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High optical nonlinearity can enable classical and quantum functionalities

inall-fibre laser systems. However, despite long-standing efforts to exploit

second-order optical nonlinearity in conventional all-fibre systems, nonlinear
optical conversion efficiencies remain modest. Here we demonstrate all-fibre
integration of twist-phase-matched rhombohedral boron nitride (rBN) flakes
ontheend facet of optical fibres for second-harmonic generation (SHG) and
spontaneous parametric downconversion (SPDC). We provide local and
global optimization of the interflake twist angles for phase-matching design,
achieving an SHG conversion efficiency of ~4.1% and an SPDC coincidence rate

of -90invan der Waals crystals integrated on optical fibre devices. Finally,
we design an all-fibre frequency-doubling ultrafast laser by integrating a
multifunctional nonlinear crystal of agraphene/rBN heterostructure to
simultaneously generate mode-locked pulses and intracavity SHG emission.
This work establishes a route for developing high-efficiency, second-order
nonlinear functionalities, such as optical parametric oscillators, optical
modulators and entangled photon sources, in all-fibre lasers.

Complete functionalitiesin all-optical fibre systems analogous to those
in free-space lasers are highly desirable because of the superior out-
put mode quality, excellent stability and portability. So far, functional
components for laser generation, amplification, mode locking and
four-wave mixing have been successfully developed and widely imple-
mented in fibre lasers'®. However, the second-order nonlinearity—the
fundamental and lowest order nonlinear effect—for second-harmonic
generation (SHG), spontaneous parametric downconversion (SPDC)
and electro-optic modulationislacking, owing to the centrosymmetric

structure of silica material. Two mainapproaches to add second-order
nonlinearity to optical fibres have been proposed: poling and decorating
thefibres. Polingsilica fibres requires complex processing to break the
geometric symmetry at the silica/air interface for SHG and SPDC, but
canonly offer limited nonlinearity (Y = 0.02 pm V) and avery narrow
working bandwidth (of afew nanometres)’ 2. Decorating optical fibres
with nonlinear materials can impart high optical nonlinearities and
support broad bandwidth operation for both continuous-wave and
pulsed fibre lasers . However, the overall energy conversion efficiency
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remains quite low (typically <0.1%) owing to mode leakage and/or weak
light-matter interactionsin the specialized fibres used for integration,
suchas photoniccrystalfibres, exposed-core fibres or hollow-core fibres.

Inprinciple, the end facet of an optical fibre is considered anideal
platformfor the integration of nonlinear optical crystals, asit provides
tight focusing for strong interactions, awell-defined optical mode for
excitation and mature fibre fusion technology”**. However, all tradi-
tional nonlinear optical crystals, such as 3-barium borate and lithium
niobate, are not compatible with silica-based device fabrication, as
the typical thickness of these crystals is more than a few millimetres,
whichresultsinlarge optical coupling losses due to mode divergence.
Moreover, these conventional crystals with strongin-plane anisotropy
require accurate polarization control for excitation, which further
complicates the all-fibre system (Supplementary Fig. 1).

Fortunately, emerging van der Waals (vdW) crystals provide new
opportunitiesto decorate fibres, mainly owing to their excellent inte-
gration ability and ultrahigh optical nonlinearity®**, The atomically
flat surfaces preserve high-quality optical modes within fibres, while
their huge in-plane nonlinear coefficients, which are 1-3 orders of
magnitude larger than those of traditional materials®®, enable a -1%
SHG efficiency within a thickness of only a few micrometres™®.

For an efficient parametric process, a phase-matching design is
a prerequisite®* . This design involves establishing a proper phase
relationship between the fundamental wave (FW) and SHG wave to
enable continuous SHG enhancement over the transmission. In the
architecture of fibre-vdW crystal-fibre SHG components, birefrin-
gent phase matching is initially excluded because of the low in-plane
birefringence of vdW crystals. Quasi-phase matching requires electric
dipole inversion at a specific crystal thickness (that is, the coherence
length), which is extremely difficult to realize in sample preparation
with current growth methods. The recently developed twist-phase
matching is not directly applicable either", as achieving the required
circularly polarized light in a usual fibre system s challenging. There-
fore, a new phase-matching strategy for the fibre end facet integra-
tion architecture urgently needs to be developed for the design of
high-efficiency all-fibre optical nonlinear components.

Here we developed a phase-matching method in an optical fibre
systemby vertically stacking several twisted rhombohedral boron nitride
(rBN) flakes under linearly polarized FW excitation. We found that the
series of stacking twist angles substantially differed when the flakes were
addedsequentially for local optimization or whenall the flakes were con-
sidered as anentity for global optimization to maximize the SHG output.
Guided by this model, we fabricated all-fibre SHG and SPDC components
byintegrating twisted rBN between two fibre end facets, and realized an
SHG conversion efficiency of -4.1% (values <0.1% have been reported for
vdW crystals on optical fibres'°), achieving acompact all-fibre-based
quantum lightsource and anall-fibre frequency-doubling ultrafast laser.

Results and discussion
Phase-matching design on the fibre end facet
The all-fibre SHG component is designed by sandwiching rBN
single-crystal flakes between the end facets of two single-mode optical
fibres (Fig. 1a). Owing to thelarge nonlinear coefficient (X~ 30 pm V™)
and high laser-induced damage threshold (-100 GW cm™) of rBN,
high-efficiency SHG exceeding 6% can theoretically be achieved within
athickness of -8.5 um (Supplementary Note 1). The small thickness of
BN, together withits close refractive index to that of the optical fibres
(ngn = 2.08, Ngye = 145, at Ay = 1,064 nm), provides a low divergence
of the transmitting light (shown as dashed lines in Fig. 1c) and slight
multiple reflection effects between the two interfaces of the fibre/
rBN/fibre device (shown as fluctuations in the curves in Fig. 1b,d and
Supplementary Fig. 2). The estimated total insertion loss of the device
is~7% (0.3 dB) after the insertion of a20-um-thick rBN crystal (Fig. 1b).
Figure 1c presents the intensity distributions of the FW and SHG in
afibre/20-um-thick rBN/fibre assembly from our simulation. The FW

exhibits a nearly uniform distribution within the rBN crystal (Fig. 1c,
left). By contrast, the SHG intensity displays asinusoidal-like oscillation
as the transmission length increases, indicating the presence of phase
mismatch during nonlinear parametric processes (Fig. 1c, middle).
The coherence length (distance between the initial point and the first
maximum value point) is determined to be L.=4.25 um. To achieve
constructive SHG enhancement, quasi-phase matching can be employed
by rotating the rBN lattice between adjacent flakes by 60° (equivalent
to 180° in rBN with C; symmetry) for each coherence length (Fig. 1c,
right). As anticipated, a continuous increase in the SHG intensity can
be observed (Fig.1d).

However, experimentally, directly growing or exfoliating rBN with
anaccuratethickness of L. is quite challenging. For more general cases,
stacking rBN flakes with arbitrary thickness (¢) and adjustable twist
angle (0) allows us to exceed this limit. First, we consider the basic situ-
ation of the stacking of two flakes (Fig. 2a). We decompose the linearly
polarized FW electric field to be a superposition of the left and right
circularly polarized electric fields (E/ and E,). From the perspective
of circular polarization, the output SHG signal is predicted to be
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where E; (EJ ) and E; (Ej) are theleft (right) circularly polarized elec-
tric fields of the SHG and FW, respectively. cis the speed of light in
vacuum, n,, is the refractive index for the SHG light and Ak = k,,, - 2k,
is the wavevector mismatch of the SHG and FW. This equation indicates
that the twist angle resultsina 36 (-36) phase shiftin the E; (E; ) of
the second flake*.

Aphysicalrepresentation of the effect of 6 on the SHG intensity in
a stacked two-flake system is illustrated in the complex amplitude
diagramshowninFig.2b. E; and E] canbe directly derived fromthe
geometry. The overall SHG intensity is the combination of both left and
right c1rcularly polarlzed components, which is determined as
L, o [E, | +IE;, | .The 8-dependent and t-dependent SHG intensity
under Ilnearly polanzed FW excitation of two flakesis shownin Fig. 2c.
The SHG intensity reaches its maximum when 8 equals 0° or 60° for ¢
less than or greater than 0.5L, respectively.

When stacking more than two flakes, inwhich the gth added flake
with thickness tis rotated by an angle 6, relative to the first flake, two
distinct strategies emerge: (1) local optimization stacking, in which
eachflakeis sequentially added, and the present SHG intensity is maxi-
mized by tuning the angle 6, of the newly added flake (Fig. 2d); and
(2) global optimization stacking, in which all flakes are considered as
an entity and the overall SHG intensity is maximized by tuning all the
stacking angles (Fig. 2g).

Inthe local optimization stacking design, the SHG output intensi-
ties and the stacking twist-angle strategy can be directly predicted
fromthe geometry, the same as in the situation for two flakes demon-
strated in Fig. 2b (see Supplementary Note 2a). An angle of 0° or 60°
canbe shown to be always the optimal angle to achieve the maximum
SHG value (Supplementary Note 2b). Thus, E;_ and Ej becomeequiva-
lent. Experimentally, we built a homemade in situ transfer system to
simultaneously rotate the angle §,and monitor the SHG intensity (see
Methods and Supplementary Fig. 3 for details). The rBN flakes were
stacked to achieve the maximum SHG intensity as the twist angles 6,
wererotated (the SHG signal generated by the bare fibre was negligible;
Supplementary Fig.4).For two flakes with a uniform thickness of 0.4L,
(determined by atomic force microscope mapping in
Supplementary Fig. 5), the SHG intensity reaches a maximum at 0°
(Fig. 2e). In the case of a total of five flakes, we found a twist-angle
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Fig. 1| Van der Waals crystal integrated on optical fibre. a, Schematic
representation of rBN embedded between the optical fibre end facet. Pulsed
lightis directly frequency doubled by arBN nonlinear crystal during propagation
inthe optical fibre. b, Dependence of FW transmittance on the thickness of

rBN between optical fibres from simulation. ¢, Simulated optical intensity

Transmission length (um)

distribution of FW (left panel), SHG under phase mismatch (PM) (middle panel)
and SHG with quasi-phase matching (right panel). d, Simulated SHG intensity asa
function of transmission length. All the above simulations were performed with
anincident wavelength of 1,064 nm. norm., normalized.

sequence of (0°, 0°, 60°, 60°, 0°) (Fig. 2f). For comparison of the effi-
ciency between different methods, we plot the quasi-phase-matching

curve, whichis described by the following equation
2

;
Ispg ( / desr () X eiAktdt) ,
0

where Tis the total thickness and d.(t) represents a periodic modula-
tion taking values of either +1 or -1. Whenever dt advances by L, the
sign of d q(t) isreversed. Notably, the stacked system has a slightly lower
efficiency than that in the quasi-phase-matching condition.

Inthe global optimization stacking design, the rotation angles of
eachflake 6,are optimized to achieve the overall maximum SHG output
rather thanthe maximum ineveryintermediate step (Fig.2g). The total
intensity of Nflakes is expressed as

®)
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Inthis case, 0° or 60°is no longer the best setting,and E; and E
cannotbe easily predicted from the geometry. As equations (4) and (5)
are quite complex for an analytical solution, we obtain the globally
optimized stacking sequence through a theoretical traversal (Sup-
plementary Note 3). For N=3 and ¢ = 0.4L_, we obtain an optimal
sequence of (0°,26°,53°), asshowninFig. 2h, in contrast to the optimal
sequence of (0°, 0°, 60°) obtained in the local optimization stacking.
ForN=5andt=0.4L (0° 24°,48°,72°, 96°) is the optimal sequence
for the maximum SHG intensity. Experimentally, we transferred twisted

rBN flakes accordingly and found a higher conversion efficiency than
that in quasi-phase matching (Fig. 2i and Supplementary Fig. 6). We
note that the SHGintensity of the stacked flakes is quite robust against
the deviations in thickness and twist angle (Supplementary Fig. 7).

SPDC and SHG performance in twisted rBN fibre

Utilizing the phase-matched design for enhanced optical nonlinear-
ity, thereverse process of SHG (that is, SPDC) can also be efficiently
realizedin our vdW crystals integrated optical fibre devices (Fig. 3a;
see Supplementary Fig. 8 and Methods for details). Photon pairs
at 810 nm were generated and detected under 405-nm light exci-
tation (Fig. 3b). A clear temporal coincidence peak was observed
(Fig. 3¢), with the coincidence rate increasing linearly with pump
power (Fig.3d). The second-order correlation function at zero time
delay, g%(0), decreases inversely with increasing pump power up to
10 mW (Fig. 3e), indicating robust photon pair generation across a
wide excitation power range. We note that vdW crystals have been
demonstrated to be ideal platforms for fabricating ultrathin quantum
light sources®*****, Here we applied twist phase matching for SPDC
and highlighted the notable potential for seamless integration of
vdW crystals into fibre-based quantum communication networks
(see Supplementary Table 1 for comparison with the four-wave
mixing method).

Compared with fibre systems relying on free-space alignment
optics, all-fibre systems have extremely high stability in different
environments. Currently, available micro/nanostructure optical fibres
and D-shaped fibres are highly compatible with the integration of
nonlinear materials. However, these specially structured fibres are
relatively fragile, and their optical modes are susceptible to envi-
ronmental fluctuations. Our end facet integration architecture on
single-mode fibresis clearly, in principle, quite robust. The encapsu-
lation between the fibres provides good protection of the nonlinear
crystal from oxidation and deliquescence. Figure 4a shows an optical
image of the fibre/rBN assembly and its SHG (532 nm) output spot.
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Fig. 2| Nonlinear phase-matching design for the twisted van der Waals crystal
integrated on optical fibre. a, Schematic of twisted two flakes of rBN for SHG
under linearly polarized excitation. The flakes have a relative twist angle of 6 and
anidentical thickness of ¢. b, Illustration of the physical picture of the twisted rBN
for SHG. Linearly polarized excitation can be divided into two circularly polarized
components (E and E*). The magenta vector represents the response of the first
flake, and the orange vector for the second flake. The dotted line is the original
vector without twist (6 = 0°), which is rotated with an angle of 30 (-36) after
interflake twist for left (right) circularly polarized components. The horizontal
and vertical axes correspond to the real part (Re) and imaginary part (Im) of

the complex SHG field amplitude, respectively. ¢, Calculated SHG intensity of
twist-rBN shown inawith different 8 and t. d, Schematic of local optimization.

Npieces of rBN flakes are added sequentially to maximize SHG intensity by
tuning the new added angle. e, Theoretical (solid curves) and experimental
(dots) results under local optimization for phase matching with ¢ = 0.4L .. Highest
efficiency is achieved at either 0° or 60°. f, Experimental data (dots) for stacking
using local optimization. g, Schematic of global optimization. N pieces of rBN
flakes are considered as an entity to maximize SHG intensity by tuning all the
stacking angles. h, Simulation of global optimization for phase matching with
N=3andt=0.4L.Maximum intensity appears at angel sequence of (26°,53°).1,
Experimental data (dots) for stacking using global optimization. Twist-rBN with
an angle sequence of (0°,24°,48°,72°,96°) provides a higher SHG intensity than
that of quasi-phase matching. All the above experiments were conducted with an
incident wavelength of 1,064 nm. cts, counts.

Aperfect Gaussian profileis achieved for SHG by integrating four flakes
of twisted rBN with a total thickness of ~8.5 pm.

Then, we used UV-curable adhesive to encapsulate the twisted
rBN flakes between the two fibre end facets to form an all-fibre device
(see Methods and Supplementary Fig. 9 for details). The excitation
peak intensity-dependent conversion efficiency of the fabricated
fibre/twisted rBN/fibre SHG component is shown in Fig. 4b. Before
the laser-induced damage threshold at 224 mW (-80 GW cm™), the
conversion efficiency reaches a value of -4.1% for pulsed SHG under
global optimization phase-matching design, corresponding to 9.2 mW
(-3.3 GW cm™) (Supplementary Fig.10 and see Supplementary Table 2
for comparison). This high-quality SHG output demonstrates remark-
able stability over time and with respect to acceleration, temperature
and humidity. The SHG fluctuations are confined within £0.1% for 5 h
monitoring, and the reduction remains below 3% with more than 3
weeks of continuous operation (Fig. 4c). The component operates reli-
ablyataccelerations of up to 50 m s (Fig. 4d), temperatures ranging

from -20 °C to 90 °C (Fig. 4e) and humidities of up to 100% (Fig. 4f).
In addition, owing to the flat chromatic dispersion of rBN and the
ultrathin total thickness, the calculated working bandwidth of our
phase-matched fibre/rBN/fibre SHG component exceeds 200 nm
(Supplementary Fig.11).

All-fibre frequency-doubling pulsed laser

The all-fibre SHG component with large optical nonlinearity, a
high-quality optical mode, ultimate stability and a broad phase-
matching bandwidth is suitable for an all-fibre intracavity frequency
conversion laser. We thus designed a fibre ring cavity to fabricate an
all-fibre frequency-doubling pulsed laser (Fig. 5a). In addition to a
pump laser diode (980 nm continuous-wave laser), an erbium-doped
fibre (serving as the gain media) and an optical coupler (for laser
output), a heterostructure composed of 10 layers of graphene and
4 flakes of twisted rBN was integrated into the fibre ring cavity for
mode locking and intracavity frequency conversion, respectively
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Fig. 4 |SHG performance of twist-rBN integrated on optical fibre. a, SHG
output of twist-rBN integrated optical fibre. Left: optical image of twist-rBN on
optical fibre. Right: lateral intensity distribution of SHG output with a perfect
Gaussian-like fundamental mode. b, Dependence of SHG conversion efficiency
on FW peak intensity. The maximum SHG conversion efficiency of the twist-rBN
fibre is determined to be -4.1% under excitation near the damage threshold of rBN
at-80 GW cm™ ¢, Long-term SHG output stability. A total SHG intensity decrease
of less than 3% is observed during the whole test over 3 weeks. The inset shows
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the fluctuationis less than +0.1% for 5 h monitoring. d-f, High-stability SHG
output under perturbation of acceleration (d), temperature (e) and humidity (f).
The error bars are obtained by monitoring the intensity fluctuation for 1 h under
each condition, with the fluctuation quantified by the standard deviation across
360 data points. The maximum fluctuation is 1.1%, 0.4% and 0.1%, respectively.
All the above experiments were conducted with an incident wavelength of

1,064 nm. Except for the experiment shown in a, all other measurements use the
encapsulated fibre. Exp., experiment.

(Supplementary Fig. 12). The saturable absorption behaviour of the
fibre-based heterostructure is shown in Fig. 5b, which demonstrates
anonlinear absorption modulation depth (a;) of 3%, primarily domi-
nated by graphene. Driven by the passive mode-locking mechanism,
apulsed laser with a repetition rate of 14 MHz (Fig. 5¢c) and an output
spectrumwidth of -16 nm (Supplementary Fig.13) was realized, yielding
anaverage FW output power of -0.5 mW while maintaining stable mode
locking. The pulse width could be compressed from ~-0.7 ps to ~112 fs

through group-velocity-dispersion compensation (Fig. 5d and
Supplementary Fig. 14). In addition to the FW light generated by the
erbium-doped fibre at1,560 nm, afrequency-doublinglaser at 780 nm
was also produced (-10 pW), with the intensity parabolically increas-
ing with the pump source power (Fig. 5e). Note that the integration
of mode locking and second-order nonlinear parametric processes
within a single fibre ring cavity for frequency-tunable emission was
challengingin an all-fibre system previously.
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Fig. 5| All-fibre frequency-doubling pulsed laser with integration of
graphene/rBN heterostructure. a, Schematic of the all-fibre intracavity
frequency-doubling pulsed laser. Inthe fibre laser, graphene serves asa
nonlinear saturable absorber for mode locking and rBN serves as anonlinear
optical crystal for SHG. The optical components consist of a laser diode (LD),
wavelength-division multiplexer (WDM), single-mode fibre (SMF), dispersion
compensation fibre (DCF), erbium-doped fibre (EDF), isolator (ISO) and
polarization controller (PC). b, FW transmission measurement of the graphene/
rBN heterostructure integrated optical fibre. The solid curve is fitted according
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to the experimental data (circles). The nonlinear absorption modulation depth
(a,) is determined to be 3%. ¢, FW output of the long-term pulse train from the
all-fibre laser. The repetition rate is determined to be ~14 MHz. d, Autocorrelation
trace of FW pulse with a full-width at half-maximum of ~158 fs fitted by a Gaussian
function, corresponding to a pulse duration of ~112 fs. e, Excitation power
dependence of FW and SHG intensities in the all-fibre laser. With the increase
of the power of the pump laser (at 980 nm), the FW (at 1,560 nm) and SHG (at
780 nm) intensities increase linearly and parabolically, respectively.

Conclusions

Insummary, we proposed a phase-matching design on the platform of
the fibre end facet and realized an SHG efficiency of 4.1% and photon
pair generation viaSPDC for vdW crystalsin afibre system. Thisintegra-
tion platform exhibits extremely high stability in harsh acceleration,
temperature and humidity environments for a long time and over a
broad working bandwidth. By constructing nonlinear optical crystals
of graphene-rBN heterostructures within a single fibre ring cavity for
simultaneous saturable absorptionand SHG, we developed anall-fibre
frequency-doubling pulsed laser based on a vdW heterostructure.
Driven by our phase-matching methodology for vdW crystals on opti-
cal fibres, the design and realization of high-efficiency nonlinear and
quantum all-fibre systems, such as all-fibre parametric oscillators and
all-fibre integrated quantum communication networks, are expected
inthe near future.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41563-025-02461-x.
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Methods

In situ transfer of twist-rBN on optical fibre end facet
Thefabricationisbased onahomemadeinsitu twist fibre transfer system
(Supplementary Fig. 3). Polarization-maintaining fibre (Corning PANDA
PM980 at1,064 nmand PM1550 at1,560 nm) was used. Selected rBN was
transferred through a standard process using polypropylene carbonate
(PPC). A pulsedlaser wastransported through the optical fibre (1,064 nm
withNPI, Rainbow1064 OEM and 1,550 nm with NPI, Rainbow 1550 OEM)
forthe SHG pump. Simultaneously, FW and SHG signals were monitored
using aspectrometer (Princeton Instruments, Acton SP-2300).

Numerical calculation of twist phase matching

We used Python code to numerically calculate the result of SHG out-
put intensity with different layer thicknesses and rotation angles in
Fig.2c,e.Fortheglobal optimal solution calculationin Fig.2h,anopen
source particle swarm optimization (PSO) algorithm was employed to
identify the twist-angle sequence that yields the maximum SHG output.

SHG measurements

A mode-locked Ti:sapphire oscillator (Coherent Mira-HP, ~130 fs,
76 MHz) equipped with an optical parametric oscillator (Coherent
Mira-OPO-X) was used as the excitation laser for SHG measurement.
The excitation light (1,064 nm) is coupled into an optical fibre (Coher-
ent/Nufern, PM980-XP) through an objective (Nikon, x20, numerical
aperture (NA) = 0.30). To accurately obtain the SHG conversion effi-
ciency, we calibrated the coupling efficiency 17.,ping at first. Then, we
measured the FW power P, in front of the objective lens and the SHG
power P, at the optical fibre output, and finally obtained the conver-
sion efficiency ngyg = —2

TNcoupling XPey

SPDC experiments

A mode-locked 405-nm laser (Coherent chameleon, -140 fs, 80 MHz)
was used as the excitation laser for SPDC measurement. The exci-
tation light is coupled into an optical fibre (Thorlabs, S405-XP)
through an objective (Nikon, x20, NA = 0.30), and interacts with the
twist-rBN to generate photon pairs through SPDC. The subsequent
light is collimated by another objective (Nikon, x20, NA =0.30) and
then passes through an interference filter centred at 810 £ 3 nm to
remove excitation light. After coupling into the collection fibre, it is
splitinto two beams with a ratio of 50:50 by a fibre beam splitter and
detected by two SPDs (EXCELITAS, SPCM-AQRH-16-FC). The detector
signals are then transmitted into a time tagger (SIMINICS, MT16) for
coincidence detection.

Preparation of encapsulated optical fibre

A single-mode optical fibre (Corning, SMF-28e+) was placed into a
quartz tube with an inner diameter slightly larger than that of the
optical fibre to increase mechanical stability post-bonding. The end
facet of the optical fibre was protruded out of the quartz tube by about
5mm. Another bare optical fibre was carefully aligned with the rBN
fibre by the homemade alignment system including an optical micro-
scope, multi-axis stages and a power meter monitoring transmittance
(SupplementaryFig. 9). Covered by refractive index-matched UV cur-
ing resin, the fibre junction was thoroughly cured by a UV lamp. The
junctionwas thenplaced backinto the quartztube, bothends of which
were also covered and cured by UV curing resin for reinforcement.

Characterization of the stability

(1) Acceleration: the joint optical fibre s fixed to the end of areciprocat-
ing motor. When the motor is running, the optical fibre can be treated
as harmonic oscillation. The reciprocating speed of the motor can be
converted into the maximum acceleration applied to the opticalfibre.
(2) Temperature: The joint fibre is fixed on a heating plate or cooling
plate with a temperature controller. (3) Humidity: the optical fibre is
placed inside achamber with a humidifier to control humidity.

Implementation and characterization of the all-fibre
frequency-doubling pulsed laser

A pump laser (300 mW, 976 nm) was coupled into the optical fibre
ring cavity via a wavelength-division multiplexer (980 nm/1,560 nm)
pumping gain medium (60-cm-long erbium-doped fibre, LIEKKI,
Er110 4-125). A polarization-independent isolator guaranteed
that the laser in the fibre ring propagated along a single direction.
Dispersion-compensating fibre was used to compress the pulse width.
The pulsed laser (both FW and SHG) was output viaal0% portof afibre
coupler, while the mode-locking condition was optimized by a polari-
zation controller. The output spectra and autocorrelation trace were
measured by aspectrometer and an autocorrelator (APE, PulseCheck
USB-15). The pulse train was monitored viaa photodetector (Thorlabs,
DETO8CFC/M) and oscilloscope (Tektronix, MDO3104).
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