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We report on a compact, stable, all-fiberized narrow-linewidth (0.045 nm) pulsed laser source emitting laser beam
with a wavelength of 266 nm, and tunable pulse width and repetition rate. The system is based on all-fiberized nanosecond
amplifier architecture, which consists of Yb-doped fiber preamplifiers and a super-large-mode-area Yb-doped fiber power
amplifier. The fiber amplifier with a core of 50 pum is used to raise the threshold of the stimulated Brillouin scattering
(SBS) effect and to obtain high output power and single pulse energy. Using lithium triborate (LBO) crystal and beta-
barium borate (BBO) crystal for realizing the second-harmonic generation (SHG) and fourth-harmonic generation (FHG),
we achieve 17 pJ (1.73 W) and 0.66 puJ (66 mW), respectively, at wavelengths of 532 nm and 266 nm and a repetition rate
of 100 kHz with pulse width of 4 ns. This source has great potential applications in fluorescence research and solar-blind

ultraviolet optical communication.

Keywords: nanosecond, all-fiber amplifier, narrow-linewidth, ultraviolet beam generation, tunable pulse width

and repetition rate
PACS: 42.55.—, 42.55.Wd, 42.65.Ky

1. Introduction

Nowadays, there is an increasing need for narrow-
linewidth, high average power ultraviolet (UV) laser sources
for high-resolution spectroscopy, remote environmental sens-
ing, laser-induced fluorescence, semiconductor inspection,
and light detection and ranging (LIDAR) applications.!-!
Especially, the deep-UV lasers with narrow-linewidth (<
10 GHz) can improve the effect significantly for the above-
mentioned applications.>* So far, using narrow-linewidth
solid-state lasers as fundamental frequency sources for fre-
quency conversion, has been the most popular method to pro-
duce UV lasers.>~14 In addition, narrow-linewidth fiber lasers
are also potential fundamental frequency sources, which can
provide better-quality beams, improved compactness, higher
stability and efficiency.l'"! Furthermore, narrow-linewidth
fiber lasers are easy to achieve tunable repetition frequency
and pulse width, compared with solid-state lasers.

Producing narrow-linewidth deep-UV lasers requires a
fundamental frequency source with higher peak power.!!6]
However, the peak power of narrow-linewidth fiber lasers, re-
lated to the pulse duration of the order of ns, is relatively low
for efficient frequency quadrupling. In addition, the limita-
tion of the SBS effect is more obvious for narrow-linewidth

17181 Tn order to improve the peak power values

fiber lasers. !
of fundamental frequency sources of narrow-linewidth fiber

lasers, Brooks and Teodoro used the spatially coupled pho-
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tonic crystal fiber as a main power amplifier to generate an 8-
GHz linewidth deep-UYV laser.3! The pulse duration was about
1 ns at 13.4 kHz, corresponding to the 265.5-nm deep-UV
laser with the average power of 1.9 W. Délen et al.['6l em-
ployed Yb:YAG single-crystal fibers reducing the SBS limita-
tion to obtain a 35-MHz linewidth, 257-nm-wavelength deep-
UV laser, which was operated at 30 kHz with a pulse dura-
tion of 15 ns and average power of 3.2 W. Xuan et al.!') pre-
sented a 2-GHz linewidth, 258-nm-wavelength deep-UV beam
generated by Yb:YAG single-crystal fiber amplifier with av-
erage power of 10.5 W at a pulse repetition rate of 10 kHz.
Nonetheless, these methods break the all-fiber laser struc-
ture and require a large number of space components, which
greatly weakens the advantages of all-fiber lasers. Further-
more, He er al.!'5! used an all-fiber amplifier as a fundamental
frequency source to achieve a 2-W, 274-nm-wavelength deep-
UV laser with a pulse width of 1.8 ns and a repetition rate
of 200 kHz. Kumar et al.”’°! demonstrated a deep-UV laser
with 1.8 W in power, 17 ps in pulse width, 266 nm in wave-
length at a high repetition rate of 79.5 MHz generated by a
mode-locked Yb-fiber laser. However, the spectral width val-
ues of the above-mentioned two lasers are 0.16 nm and 1.4 nm
respectively, which reduces the spectral resolution of narrow-
linewidth laser in practical applications. In the field of solar-
blind UV communication, the narrow-linewidth laser will fur-
ther increase the communication speed due to its good time
coherence. The application of narrow-linewidth lasers in the
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field of solar-blind UV communication will become the in-
evitable trend of the development of coherent communication
technology in the future. For the narrow-linewidth fiber lasers,
the spectral width of the fiber laser needs to be strictly con-
trolled due to the fiber having wide gain spectrum. There-
fore, it is valuable to utilize the inherent advantages of all-fiber
laser, especially for its relatively simple and compact config-
uration to produce a narrow-linewidth (< 10 GHz) deep-UV
all-fiber laser.

On the other hand, lasers with tunable pulse width
and repetition frequency show excellent application advan-
tages, which is particularly obvious around the wavelength
of 1 um!=231 while rarely reported in deep-UV wavelength
range. For example, characterized by tunable pulse width,
deep-UV lasers can affect the geometric accuracy and surface
quality of the submicron structures.?*! The deep-UV lasers
with suitable repetition frequency will directly improve the

[25] Moreover, the

cutting quality and processing efficiency.
deep-UV lasers with tunable pulse width have the great re-
quirements of applications, especially, in wireless solar-blind
UV communication, of which the parameters are significantly
affected by pulse width, such as receiver elevation angle, re-

[26] How-

ceiver field-of view, and communication distance.
ever, the pulse width can be easily stretched in the prac-
tical application of solar-blind UV communication due to
the multiple-scattering interaction.?’! Therefore, the deep-UV
lasers with tunable pulse width can improve the quality of
communication.

The aim of the present investigation is to integrate a com-
pactdeep-UYV laser with tunable pulse width for wireless solar-
blind UV communication. Compared with the commonly used
excimer lasers, the UV light-emitting-diodes (LEDs)!?8! and
UV lamps, our miniaturized narrow-linewidth deep-UV laser
has huge potential applications in reducing bit error rate and
improving sensitivity of UV communication. In this paper,
we report on a compact, stable, all-fiberized narrow-linewidth
pulsed laser source emitting laser beam with a wavelength of
266 nm. The system is based on an all-fiberized nanosec-
ond amplifier architecture and nonlinear frequency conversion
stages. The nanosecond amplifier generates 4.15-ns pulses at
A ~ 1064 nm with average output power of 13.8 W, corre-
sponding to the spectral bandwidth of 0.045 nm. The fourth-
harmonic generation (FHG) is achieved by using an 18-mm
lithium triborate (LBO) crystal to generate 532-nm second
harmonic (SH) with average power of 1.73 W, followed by
a 7-mm beta-barium borate (BBO) crystal to generate 266-nm
fourth harmonic (FH) with average power of 66 mW at a rep-
etition rate of 100 kHz with a pulse width of 4 ns. The corre-
sponding conversion efficiency of the SHG and the FHG are
12.5% and 3.8%, respectively.

2. Experimental setup

The fundamental frequency source, which is an all-
fiberized narrow-linewidth (0.045 nm) Yb-doped nanosec-
ond laser amplifier system, was composed of a laser diode
seed source, Yb-doped fiber preamplifiers and a commercial
50-um-core Yb-doped-diameter fiber amplifier as shown in
Fig. 1. A commercial distributed feedback laser diode was
used as a seed source. Using the intracavity optical feedback
method, the Bragg grating was distributed in the entire res-
onant cavity for mode selection to produce narrow-linewidth
lasers. By adopting the method of high-doped, short-length
and super-large-mode-area gain fibers for power amplifica-
tions, the SBS threshold could be increased and the nonlin-
ear effects could be reduced. This is an effective method
The basic

narrow-linewidth fiber amplifier architecture followed our pre-

to generate high-power narrow-linewidth lasers.

vious work. > When the pulse duration and the repetition fre-
quency of the laser amplifier system were set to be 4 ns and
100 kHz, respectively, the laser amplifier delivered 13.8-W av-
erage power corresponding to the pulse energy of 138 puJ cen-
tered at 1064.1 nm as shown in Fig. 2. The typical spectrum
(0.02-nm resolution) from the fundamental frequency source
is shown in Fig. 2(a), which has a 0.045-nm (11.9 GHz) full
width at half-maximum (FWHM) centered at 1064.1 nm. The
self-phase modulation (SPM) effect in fiber is a nonlinear ef-
fect that is most likely to broaden the spectral line width. In
addition, the wider gain spectrum in the fiber can easily lead to
spectral broadening. In our experiment, we did not detect non-
linear effects, nor obvious spectral broadening due to the ap-
plication of short length, highly doped and super-large-mode-
area gain fibers to power amplifications, which was precisely
the advantage of this work. The result, show that the spectral
line width of the seed source and the amplifier are 0.041 nm
and 0.045 nm, respectively. This means that there was no ob-
viously spectral broadening in an average power range from
tens of mW to 13 W. Generally, there is a strong soliton effect
in the negative dispersion region of the fiber, which is investi-
gated in detail in Refs. [30-32]. However, there was found no
soliton effect in our narrow-linewidth laser. This was because
the wavelength of our laser is 1064 nm which is located in the
positive dispersion region. Figure 2(b) displays the temporal
profile of the fundamental frequency laser pulses, measured
by a digital oscilloscope (LyCroy, sampling rate: 13 GHz),
showing the pulse duration of 4.15 ns. The inset in Fig. 2(b)
indicates the pulse sequence. The maximum output power of
the fundamental frequency source is 13.8 W (see Fig. 2(c)).
Figure 2(d) shows the beam quality M values of 2.56 (hori-
zontal) and 3.17 (vertical), measured by a laser beam analyzer
(M?-200, Ophir-Spiricon). The whole laser system was com-
posed of non-polarization maintaining fibers.
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Fig. 2. (a) Optical spectrum; (b) single pulse shape at output power of 13.8 W, with inset showing pulse sequence; (c) 1064-nm average power; and (d)

M? factor of fundamental frequency source.

Figure 3 shows the optical layout of the SHG module and
the FHG module from the narrow-linewidth all-fiber nanosec-
ond laser amplifier system. We used an LBO crystal for
SHG because of its excellent properties, such as high dam-
age threshold, small walk-off angle and high nonlinear coef-
ficient. Furthermore, the method of critical phase matching
(CPM) of LBO working at room temperature, is conducive
to the integration of deep-UV lasers. The crystal was Y—-Z cut
(60 =20.9°) with ¢ = 90° for type-II phase-matched SHG kept
at 24.5 °C. The temperature of the LBO crystal was precisely
controlled by a thermo electric cooler (TEC) controller with
the controlling precision of +0.1 °C. The crystal dimensions
were 4 mmx4 mmx 18 mm and the two crystal ends were

both antireflection (AR) coated at wavelengths of 1064 nm and
532 nm. The collimated non-polarization maintaining pump
beam passed through a combination of a quarter-wave plate
(QWP), half-wave plate (HWP), and polarizing beam splitter
(PBS) cube to obtain the linearly polarized laser with relatively
high power. Subsequently, the second HWP was used to ob-
tain the required polarization state for phase matching in the
frequency conversion crystal. Then the spot diameter of the
polarized laser was focused into 0.6 mm through a lens with
f="75mm. After the SHG inside the LBO crystal, the residual
pump beam was split from the SH beam by a 1064-nm/532-nm
dichroic mirror (DM) which reflected the laser of 532 nm and
transmitted the laser of 1064 nm.
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The FHG from 532 nm to 266 nm was achieved by a BBO
crystal (4 mmx4 mmx7 mm, 0 =45.7°, ¢ =0°, type-I phase-
matching (0 + 0 — e)), which is more commonly available and
less hygroscopic than the other UV nonlinear crystals such as
CsLiBgOj9 (CLBO) and KH,PO4 (KDP). The crystal coated
with ARs of 532 nm and 266 nm on both sides was mounted in
a three-dimensional adjustment frame for optimizing the phase
matching conditions. The 532-nm pump beam generated by
SHG in LBO was coupled into the BBO crystal by a focus-
ing lens with f = 60 mm and an HWP for the optimization
of the polarization state. After FHG inside the BBO crystal,
the residual 532-nm pump beam was split from the FH beam
by a DM which reflects the laser of 266 nm and transmits the
laser of 532 nm. In the entire experimental device, each of the
spherical mirrors caused about 5% of power loss because they
were not coated with AR coatings.

3. Experimental results and discussion

The maximum fundamental frequency laser of 13.8 W
(138 J) is achieved from the all-fiberized amplifier at a repe-
tition rate of 100 kHz with a pulse width of 4 ns. Furthermore,
the repetition frequency and pulse width can be continuously
adjusted in a range of 5 kHz—100 kHz and from 4 ns to 8§ ns,
respectively. For the SHG setup, we initially perform focusing
optimization of SH beam waist radius in the LBO crystal by
using several lenses, L, with radius of curvature of 25 mm,
75 mm, 150 mm respectively. The results indicate that the
75-mm focusing lens shows a compromise between the beam
waist radius and the frequency doubling distance in the LBO
crystal, so it corresponds to a highest frequency conversion
efficiency in the three focusing lenses. Figures 4(a) and 4(b)
show the dependence of the SH power and the conversion ef-

ficiency on pump average power, respectively. By optimizing

the angle of the LBO crystal, 1.73-W, 17-uJ SH pulses are
obtained, with a corresponding conversion efficiency being
12.5%. The main reasons for the low frequency conversion
efficiency are as follows: owing to the elliptical polarization
characteristics, about half of the fundamental frequency laser
power is lost before reaching the LBO crystal. As shown in
Fig. 3, we have measured the polarization states of the fun-
damental frequency laser behind L1, QWP, HWP, and PBS
respectively. It can be observed from the figure that the funda-
mental frequency laser is initially elliptically polarized light.
The laser is then adjusted into a linearly polarized laser as
much as possible by using a QWP. After that, the polariza-
tion direction of the fundamental frequency laser is adjusted
to match the polarization direction of the laser passing through
the PBS by using an HWP. It should be noted that the purpose
of using a QWP is only to increase the laser power through
the PBS as much as possible. If a polarization-maintaining
(PM) laser is used as the fundamental frequency source, the
conversion efficiency of the SHG will be further improved.
In addition, the imperfect M? values of the fundamental fre-
quency laser limit the improvement of frequency conversion
efficiency. The spectrum of the SH wave centered at 532 nm
is measured with an Ocean HR4000CG-UV-NIR spectrometer
(resolution of 0.75 nm at 500 nm), and the results are shown in
Fig. 4(c). Figure 4(d) shows the pulse duration is 4.12 ns at an
output power of 1.73 W. The pump intensity on LBO crystal is
4.7 MW/cm? far below the damage threshold of LBO crystal
(15 GW/cm?).

The maximal FH power generated in our experiments is
66 mW (0.66 wJ), which is achieved by using a collimated
pump beam with a beam diameter of 0.9 mm and pump power
of 1.73 W. The dependence of the deep-UV average power

and conversion efficiency on green average power are shown
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in Figs. 5(a) and 5(b), respectively. The maximum conversion
efficiency is about 3.8% and occurs at pump power of 1.73 W.
The narrow-linewidth lasers should have a high frequency con-
version efficiency. However, after optimizing the parameters
of the FHG experiment, including the angle of BBO crystal,
focal length of lens at the position of the beam waist in the
crystal, the frequency conversion efficiency is not further im-
proved. He et al.!">! also obtained a low conversion efficiency

at the pump power of 1.7 W under the conditions similar to

our experimental conditions. The conversion efficiency 1 can
be obtained from the following equation:
8w*d’L? Py(0) . , (AkL)
1nc T s

S
where ng, and ny, are the refractive index of the fundamental

- Eonppn2,c3
frequency laser and the frequency-doubled laser in the crystal,
respectively; € and c are the dielectric constant and the speed
of light in vacuum, respectively; L, d, and S are crystal length,
frequency doubling coefficient, and cross-sectional area, re-
spectively; Py (0) is fundamental frequency laser power. It can
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be seen from the above formula that 7] is proportional to Py, (0),
d?, and L?, and inversely proportional to S. In our experiment,
d?, I?, and S are difficult to further optimize while Py, (0) is
the most effective way to further increase the conversion effi-
ciency. In this work, the pump peak-power intensity on BBO
crystal is only 518 kW/cm?, which is not sufficient for efficient
conversion efficiency. We predict that when we use a PM laser
and further increase the fundamental frequency laser power to
30 W, the frequency conversion efficiency can be improved by
more than 16%. Figures 5(c) and 5(d) show the spectrum and
the single pulse shape of deep-UV pulses with 66-mW average
power. The deep-UV spectrum shows the center wavelength of
the laser is 266 nm. The inset in Fig. 5(d) indicates the pulse
sequence. The small pulse peaks in the pulse waveforms in
Figs. 2(b), 4(d), and 5(d) appear in the seed source of narrow-
linewidth distributed feedback LD. The grating is made in the
active area, it is easy to introduce defects, which leads to the
spontaneous emission effect.[33] This is probably the reason
for the small pulse peaks in the pulse waveform.
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Fig. 4. (a) Green average power and (b) conversion efficiency versus pump average power. (c) Green spectrum and (d) single pulse shape at 1.73 W
average power with inset indicating the pulse sequence at output power of 1.73 W.

Finally, we obtain 25-mW and 5-mW 266-nm deep-
UV laser output, corresponding to the 50-kHz repetition fre-
quency, 4-ns pulse width and 100-kHz repetition frequency
and 8-ns pulse width respectively. The obtained results are
summarized in Table 1. In practical applications, the repeti-

tion frequency and pulse width of the laser can be conveniently

tuned in a range of 50 kHz—100 kHz and 4 ns—8 ns, which can
achieve an optimal application effect. Since there is no satura-
tion of UV power nor conversion efficiency, next step we will
use an all-fiber PM fundamental frequency source with higher
output power and better beam quality to further optimize the

conversion efficiency of the deep-UV laser.
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Table 1. Summary of harmonic generation results.

Repetition  Pulse Average power  Average power  Average power SHG efficiency FHG efficiency
rate (kHz)  duration (ns) 1064 nm (W) 532 nm (W) 266 nm (mW)  from 1064 nm (%) from 532 nm (%)
100 4 13.8 1.73 66 12.5 3.8

50 4 4.7 0.543 25 11.5 4.6

100 8 3.0 0.240 5 8 2

4. Conclusions

In this work, we report on a compact, stable, all-fiberized
narrow-linewidth pulsed laser source emitting a laser with a
wavelength of 266 nm, tunable pulse width and repetition rate.
The system is based on an all-fiberized nanosecond amplifier
architecture and nonlinear frequency conversion stages. Us-
ing LBO crystal and BBO crystal for the SHG and FHG, re-
spectively, we achieve 17 wJ (1.73 W) and 0.66 pJ (66 mW),
respectively, at wavelengths of 532 nm and 266 nm with a rep-
etition rate of 100 kHz and pulse width of 4 ns. The corre-
sponding conversion efficiency of the SHG and the FHG are
12.5% and 3.8%, respectively. We will use a higher power PM
all-fiber narrow-linewidth laser amplifier and continue to op-
timize the conversion efficiency of the deep-UV laser in the

future.
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