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There is an urgent demand for highly stable, broadly wavelength-tunable, and low-repetition-rate pulsed lasers in
fields such as cold-atom physics, precision spectroscopy, and bioimaging. However, conventional L-band lasers often
suffer from environmental instability and limited tuning range. To address this, we propose an all-polarization-maintaining,
wavelength-tunable L-band mode-locked fiber laser, followed by cascaded second harmonic generation. Wavelength tuning
from 1570 nm to 1596 nm was achieved by incorporating a rotatable intracavity filter with a bandwidth of 10 nm. The laser
exhibits self-starting mode locking and can generate pulses with a pulse width of 87 ps and a repetition rate of 15.6 MHz.
Using cascaded periodically poled lithium niobate and -barium borate crystals, we perform frequency conversion on the
output pulses to produce tunable near-infrared (778-804 nm) and ultraviolet (389—402 nm) light. With broad wavelength
tunability enabling applications such as two-photon excitation fluorescence imaging at 780 nm, laser cooling of calcium
ions at 397 nm, and optical pumping in miniaturized rubidium atomic clocks, this laser system can serve as a versatile

platform for quantum technologies and ultrafast spectroscopy.
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1. Introduction

Owing to their ability to operate in the long-wavelength
range (1565-1625 nm), L-band laser sources offer distinct
advantages. Specifically, in optical communications, the
L-band provides a crucial extension to the C-band (1530—
1565 nm), thereby expanding the available wavelength range
of fiber-optic transmission systems and alleviating congestion
in the C-band.!'! In biomedical applications, L-band lasers
exhibit deeper tissue penetration than shorter-wavelength
near-infrared sources due to reduced scattering and absorp-
tion in biological tissue, which significantly improves the
signal-to-noise ratio and image quality in optical coherence

tomography. >

In quantum precision science, the 780-
800 nm visible light that can be generated from the L-band
via second-harmonic generation (SHG) serves as an excita-
tion source for two-photon fluorescence! and for magneto-
optical trapping of rubidium atoms.®! Further frequency dou-
bling of the 790-nm light produces ultraviolet (UV) light at
397 nm, which can be used for the laser cooling of cal-
cium ions, 40Ca+, via ground-to-excited-state transitions. !
Although ideal as fundamental sources for these critical wave-
lengths, existing L-band fiber lasers primarily employ non-

polarization-maintaining (non-PM) or multimode fibers, re-
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sulting in output polarization states that are environmentally
unstable. This instability severely restricts their use in preci-
sion scientific instruments requiring long-term stability.
Various approaches to L-band fiber laser generation have
been reported.®-121 Although erbium-doped fiber (EDF) is
widely used as a gain medium, its gain spectrum exhibits a
peak in the C-band. Studies show that the effective gain win-
dow of EDF can be shifted toward the L-band by adjusting the
cavity loss, fiber length, and doping concentration.!!3-14] Ex-
perimental results demonstrate that optimizing the EDF length
and pump power can suppress C-band lasing, thereby enabling

[15.16] The integration of

stable and tunable L-band operation.
established wavelength-tuning techniques, including mechan-
ical stretching of fiber gratings, polarization control, 45° tilted
grating switching, and thermo-optic mechanical tuning,[7-27]
enables broadband wavelength selection and rapid switching
in L-band lasers.

The nonlinear amplifying ring mirror (NALM) is a key
technology for generating ultrashort pulses owing to its high

[28-321 However, exist-

stability and ease of implementation.
ing research has primarily focused on the C-band wavelength
range, 333 while systematic exploration of all-PM NALM

systems operating in the L-band remains limited. Although
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significant progress has been made in harmonic generation us-

ing nonlinear crystals, 37!

most systems are designed for
fixed wavelengths. Consequently, they are poorly suited to the
dynamic wavelength-matching needs of tunable L-band lasers.
Moreover, research into efficient fourth-harmonic generation
(FHG) of wavelengths in the UV spectral region remains lim-
ited.

This paper proposes an all-PM mode-locked tunable L-
band fiber laser based on an NALM. The system employs a
cascaded SHG scheme to effectively address challenges in sta-
bility and wavelength tuning. Wavelength tuning is enabled
by a rotating optical bandpass filter (BPF) inside the cavity.
Meanwhile, a cascaded SHG setup, comprising periodically
poled lithium niobate (PPLN) and f-barium borate (BBO)
crystals, produces both second-harmonic (778-804 nm) and
fourth-harmonic (389—400 nm) outputs. The 397 nm fourth-
harmonic pulses, with durations on the order of hundreds of
picoseconds, can serve as a probe source for time-resolved
studies of quantum state dynamics during ion cooling pro-
cesses. This temporal scale is orders of magnitude better than
the millisecond frame rates of conventional CCD-based imag-
ing systems. At a pump power of 320 mW in the L-band fiber
laser, the system achieves a second-harmonic (near-infrared)
conversion efficiency of 21% and a fourth-harmonic (ultravio-
let) efficiency of 2.4%. Its compact, all-fiber design provides
a versatile platform for trapped-ion quantum experiments and
ultrafast optics, offering wavelength flexibility, high temporal
resolution, and environmental robustness.

2. Experimental setup and working principle

Figure 1 shows the system from pulse generation to UV
output. The setup includes a tunable L-band mode-locked fiber
laser serving as the seed laser, a dual-stage erbium-doped fiber
amplifier (EDFA) for power scaling, and a cascaded SHG unit
for frequency conversion. The seed laser employs a polarizing
beam splitter collimator (semi-PBS) to form a figure-of-nine
cavity configuration. The fiber loop comprises a wavelength
division multiplexer (WDM), a 64 cm gain fiber (Er80-4/125-
HD-PM, Liekki), a semi-PBS, and a 10 m passive PM fiber
(PM-1550-XP). In the free-space segment, a Faraday rotator
(FR), a BPF centered at 1590 nm with a 12 nm bandwidth
(FBH1590-12, Thorlabs), a quarter-wave plate (QWP), and a
PBS are arranged in sequence to enable mode locking through
the interference of the two counterpropagating beams in the
cavity. The total cavity length is 11.72 m. The group veloc-
ity dispersion (GVD) of the passive PM fiber at 1550 nm is
—22.8 ps?/km, whereas the EDF has a GVD of 28.04 ps?/km.

The seed laser is coupled into the dual-stage EDFA via a
fiber collimator (Coll). The preamplifier stage employs for-
ward and backward pumping by 976 nm semiconductor lasers

with maximum output powers of 610 mW and 1000 mW, re-
spectively. Its 62 cm-long gain fiber (Er80-4/125-HD-PM,
Liekki) is placed between WDM1 and WDM?2. Both pumps
for the main amplifier stage have a maximum power of 1 W,
and its gain fiber (Er80-4/125-HD-PM, Liekki) has a length of
188 cm. The amplified light is then coupled to the cascaded
SHG unit by a fiber collimator (Col2). The unit consists of
a PPLN crystal (MSHG1550-0.5-1, Covesion), a BBO crys-
tal (NLCO02, Thorlabs), a half-wave plate (HWP), a dichroic
mirror (DM), and four lenses.

PBS Mirror

(a)

Pump 1 WDM

()

Pump3 Pump 4

WDM1 WDM2  WDM3
© F4 F3 F2
DM
389-402 nm D
BBO PPLN ~ HWP Col2

Fig. 1. (a) Experimental setup of the tunable L-band mode-locked fiber
laser. (b) Dual-stage erbium-doped fiber amplifier (EDFA). (c) Cas-
caded SHG setup. BPF, band pass filter; Semi-PBS, PBS collimator;
Col, fiber collimator; FR, Faraday rotator; QWP, quarter-wave plate;
HWP, half-wave plate; DM, dichroic mirror; WDM, wavelength divi-
sion multiplexer.

In our experiment, wavelength tuning was achieved by
rotating the angle of the filter. When incident light enters the
filter, it undergoes multiple reflections and transmissions be-
tween the highly reflective coatings on both sides, forming
multiple-beam interference. Only when the optical path dif-
ference of the light wave traveling back and forth in the cavity
meets the condition for constructive interference can light of
a specific wavelength be transmitted efficiently. Based on the
principle of multibeam interference, the relationship model be-
tween the central wavelength of transmitted light and the angle
of incidence for a narrowband interference filter under oblique
incidence is described by the following equation:

nsin @\ >
A=2 1( i ) 0

where A is the central wavelength of the incident light, N is
the effective refractive index of the filter, n is the refractive
index of air, 6 is the angle of incidence, and A is the central
wavelength of the transmitted light.[#>43]

We inserted the rotatable narrowband filter (FBH1590-12,
Thorlabs) into the cavity. The simulation results in Fig. 2(a)
show that the central transmission wavelength can be con-

tinuously tuned from 1560 nm to 1590 nm as the filter tilt
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angle varies over a 20° range. The experimental measure-
ments shown in Fig. 2(b) confirm this tuning range; over
the same 20° tilt range, the central transmission wavelength
blueshifts. Figure 2(c) illustrates the relationship between the
central wavelength and the rotation angle. Both theoretical
and experimental results show a blueshift trend, with the tar-
get wavelength of 1588 nm lying within the tunable range. In

the experiment, the relationship between the rotation angle and
the central wavelength is approximately linear, rather than ex-
hibiting a rapid decline with increasing rotation angle. This is
because the EDF provides lower gain at longer wavelengths,
which slows down the shift of the central wavelength as the

rotation angle increases.

(2) -0 2000 MW . o 20" | (c) 1590f 0—a___
o —60 1585 9
1580 \0
i SFE Y. WA
5] 0 % —60 2 1565/ —@— Simulation
g =
S 5 T — 1
=iy UEE .. :
Z T —60 5 1590 @
S 1.0 < g _90 - o 1585 Q—_
= 0_5[ 5 ‘ E 740{ M. 5 ‘ 7 1580 °\o\
0 —60 2 1575 o
1.0 0° :38 e %ggg —@— Experiment
0'(5] —60 : 1560
1550 1560 1570 1580 1590 1600 1570 1580 1590 1600 0 5 10 15 20

Wavelength (nm)

Wavelength (nm)

Rotation angle (°)

Fig. 2. (a) Calculated transmittance spectra of the filter at different angles. (b) Measured output spectra of the fiber laser at different filter
angles. (c) Comparison of the calculated and experimental central wavelengths as a function of the filter angle.

3. Results and discussion

To investigate the influence of the pump power on the
spectral characteristics of the seed laser, the optical spectra
were measured using an optical spectrum analyzer (MS9710C,
Anritsu), as shown in Fig. 3. Substantial changes were ob-
served in both the Kelly sidebands and the central spectral
structure as the pump power increased. At the relatively low
pump power of 200-320 mW, the intracavity nonlinearity re-
mained at a low level, resulting in a smooth spectral enve-
lope. When the pump power was increased to 340—420 mW,
the mode-locked laser operated in a metastable state, leading

to pronounced spike structures within the spectral envelope.
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As the pump power was raised further to 440-480 mW, a re-
newed balance between nonlinearity, dispersion, loss, and gain
was achieved, allowing the laser to enter a new steady state
and producing a smooth spectral envelope once again. Finally,
at 500—-600 mW, the laser returned to a metastable state with
heightened nonlinearity, resulting in more intricate spectral
spikes within the spectral envelope. Notably, across the en-
tire adjusted power range, the shift in the central wavelength
of the spectrum was less than 5 nm. This indicates that effec-
tive wavelength tuning cannot be achieved by simply varying
the pump power, and nonlinear effects exert a much stronger
influence on the spectral envelope than on the shift of the cen-

tral wavelength.

Fig. 3. Spectra of the L-band fiber laser at different pump powers.
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To achieve a tunable mode-locked seed laser, stable self-
starting mode locking was first obtained at a pump power
of 200 mW by finely adjusting the intracavity polarization
state. Subsequently, a tunable filter was inserted into the cav-
ity to enable wavelength tuning. However, this insertion led
to mode-locking instability due to spectral narrowing and in-
creased intracavity loss. When the pump power was increased
to 320 mW, stable mode locking was recovered. The pulse
train was measured with a photodetector (DETO8CFC, Thor-
labs) connected to an oscilloscope (DS1204B, RIGOL), as
shown in Fig. 4(a). The measured pulse interval was 64.1 ns,
corresponding to a repetition rate of 15.6 MHz, which per-
fectly matched the calculated fundamental repetition rate de-

rived from the cavity length. It can be seen that the laser oper-
ates in a fundamental mode-locked regime, producing a single
pulse free from pulse splitting or higher-order harmonic mode
locking.

To obtain the corresponding wavelength range in the cas-
caded SHG unit, the central wavelength of the output spectrum
of the seed laser was set to 1588 nm by fine-tuning the filter an-
gle, as shown in Fig. 4(b). Pulse durations were measured us-
ing an autocorrelator (FR-103XL, Femtochrome), as shown in
Fig. 4(c). The recorded autocorrelation trace had a full width
at half maximum of 124 ps. Assuming a sech? fitting function,

this corresponds to an actual pulse width of 87 ps.
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Fig. 4. (a) Output pulse train of the fiber laser. (b) Output spectrum of the fiber laser. (c) Intensity autocorrelation trace of the output pulse.
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Fig. 5. Output powers of the preamplifier and main amplifier versus the
pump power.

The optical power of the seed laser was amplified by a
dual-stage EDFA, and the results are shown in Fig. 5. First,
the seed laser was coupled into the preamplifier to enhance its
pulse power while suppressing amplified spontaneous emis-
sion (ASE). It can be seen that the output power of the pream-
plifier shows a nearly linear relationship with its pump power,
reaching a maximum of approximately 100 mW, indicating
operation below the gain saturation regime. Subsequently, the
amplified light was fed into the main amplifier. Owing to the
use of a relatively long EDF, gain saturation was also absent
in the main amplifier, whose output power likewise showed a

linear dependence on the pump power. The maximum output
power reached about 700 mW, which is sufficient for subse-
quent cascaded SHG.

(a) 1588 nm Preamplifier

—20F

|
S
o
T

|
)
S

(b) 1588 nm Main amplifier
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Wavelength (nm)

1560 1570 1610

Fig. 6. (a) Output spectrum of the preamplifier. (b) Output spectrum of
the main amplifier.

The output spectra of the preamplifier and main amplifier
are shown in Figs. 6(a) and 6(b), respectively. It can be seen
that the output spectrum of the preamplifier differs from the
dual-peak spectrum of the seed laser shown in Fig. 4(b). This
is because the gain of the EDF in the L-band decreases with
increasing wavelength, causing the short-wavelength peak of
the seed spectrum to experience higher gain and be amplified
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into the dominant peak. Additionally, the relatively wide pulse
width and normal dispersion of the EDF limit the peak power,
thereby suppressing significant nonlinear spectral distortion in
both the preamplifier and main amplifier. In the spectrum
of the main amplifier, the Kelly sidebands near 1580 nm are
clearly resolved, which is also attributable to the higher gain
in that region.

We selected one of the central wavelengths (1588 nm) of
the tunable L-band laser to analyze the cascaded SHG process.
After optimizing the polarization of the 1588 nm pulses from
the amplifier with an HWP, the pulses were first focused into
the PPLN crystal using a lens with a focal length of 13.8 mm
(D-ZK3, LBTEK), and the generated pulses were then colli-
mated using another identical lens. By optimizing the temper-
ature of the PPLN crystal, we obtained 794 nm pulses with a
maximum conversion efficiency of 21%. These 794 nm pulses
were then focused and collimated using two lenses with a fo-
cal length of 75 mm, respectively. Finally, by optimizing the
angle of the BBO crystal, 397 nm UV pulses were generated
with a maximum conversion efficiency of 2.4%. The 397 nm
light was separated using a DM.

We measured the relationship between the input and out-
put optical powers in the cascaded SHG process, as shown in
Fig. 7. For the first SHG stage, the output power at 794 nm
initially rose with an increasing slope as the input power at
1588 nm increased from 0 to 400 mW, beyond which the slope
became constant. In contrast, for the second SHG stage, the
output power at 397 nm increased almost linearly over the en-
tire measured input power range of the 794 nm pulses. No sat-
uration in conversion efficiency was observed in either stage.
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Fig. 7. (a) Second-harmonic output power from the PPLN crystal as a
function of the input power of 1588 nm pulses. (b) Second-harmonic
output power from the BBO crystal as a function of the input power of
794 nm pulses.

To enable the cascaded SHG unit to generate widely tun-
able near-infrared and UV light, we relied on the tuning of
the PPLN poling period and the BBO phase-matching angle,
taking advantage of the broad spectral bandwidth of the seed
laser, while the intracavity filter in the seed laser provided ini-
tial wavelength selection. As shown in Fig. 8(a), with the tilt
angle of the filter fixed, the second-harmonic wavelength was
tuned from 778 nm to 804 nm by varying the PPLN poling
period. This near-infrared output was then focused into the

BBO crystal for SHG. By adjusting the BBO phase-matching
angle, the fourth-harmonic output was tuned from 389 nm to
400 nm, as shown in Fig. 8(b). This tuning range covers the
397 nm transition required for calcium ion cooling and ad-
jacent transitions for synergistic cooling. Owing to the upper
detection limit of the UV spectrometer (PG2000PRO, IdeaOp-
tics), the data in Fig. 8(b) are restricted to wavelengths up to
400 nm. Additionally, the signal-to-noise ratio in the UV re-
gion is reduced because fiber coupling for spectral detection
leads to higher propagation losses at shorter wavelengths.
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Fig. 8. (a) Wavelength tuning of the second harmonic. (b) Wavelength
tuning of the fourth harmonic.

4. Conclusion

In this paper, we have described an all-PM, widely tun-
able L-band fiber laser based on an NALM. Through precise
control of the tilt angle of the filter in this L-band laser, we
achieved a tuning range of approximately 20 nm. This cor-
responded to a shift in the central wavelength from 1570 nm
to 1590 nm. The L-band laser output was coupled to a dual-
stage EDFA, and the amplified pulses were then directed into a
cascaded SHG unit comprising PPLN and BBO crystals. This
unit was designed to generate shorter-wavelength light through
frequency doubling while preserving the tunability of the orig-
inal source. For instance, starting from pulses of the L-band
laser with a central wavelength of 1588 nm, we obtained tun-
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able near-infrared pulses (778-804 nm) and UV pulses (389-
400 nm). These results show that this laser system can func-
tion as a versatile and practical light source for advanced appli-
cations such as multi-ion quantum manipulation and ultrafast
spectroscopy, benefiting from its broad tunability and robust
all-PM fiber architecture.
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