometric autocorrelator based on the two-photon absorption in an amplified
InGaAs detector (Thorlabs PDA20CS2), with the residual chirp due to the OC compensated
by a 0.5 mm thick germanium plate. As can be seen from Fig. 2(d), the output spectrum is
characterized by a central wavelength of 2404 nm (124.7 THz), a full width at half maximum
(FWHM) bandwidth of 202 nm (10.6 THz). The spectrum is contaminated with near-infrared
radiation at wavelengths greater than 2.5 um at certain levels of water vapor absorption inside the
resonator, showing a 10-dB bandwidth of 559 nm. Insert in Fig. 2(d) shows the autocorrelation
tracks recorded at 173 MHz repetition and the retrieved intensity autocorrelation profile (red
curve). The pulse width is measured to be ~37 fs (corresponding to less than 5 optical cycles),
with a time-bandwidth product of 0.39 which is larger than the transform-limited value of 0.315 for
sech?-pulses, indicating that there is a small residual chirp. Since the first Kerr lens mode-locking
(KLM) operation around 2.4 pm was achieved on Cr:ZnSe/Cr:ZnS lasers, femtosecond pulses
with short pulse widths based on KLM have been significantly improved. In case of single
soliton operating state, a kerr lens mode-locked Cr:ZnS laser with a pulse width of sub-30-fs has
been reported successively [33]. In addition, the current Cr:ZnS oscillator based on the SESAM
[29,30], graphene [50] and carbon nanotubes [51] mode-lock have also realized the ultra-short
pulse output of sub-100-fs.

The pulse train and its radio-frequency (RF) spectrum is measured using a fast HgCdTe
photodetector (~1 GHz bandwidth, from Vigo Systems) combined with an oscilloscope (Tektronix
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MDO34) and an electrical spectrum analyzer (ESA) (Keysight N9020A). Fig. S2(a) shows a
resolution bandwidth (RBW) of 3 MHz at a span of 1.5 GHz. The signal-to-noise (SNR) ratio
of 38 dB can be measured for the repetition frequency signal at 173 MHz without Q-switching
sidebands in the RF spectrum. The SNR further increases to 64 dB by narrowing the resolution
bandwidth to 3 kHz, as shown in Fig. S2(b). As shown Fig. S2(c), the pulse train of the oscillator
in the soliton mode-locked state displayed good pulse-to-pulse stability. The mode-locked state
can last for more than two hours in the laboratory environment without any enclosure for the
cavity.

4. Tunable soliton molecules

Tightly-bound bi-soliton states have been found with reproducibility at intracavity round-trip
GDDs smaller than —400 fs2, at a fixed pump power of 4 W. The amount of GDD within the
cavity has been discretely adjusted changing the number of bounces on the chirped mirror and
the thickness of the sapphire plate. GDD spectra of the resonator elements and the net GDD of
the cavity with different soliton states are displayed in Fig. S3. Soliton molecules with pulse
separation of 348 fs, 396 fs, 574 fs and 604 fs, pulse duration of 60 fs, 55 fs, 84 fs and 98 fs were
obtained, corresponding to multiples of 5.8, 7.2, 6.8 and 6.2 respectively. For the anti-phase
soliton molecules, the separation at the stable equilibrium can be expressed as [23]:

p =k, 5)

where p represents a mutual separation, k is a constant and 7, is the pulse duration. This indicates
that there is a relationship between pulse separation and pulse width at the equilibrium point
for the anti-phase bi-soliton state, which can also be interpreted as a binding energy factor
of the soliton molecule [23]. As a result, in the case of an anti-phase soliton molecule, their
mutual stable equilibrium condition can be harnessed for the generation of highly stable soliton
molecules which may lead to real world applications.

Generally speaking, ultra-short pulse formation in Kerr-lens mode-locked resonator is mainly
the result of the interplay between anormalous GVD and self-phase modulation (SPM). The
increase of the SPM produces a stronger nonlinear chirp, with only the center part being
compensated by negative GVD, which results in the separation of the sidelobal pulses [25,31]
and the subsequent formation of a soliton molecule at equilibrium. Fig. 3 shows the spectrum and
pulse autocorrelation of the resonator under different GDD. Interestingly, the phase difference
of the bound states are m (Fig. 3(a), (d)), /2 (Fig. 3(b)) and -n/2 (Fig. 3(c)) under different
dispersion conditions, indicating that the dispersion condition not only changes the temporal
separation between pulse-to-pulse, but also change their relative phase. In this experiment, a
tunable factor formed between 5.8 and 7.2, showing a strong direct interaction between the pulses.

An simple field-resolved analytical model of the bi-soliton condition has been built in Matlab.
Two pulses with sech? pulse envelope at the center frequency as the measured spectra, with
given phase and time separations are constructed. The autocorrelation of the analytical model
is fitted to the autocorrelations of the pulses (See Fig. S4 for further details), by varying a set
of parameters including the pulse durations of the two solitons, the intensity ratio of the two
solitons, their temporal separation, their residual chirp etc. Taking the soliton molecular pulse
with time separation of 348 fs as an example (Fig. 4(a)). With the parameters including pulse
width and time separation, fitting results are in good agreement with the experimental data, as
shown in Fig. 4(b). As a result of the fitting, the energy ratio between the two solitons is found
to be close to 1. Moreover, the intensity profile and the field profile of the soliton molecule
have been reconstructed based on the autocorrelation curve (Fig. S5), the pulse width of the
reconstructed solitons is 62 fs (as shown in Fig. 4(c)), with an difference<3% compared to the
pulse width retrieved from the interferometric autocorrelation data. This may be due to the
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Fig. 3. Spectra, net GDD (left column) and corresponding autocorrelation traces (right
column) of the laser output in soliton molecule operation mode. The pulse separations are
measured to be (a’) 348 fs, (b’) 396 fs, (c’) 574 fs, and (d’) 604 fs, respectively. The red
curves in the autocorrelation correspond to the intensity autocorrelation profiles.

insufficient linearity of the translation mechanism (voice coil motor) of the interferometer and
the incompleteness of the model.

The time and frequency domain analysis has also been carried out for the soliton molecules
when the intracavity GDD is —1035 fs>. In Fig. 5(a), the RF spectrum of bound solitons are
shown, displaying fundamental modelocking at repetition rate of ~173 MHz. As the resolution
bandwidth is narrowed from 3 MHz to 3 kHz, the SNR is increased from 34 to 63 dB, indicating
good stability in the mode-locked state. The pulse train of soliton molecules is represented in
Fig. 5(b). Due to the limitation of bandwidth of the detector (rise time on the level of 1 ns), the
temporal profile of the soliton molecule itself cannot be resolved. But these results indicate that
the soliton molecule finds itself at an equilibrium state, given the stable repetition frequency
signal without any sidebands. In addition, we also measured the polarization state of the soliton
molecule. It can be clearly seen in Fig. 5(c) that the bound-state solitons present a linearly
polarized state with an extinction ratio of 891.

As can be seen from Fig. 6(a), the bound soliton is more easily generated under large negative
dispersion. When the GDD value changes from —1035 fs> to 397 fs?, the spectrum shows a
change between bound-state solitons, solitons and finally dissipative solitons. It can be seen from
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Fig. 6(b) that a certain range of negative GDD is conducive to pulse splitting. Starting from the
larger intracavity GDD, at a fixed pump power of 4 W, the stable mode-locking first develops
into a soliton molecule state, and then the pulse interval gradually decreases with the continuous
reduction of intracavity GDD, and the soliton mode-locking is restored at a threshold intracavity
GDD value. The pulse duration and the average output power of the laser also decreases with the
decrease of the dispersion value.
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Fig. 6. (a) Output laser spectra with different net GDD, the condition of mode-locking
operation varies from soliton molecules to classical solitons and eventually to dissipative
solitons. (b) The average output power (black symbol) and pulse separation (red symbol)
are functions of the net GDD, with the pulse intervals in the soliton molecules state in
parentheses.

At present, bound state solitons in the fiber lasers are observed with pulse separation mostly on
the levels of a few ps. The soliton molecules with shorter pulse separation, especially wavelength
over 2 um, are rarely reported (Table 1). Precisely controlled dispersion and further electronic
modulation can be used to tailor the temporal separation and phase of ultrafast soliton molecules,
promising higher-order coding formats that will further expand the channel capacity of optical
transmission [58-60]. Given the possibility of further increasing the pulse repetition rate to GHz
level [61], the demonstrated antiphase soliton molecules with tunable binding energies based
on KLLM Cr:ZnS laser pave ways for ultrahigh large-capacity telecommunication [7], optical
switching [19,20], storage [62,63].

Table 1. Mode-locked lasers generating soliton molecules or multiple pulses.
Ag is the center of wavelength, p is the pulse separation, 7, is the pulse width,
A¢ is the phase difference between the bound solitons.

Ao (nm) p (fs) 7 (f5) plty Ap Ref.
~800 100-1000 - - - Lai et al. [24]
~800 98-541 15 6.5-36 0-7 Kitano ef al. [25]
1035 187000 8200 2.28 - Ortag et al. [52]
1550 580 82 7.07 /2 Zou et al. [53]
1558 26200 720 36.38 - Fu et al. [54]
1970 4120 1280 3.22 0, w Ren et al. [55]
2000 1800 870 2.06 T Chernysheva et al. [56]
2404 348-604 55-98 5.8-7.2 T, +7 /2 This Work
2800 5400-12400 430-805 - 8x,0.41 Huang et al. [57]

5. Conclusion

In summary, a dispersion fine-tuned KLM single-crystal Cr:ZnS laser at a wavelength of 2.4 pym
and a repetition frequency of 173 MHz is implemented. In soliton regime, mode-locked pulse
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train has been generated with a minimum pulse duration of 37 fs, less than 5 optical cycles, at an
average output power up to 572 mW, corresponding to a pulse energy of 2.9 nJ. By discretely
varying the intracavity dispersion, ultrafast soliton molecules with pulse durations from 55 fs to
98 fs, at pulse separations between the 348 fs and 604 fs have been observed. The generation of
few optical cycle mid-IR soliton molecules and their manipulation at a sub-100-fs time scale
could pave ways for telecommunication, precision ranging and optical data storage.
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