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Abstract: A tunable high-power 60 MHz ultraviolet pulse laser directly produced by the
extra-cavity fourth-order harmonic generation of a self-similar amplification infrared pulse
laser is reported in this study. Utilizing the self-similar pulse evolution and the self-phase
modulation in a self-similar amplifier, the system generates a 58.9 W pulse train with a
spectral half-width of 85.4 nm, corresponding to a pulse duration of 36 fs. To obtain the
ultraviolet pulses from the infrared pulses, a single-pass frequency quadrupling system
comprising two cascaded β-BBOs was used. The ultraviolet spectra can be tuned within
a spectral range of 253.6 to 275 nm owing to the broadband infrared seed spectra. The
maximum ultraviolet average power of 1.44 W was achieved at 275 nm with spectral
half-width and an infrared-to-ultraviolet efficiency of 1.1 nm and 2.44%, respectively. To
the best of our knowledge, this is the first demonstration of tunable high-power ultraviolet
pulse generation from a self-similar amplification Yb-fiber laser.

Keywords: fourth-order harmonic generation; self-similar fiber amplification;
ultraviolet pulse

1. Introduction
Ultraviolet light (UV) refers to light with wavelengths ranging from 10 nm to 380 nm

in a vacuum [1]. Tunable high-power pulses in the UV spectral range are used in a variety
of applications, such as biochemical imaging [2,3], precision spectroscopy [4–7], atom trap-
ping and cooling [8–11], and nanofabrication [12,13] because of their high photon energy,
ultrashort duration, and small focus waist. Ultrahigh-power UV pulses can be directly
generated using an excimer laser with a pulse duration of more than one picosecond [14,15].
In particular, a well-designed combination of a Ti:sapphire source and a KrF-gas-based
amplifier can achieve both femtosecond duration and high power in the ultraviolet re-
gion at the cost of a large structure, low repetition rate, and limited operational time [16].
Furthermore, both the Ti:sapphire laser-based optical parametric amplifier [17] and the
fiber-laser-pumped optical parametric oscillator [18,19] can produce tunable femtosecond
pulses in a wide UV range. Moreover, the straight extra-cavity frequency conversion of
a high-power fiber pulse laser allows for another method of accessing broadband UV
spectra [20–23]. For example, UV pulses are generated using nonlinear media through
third-order [24] and fifth-order [25] harmonic generation as well as chirped-pulse four-
wave mixing [26], respectively. In general, nonlinear frequency conversion using gas or
crystal media is an effective method for shifting visible and infrared pulses into the UV
region [27–30]. Moreover, compared to using gas for generating UV pulses, employing
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nonlinear crystals offers the advantages of a larger nonlinear coefficient and a simplified
device structure [31].

The large surface-to-volume ratio and the broad emission bandwidth of the Ytterbium-
fiber (Yb-fiber) ensure excellent heat dissipation and femtosecond-pulse generation, respec-
tively. A Yb-fiber pulse laser with several cascaded fiber amplifiers is a practical alternative
to the solid-state Ti:sapphire system because of its high pump efficiency, good beam quality,
and high repetition rate, and it is widely used to generate high-power ultrashort infrared
pulses, which provide an outstanding source laser for the generation of UV pulses. For
example, through the cavity-enhanced quadrupling of high-power femtosecond pulses
from a chirp-pulsed amplification (CPA) Yb-fiber laser, 1 W, 259 nm UV pulses have been
demonstrated [32]. The spectral width of the amplified infrared pulses is limited to ap-
proximately ten nanometers because of the gain narrowing during the CPA, resulting in a
finite spectral width of approximately 1 nm for the expectant UV pulses [33]. In contrast
to CPA, self-similar amplification (SSA) can overcome the gain bandwidth limitation, re-
sulting in shorter pulse duration and a wider spectrum. Mathematically, the nonlinear
Schrödinger equation (NLSE) can be used to describe the pulse propagation in a fiber
amplifier. Furthermore, the linear-chirped parabolic pulse is a mathematical asymptotic
self-similar solution of the NLSE, indicating that the pulse can propagate by a constant
parabolic intensity profile with the introduction of the linear chirp and power scaling in
the fiber amplification [34,35]. Because of the nonlinear self-phase modulation (SPM) in
the gain fiber, the output spectrum is broadened beyond the gain bandwidth. By further
compensating for the linear chirp, high-power ultrashort pulses with broadband spectra
can be achieved. In our previous study, high-power ultrashort infrared pulses with a
spectral width of approximately 100 nm were achieved using a pre-chirping-management
SSA system [36,37]. Thus, the SSA system offers a broadband ultrashort infrared source for
tunable UV pulse generation.

In this study, a valid approach for generating tunable high-power UV pulses is demon-
strated. This technique is achieved through extra-cavity fourth-order harmonic generation
(FHG) of SSA-based infrared pulses. The system generates a 60 MHz infrared pulse train
with average power, half spectral width, and duration of 58.9 W, 85.4 nm, and 36 fs, respec-
tively, utilizing the self-similar evolution and SPM in the SSA. Frequency quadrupling to
the UV region is achieved using two cascaded beta barium borate (β-BBO) crystals in the
form of a single-pass configuration. It is highly possible to achieve the FHG because of
the ultrashort infrared pulses and the high nonlinear coefficient of the β-BBOs. Owing to
the ultra-wide spectra of the infrared pulses, the generated visible spectra can be tuned
from 505 to 550 nm and the generated UV spectra can be tuned from 253.6 to 275 nm by
fine-tuning the phase-matching angles of the β-BBO crystals. It was observed that the
output power varies with the output UV wavelength, and the maximum ultraviolet output
power of 1.44 W was achieved at 275 nm with a half spectral width of 1.1 nm and an
infrared-to-ultraviolet efficiency of 2.44%.

2. Experimental Setups
The configuration of the SSA and FHG is shown in Figure 1, consisting of a seed

laser, a fiber stretcher, two cascaded fiber pre-amplifiers, an SSA amplifier and a branch
for wavelength conversion. A homemade 60 MHz nonlinear polarization rotation (NPR)
mode-locked Yb-fiber oscillator with an output power of 20 mW was employed as the
seed laser. The oscillator was able to operate in a stretched-pulse mode-locking regime
and emit an infrared pulse train with a spectral width of 45 nm [38], by managing the
cavity sum-dispersion at a net normal dispersion of 0.001 ps [39,40]. In order to isolate
environmental disturbances, the entire cavity was encased in a multi-layered structure
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comprising thermal insulation material, acoustic insulation cotton, and two high-density
aluminum plates. Then, the infrared pulses were sufficiently stretched after transmitting
in a 25 m single-mode fiber (SMF, HI 1060), to keep the next pre-amplifiers running
under the linear amplification. Thus, pre-amplifiers can scale the power and energy
without generating nonlinear chirps. In the first pre-amplifier, the infrared laser was
amplified to 350 mW in a 0.8 m Yb-doped SMF, which was pumped by a 976 nm fiber-
pigtailed semiconductor laser. Then, the second pre-amplifier was constructed with a 1.3 m
polarization-maintaining large-mode-area Yb-doped photonic crystal fiber (PM LMA Yb-
PCF), which was composed of 40 µm core and 200 µm inner cladding and was pumped by
a 976 nm semiconductor laser in a backward pumping configuration. The large-mode-area
photonic crystal fiber can significantly reduce nonlinear amplification distortion when
it is used as a gain medium [41,42]. Two optical isolators (ISO) were inserted to avoid
damage from the backward reflective light and the unabsorbed pumping light. After the
two pre-amplifiers, the infrared pulses were scaled up to 8.4 W with a half spectral width of
14.7 nm. The spectra were clearly narrowed because of gain narrowing, which was caused
by the finite gain bandwidth of the PM LMA Yb-PCF.
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efficiency of 50%. As shown in Figure 1, the SSA had the same structure as the second pre-
amplifier despite a different fiber length of 1.6 m. Moreover, the PM LMA Yb-PCF in the 
SSA was mounted on a copper plate that was maintained at 20 °C by a homothermal 
water-cooling setup. When the managed infrared pulses were delivered into the SSA to 
scale up the power, the spectra of the pulses were broadened because of the SPM in the 
amplification. Moreover, another pair of transmission gratings (620 L/mm groove density) 
was chosen to compensate for the linear chirps produced in the SSA. The appropriate 
separation of the gratings was adjusted to compensate for the different chirps generated 
at different powers in the SSA with a constant compression efficiency of 50%. In addition, 
to minimize back reflection, all the end faces of the PM LMA Yb-PCFs were polished at a 
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Figure 1. Experimental setup. ISO: isolator; LD: laser diode; YDF: Yb-doped fiber; WDM: wavelength-
division multiplexing; DM: dichroic mirror; λ/2: half-wave plate; LMA Yb-PCF: large-mode-area
Yb-doped photonic crystal fiber; L1, L2, L3, and L4: lens.

In contrast to a previous study [32], the second- and third-order dispersions gener-
ated in the fiber stretcher and CPA were compensated by a grism-based pre-chirper that
consisted of a pair of transmission gratings (1000 L/mm groove density) and a pair of
equilateral prisms (SF10) [33]. By finely adjusting the separation of the gratings and the
insertion of the prisms, the secondary and tertiary dispersion produced in the grism could
be changed to compensate for the chirps generated in the fiber stretcher and the CPA. More-
over, the grating and prism were placed with an incidence angle of 29.8◦ (Littrow angle) and
59.8◦ (Brewster angle), respectively. After the grism, the amplified pulses were compressed
to approximately 150 fs with an output power of 4.2 W and compression efficiency of 50%.
As shown in Figure 1, the SSA had the same structure as the second pre-amplifier despite a
different fiber length of 1.6 m. Moreover, the PM LMA Yb-PCF in the SSA was mounted on
a copper plate that was maintained at 20 ◦C by a homothermal water-cooling setup. When
the managed infrared pulses were delivered into the SSA to scale up the power, the spectra
of the pulses were broadened because of the SPM in the amplification. Moreover, another
pair of transmission gratings (620 L/mm groove density) was chosen to compensate for the
linear chirps produced in the SSA. The appropriate separation of the gratings was adjusted
to compensate for the different chirps generated at different powers in the SSA with a
constant compression efficiency of 50%. In addition, to minimize back reflection, all the end
faces of the PM LMA Yb-PCFs were polished at a slant angle of 8◦. To avoid damage from
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the backward reflective light and the unabsorbed pumping light, three optical isolators
were inserted between the seed laser and the amplifiers.

In the frequency quadrupling system, two β-BBO crystals (type-I phase-matched)
were used to perform nonlinear frequency conversion. The BBO-1 and BBO-2 were cut
at 23.3◦ and 49.4◦ with a bulk size of 4 × 4 × 2 mm3, supporting the second harmonic
generations (SHGs) at near-infrared and green regions, respectively. Moreover, two cascade
SHGs quadrupled the frequency, achieving FHG from infrared to UV. Specifically, the input
infrared beam was focused on the first β-BBO crystal through L1. The generated second
harmonic (SH) beam was then collimated by L2. Similarly, L3 and L4 were used to focus
the SH beam on the second β-BBO crystal and collimate the generated UV beam. All
the lenses (50 mm focal length) were mounted on a one-dimensional mobile platform to
focus the infrared and the SH lights exactly at the centers of the first and second crystals,
respectively. Furthermore, the crystals were configured on two 360◦ rotated mounts that
could be tuned for phase-angle matching. Four dichroic mirrors were used to filter the
unconverted infrared light and SH. Owing to the broadband nature of the fundamental
wave, tunable UV output spectra were obtained by adjusting the phase-matching angles of
the crystals.

3. Results and Discussion
Through the management of the second and third dispersions in the pre-chirper, the

input pulses evolved following a self-similar scheme, resulting in linear chirp generation,
power scaling, and spectral broadening. When the SSA pump power was increased to
200 W, infrared pulses with an average power of 117 W were obtained. After dispersion
compensation in the grating compressor, the infrared pulses were effectively compressed
at 50% efficiency, resulting in an output power of 58.9 W. To characterize the properties
of infrared pulses, an optical spectrum analyzer (AQ6370, Yokogawa) and a commercial
autocorrelator (Pulse Check, APE) were used to measure the spectra and pulse durations,
respectively. As shown in Figure 2a, the autocorrelation trace of the compressed pulses
is fitted by a sech2-type curve with a duration of 36 fs, which occurred at single-pulse
energy of 1 µJ and peak power of 27.3 MW. The wings and bases were not observed in
addition to the main pulse containing more than 98% pulse energy because the pulses were
well managed by the grism and grating compressor. Figure 2b shows the output spectrum
of the SSA at the same power, covering the spectral range from 1000 to 1120 nm with a
half-width of 85.4 nm. After the cascaded fiber amplifiers, the spectral range is significantly
broader than the seed oscillator, which facilitates the subsequent frequency quadrupling
experiment to obtain a wider UV tuning range.

For the SHG of the infrared pulses, a 2 mm thick type-I interaction β-BBO crystal
(BBO-1) that had a wide acceptance angle and could provide tunable SH spectra for UV
generation was used. In order to improve the conversion efficiency of SHG [43,44], the
distance between L1 and BBO-1 was accurately controlled to ensure that the infrared
light was focused inside the center of BBO-1 with a calculated beam diameter of 30 µm.
Then, a broadband infrared half-wave plate was added to the infrared beam to change
the polarization state of the input pulses for high-quality SHG. Moreover, L2 was used to
collimate the SH, and DM1 and DM2 were used to filter the unconverted infrared light. A
360◦-rotated mount was used to adjust the crystal phase-matching angle. When this angle
was set at 60◦, a 550 nm SH was obtained. In this case, the output power and efficiency as
functions of the incident infrared power are shown in Figure 3a. At an input power of less
than 30 W, both the power and efficiency increased with the input power. By increasing
the incident power to above 30 W, the output SH power increased with a slight increase
in conversion efficiency; the maximum SH power of 8.98 W with a conversion efficiency
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of 15.3% was obtained at an infrared power of 58.9 W. Generally, a broad spectrum of
infrared laser cannot be entirely converted into visible. Therefore, the conversion efficiency
was relatively low because the infrared spectrum width of 85.4 nm was much wider than
the maximum output spectral width of the crystal. As shown in Figure 3b,c, through
rotating BBO-1 crystal for phase matching, the SH spectra can be tuned from 505 to 555 nm
with a high-power output. In detail, the SH center wavelength shifted by approximately
8.3 nm for every 5◦ variation in the phase-matching angle, and two higher powers of SH
were achieved at 515 and 550 nm with an output power of 8.45 and 8.98 W, respectively,
corresponding to the intensity peaks at 1030 and 1100 nm in the infrared spectrum. Three
typical normalized SH spectra centered at 510, 532, and 545 nm are shown in Figure 3d, in
which the uneven infrared spectral profile leads to different spectral half bandwidths of 16,
24, and 26 nm, respectively.
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(b) were measured at an average power of 58.9 W.
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For the SHG of the infrared pulses, a 2 mm thick type-I interaction β-BBO crystal 
(BBO-1) that had a wide acceptance angle and could provide tunable SH spectra for UV 
generation was used. In order to improve the conversion efficiency of SHG [43,44], the 
distance between L1 and BBO-1 was accurately controlled to ensure that the infrared light 
was focused inside the center of BBO-1 with a calculated beam diameter of 30 µm. Then, 
a broadband infrared half-wave plate was added to the infrared beam to change the 
polarization state of the input pulses for high-quality SHG. Moreover, L2 was used to 
collimate the SH, and DM1 and DM2 were used to filter the unconverted infrared light. A 
360°-rotated mount was used to adjust the crystal phase-matching angle. When this angle 
was set at 60°, a 550 nm SH was obtained. In this case, the output power and efficiency as 
functions of the incident infrared power are shown in Figure 3a. At an input power of less 
than 30 W, both the power and efficiency increased with the input power. By increasing 
the incident power to above 30 W, the output SH power increased with a slight increase 
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of 15.3% was obtained at an infrared power of 58.9 W. Generally, a broad spectrum of 
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efficiency was relatively low because the infrared spectrum width of 85.4 nm was much 
wider than the maximum output spectral width of the crystal. As shown in Figure 3b,c, 
through rotating BBO-1 crystal for phase matching, the SH spectra can be tuned from 505 
to 555 nm with a high-power output. In detail, the SH center wavelength shifted by 
approximately 8.3 nm for every 5° variation in the phase-matching angle, and two higher 
powers of SH were achieved at 515 and 550 nm with an output power of 8.45 and 8.98 W, 
respectively, corresponding to the intensity peaks at 1030 and 1100 nm in the infrared 
spectrum. Three typical normalized SH spectra centered at 510, 532, and 545 nm are 
shown in Figure 3d, in which the uneven infrared spectral profile leads to different 
spectral half bandwidths of 16, 24, and 26 nm, respectively.

Figure 3. (a) Output power (black line) and conversion efficiency (blue line) of the SHG versus input 
infrared power. (b) Wavelength tuning property of the SHG. (c) Generated second harmonic (SH) 
power as a function of output wavelength. (d) Three typical normalized SH spectra.

Figure 3. (a) Output power (black line) and conversion efficiency (blue line) of the SHG versus input
infrared power. (b) Wavelength tuning property of the SHG. (c) Generated second harmonic (SH)
power as a function of output wavelength. (d) Three typical normalized SH spectra.
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Similarly to SHG, another 2 mm thick β-BBO crystal (BBO-2) with a cut angle of
49.4◦ was used to generate the fourth harmonic (FH). Through fine adjustment of the
distance between L2 and L3, a suitable SH beam size on the L3 surface was chosen for
the following frequency conversion in BBO-2. Subsequently, L3 focused the SH beam
inside the center of BBO-2 with a calculated diameter of 30 µm. L4 was used to collimate
the generated FH, and DM3 and DM4 were used to filter the unconverted SH. The data
presented in Figure 4a were measured at 275 nm with BBO-1 operating at approximately
530 nm. The variations in the FH power and infrared-to-UV efficiency exhibited the same
tendency as the SHG. A maximum FH power of 1.44 W was obtained at an infrared power
of 58.9 W and the conversion efficiency of infrared-to-UV was 2.44%. The FH output
wavelength as a function of the BBO-2 phase-matching angle is shown in Figure 4b, and
the corresponding SH spectrum is also indicated by the red line in the inset of Figure 4b.
The tunable spectral range of the output FH was 263–275 nm, and the center wavelength
shifted by approximately 2 nm when the phase-matching angle of BBO-2 changed by 5◦.
In addition, a wider UV spectral range was obtained by simultaneously adjusting BBO-1
and BBO-2. Figure 4c,d show the recorded power features and spectral characteristics of the
FHG. As shown in Figure 4c, the output spectra could be tuned in a broadband UV range
from 253.6 to 275 nm, consistent with the tunable range of the SH. The output FH power as
a function of the center wavelength corresponds to the power distributions of the infrared
and SH pulses. Particularly, two clear UV power peaks of 1.42 and 1.44 W were separately
observed at 256.7 and 275 nm, and the related power peaks were also discovered at 515
and 530 nm of the tunable SH spectrum, and 1027 and 1100 nm of the infrared spectrum,
respectively. Nine typical normalized FH spectra with bandwidths varying from 1.1 to
1.3 nm are shown in Figure 4d, demonstrating the outstanding tunable property of the
UV spectra.
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Photonics 2025, 12, 50 7 of 9

4. Conclusions
In summary, a high-power tunable UV pulse generation through frequency quadrupling

of high-power infrared pulses was demonstrated. A homemade NPR oscillator was employed
as the seed laser and the output power was amplified to 8.4 W after the pre-amplifiers. Then,
using a pre-chirping-management fiber SSA system, a 58.9 W, 36-fs infrared pulse train was
obtained with a spectral half-width of 85.4 nm. Two cascaded β-BBO crystals were used
to perform FHG in a simple single-pass configuration. Owing to the broadband infrared
spectrum, the output visible spectra also had a broadband spectrum from 505 to 555 nm.
Subsequently, the obtained UV spectra could be tuned in a broadband UV region, covering
253.6 to 275 nm. By adjusting the phase-matching angles of these crystals, the achieved
maximum UV power reached up to 1.44 W at 275 nm, accompanied by a spectral half-width
of 1.1 nm and an infrared-to-ultraviolet efficiency of 2.44%. To the best of our knowledge, this
is the first study on the generation of broadband tunable UV pulses directly obtained from a
fiber SSA. We believe that the tunable high-power UV pulses can be applied in many fields
such as ultraviolet spectroscopy and precision metrology.
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