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Abstract: We report a 5.8-W deep-ultraviolet (DUV) laser obtained from frequency-quadrupling
of an all-fiberized ytterbium-doped fiber (YDF) master oscillator power amplifier (MOPA). The
MOPA system delivers 585 ps pulses at 1040 nm with a maximum available output power of 23.5
W for nonlinear frequency conversion. A lithium triborate (LBO) crystal and a beta barium borate
(BBO) crystal are employed for second- and fourth-harmonic generation (FHG), respectively. At
a repetition rate of 1.6 MHz, a maximum DUV output power of 5.8 W is obtained at 260 nm
with a corresponding pulse energy of 3.6 µJ and maximum peak power of at least 6.9 kW. A
1µm-to-260nm conversion efficiency of 26.4% is achieved at a DUV output power of 5.8 W. To the
best of our knowledge these results represent the highest-average-power fiberized-laser-pumped
DUV laser, as well as the most efficient DUV generation based on BBO crystals to date. We
further demonstrate application of the pulsed DUV laser in bacterial disinfection achieving an
inactivation efficiency of 99.999% for E-coli bacteria at a DUV exposure of 7 mJ/cm2.

Published by The Optical Society under the terms of the Creative Commons Attribution 4.0 License. Further
distribution of this work must maintain attribution to the author(s) and the published article’s title, journal
citation, and DOI.

1. Introduction

High-power pulsed DUV lasers with high photon energy have various applications in photolithog-
raphy [1], material processing [2], spectroscopy [3], and biomedicine [4]. Harmonic frequency
conversion has become an important approach in the realization of DUV lasers exploiting
nonlinear crystals pumped by advanced 1-µm laser sources, including titanium-sapphire lasers
and neodymium-doped (Nd-doped) or ytterbium-doped bulk or fiber lasers. YDF lasers have
attracted great attention in particular owing to their compact nature, high output power, high
efficiency and reliability, good beam quality, and suitability for simple air-cooling. Meanwhile,
good-quality nonlinear crystals are vitally important for harmonic DUV generation and only a
few suitable and commercially available crystals have been developed over the years, such as
BBO, caesium lithium borate (CLBO), and potassium beryllium fluoroborate. BBO and CLBO
are the most commonly used crystals for high-power DUV laser development due to their high
nonlinear coefficients, high laser damage thresholds and mature growth techniques. Compared
with CLBO, BBO with a lesser hygroscopic susceptibility and larger nonlinear coefficients is the
more favorable choice for high-power, long term DUV operation.

Optical fiber based laser systems have been demonstrated to provide powerful pump sources
for high-power DUV systems, including free-space coherently-combined YDF amplifiers [5]
and YDF-laser-seeded bulk amplifiers [6,7]. Compared with these fiber laser systems, which
used free-space light coupling, an all-fiberized laser configuration offers advantages in terms of

#441248 https://doi.org/10.1364/OE.441248
Journal © 0000 Received 23 Aug 2021; revised 4 Oct 2021; accepted 4 Oct 2021; published 00 00 0000

https://orcid.org/0000-0002-3822-3563
https://orcid.org/0000-0002-3596-7049
https://orcid.org/0000-0001-5025-9051
https://orcid.org/0000-0002-9054-4372
https://orcid.org/0000-0001-8923-6666
https://creativecommons.org/licenses/by/4.0/


52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102

Research Article Vol. 0, No. 0 / 00 00 0000 / Optics Express 2

reduced alignment sensitivity, better reliability, and a smaller physical footprint. However, in
order to achieve high-power and high-efficiency frequency conversion to the DUV, the pump
lasers need to offer output pulses with high peak power, narrow spectral linewidth and good beam
quality. These requirements bring challenges for all-fiberized lasers due to deleterious nonlinear
effects, such as self-phase modulation (SPM) and stimulated Brillouin scattering (SBS). There
have only been a few reports on fiberized-laser-pumped DUV lasers over the years. In 2015, S.
C. Kumar et al. demonstrated a commercial-fiber-laser-pumped ∼17-ps-pulsed DUV (266nm)
laser with an output power of 1.8 W based on a 10-mm-long BBO crystal [8]. By cascading
another 10-mm-long BBO crystal in a spatial walk-off compensation scheme, thereby sacrificing
compactness and alignment insensitivity, the DUV output power was increased to 2.9 W but at
an overall conversion efficiency that was still relatively low at 17.2% (1µm-to-266 nm) [9]. In
parallel work from our research group, Jing et al. demonstrated a YDF-MOPA-pumped DUV
laser at 274 nm with 2 W output power and 16.9% conversion efficiency (1µm-to-274 nm) [10].
However, in order to optimize the MOPA, which operated at a wavelength of 1097 nm (much
longer than the YDF gain peak wavelength), a long length of YDF and a free-space coupled
backward-pump scheme was employed in the final amplifier. This resulted in relatively low
efficiency amplification (53% slope efficiency) and restricted power scaling.

In this paper we develop a YDF MOPA system operating at 1040 nm in a fully-fiberized format
with 80% slope efficiency and demonstrate DUV frequency conversion to 260-nm, providing
5.8-W average power and a 26.4% 1µm-to-260nm conversion efficiency. The YDF MOPA
delivers 585-ps pulses at a repetition rate of 1.6 MHz with an average output power of 23.5 W
available for frequency conversion. We use an LBO crystal for second-harmonic generation
(SHG) achieving a maximum average power of 16.2 W at 520 nm with a conversion efficiency
(1µm-to-520nm) of ∼69%. A 5-mm-long BBO crystal is then employed for FHG generating a
DUV output power of 5.8 W at 260 nm with a corresponding pulse energy / peak power of 3.6
µJ / 6.9 kW. We report conversion efficiencies of 38.4% from 520 nm to 260 nm and ∼26.4%
from 1 µm to 260 nm, respectively. To the best of our knowledge, these results represent the
highest-average-power fiber-laser-pumped DUV laser (two-times higher than the state-of-the-art
[9]) as well as the most efficient DUV generation based on BBO crystals to date. In addition, we
show application of the DUV laser to bacterial (E. Coli) disinfection achieving high (99.999%)
and efficient bacterial inactivation (7 mJ/cm2 total DUV dose). The system is shown to offer
more efficient disinfection than a continuous wave incoherent DUV LED source.

2. All-fiberized high-power YDF MOPA development

2.1. Experimental setup of the YDF MOPA

Figure 1 illustrates the experimental setup of the polarization-maintaining YDF MOPA system,
which consisted of four pre-amplifier stages and a final power amplifier. The seed laser was a
continuous-wave (CW) narrow-linewidth (<300 kHz) laser diode (Toptica photonics, DL pro), set
to a wavelength of 1040-nm and with a fiber-pigtailed output delivering ∼10 mW of average power.
The CW signal was initially amplified to 80 mW by a core-pumped YDF amplifier (1st Pre-Amp,
Fig. 1), consisting of a 0.85-m-long polarization-maintaining YDF (Nufern, PM-YDF-5/130)
that was forward pumped by a 975-nm single-mode laser diode through a wavelength-division
multiplexer. A fiber-pigtailed electro-optic modulator (EOM, extinction ratio >30 dB, NIR-MX-
LN-10, Photline) was employed to modulate the CW signal and to generate 585-ps pulses at a
repetition rate of 8 MHz with an output power of ∼100 µW. The pulsed signal was then amplified
to ∼50 mW by two YDF amplifiers (2nd Pre-Amp and 3rd Pre-Amp, Fig. 1), whose experimental
configurations were the same as the 1st Pre-Amp. A fiber-pigtailed acoustic-optic modulator
(AOM, extinction ratio >45 dB, MT110-IR20-Fio-PM, AA Opto Electronic) was employed to
reduce the repetition rate of the pulsed signal to 1.6 MHz and also to suppress the inter-pulse
amplified spontaneous emission, which resulted in a reduced signal power of 5 mW with which
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to seed the 4th Pre-Amp (Fig. 1). The EOM and AOM were synchronously driven by an arbitrary
waveform generator (AWG, 7122C, Tektronix). In the 4th Pre-Amp, the signal power was boosted
to 120 mW using a 3-m-long 10-µm-core YDF (Nufern, PLMA-YDF-10/125-VIII) that was
forward-cladding-pumped by a multimode laser diode (975 nm). The final power amplifier
(Fig. 1) was forward-cladding-pumped with a 2.1-m-long 25-µm-core large-mode-area YDF
(PLMA-YDF-25/250), and the output facet of the YDF was spliced with an 8° angle-cleaved
glass endcap to prevent detrimental back reflection. A fiber-pigtailed 1% tap coupler was placed
before the final amplifier to provide monitoring of any backward SBS. The seed laser and all
pre-amplifiers were followed by fiber-pigtailed isolators to prevent back-reflected light.

Fig. 1. Schematic of the YDF MOPA system. CW diode laser: continuous-wave diode
laser; Pre-amp: pre-amplifier; AWG: arbitrary waveform generator; EOM: electro-optic
modulator; AOM: acousto-optic modulator; SBS monitor: stimulated Brillouin scattering
monitor; LDs: laser diodes; LMA-YDF: large-mode-area ytterbium-doped fiber.

2.2. YDF MOPA experimental results and discussion

In the picosecond and nanosecond pulse regimes, efficient nonlinear frequency conversion to
visible or DUV wavelengths requires the pump source to have a high peak power as well as
a narrow spectral linewidth that fits within the pump acceptance bandwidths of the nonlinear
crystals. Pulse carving from a narrow-linewidth CW laser and amplifying the resulting pulsed
signal in a fiber MOPA is an effective solution to this requirement. However, amplification of
narrow-linewidth signals in YDFs can also lead to SBS generation, which can limit power scaling
[11,12]. In our YDF MOPA design, the SBS effect only became observable in the final power
amplifier. In order to investigate and mitigate SBS effects in this amplifier the MOPA system
performance was characterized at different pulse durations (2 ns, 1 ns, 585 ps) by adjusting the
drive signals to the EOM and the AOM with the AWG. Figure 2 (a) shows the monitored SBS
spectra for different pulse durations and peak powers from the power amplifier. For 1-ns and
2-ns pulsed operation, an SBS spectral peak increase was clearly observed at peak powers of
28 kW and 14 kW, respectively. In contrast, for 585-ps pulsed operation, the SBS spectral peak
only increased to the same power level at a peak power of 56 kW. This is as expected as use of
shorter pulse durations (with correspondingly wider spectral bandwidths) should increase the
SBS threshold [13]. The slight spectral broadening of the central peak, as well as the formation
of spectral side lobes (below 20-dB from the peak in Fig. 2 (b)), were due to the effects of SPM.
At a peak power of 56 kW the majority of the optical power (calculated to be 85%) was contained
within the central peak, with a bandwidth of 0.17 nm (spectra between the two dashed lines in
Fig. 2 (b)). This spectral characteristic is sufficient to allow the source to be employed as a
fundamental pump source for frequency quadrupling in a commercially available 5-mm-long
BBO crystal with a pump acceptance bandwidth of ∼0.2 nm. The inset of Fig. 2 (b) shows the
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output spectra of the YDF MOPA over a wide spectral window indicating the absence of any
other nonlinear effects, such as stimulated Raman scattering. DUV frequency conversion was
investigated and characterized at the same average output power at repetition rates of 1.6 MHz
and 800 kHz.

Fig. 2. (a) Normalized spectra from the SBS monitor port at 585 ps, 1 ns, and 2 ns 1040-nm
pulse duration and with different peak powers (0.01-nm resolution). (b) Output spectra of
the YDF MOPA at a pulse duration of 585 ps and different output peak powers (0.01-nm
resolution). Inset: Output spectra of the YDF MOPA over a large wavelength scale (1-nm
resolution).

Figure 3 shows the output power characteristics of the final stage of the YDF MOPA system. At
a slope efficiency of 80%, a maximum output power of 26.6 W was obtained for 35.6 W of injected
pump power, corresponding to a power conversion efficiency of 75% (975nm-to-1040nm). The
inset of Fig. 3 shows the temporal profile of a 1040-nm pulse with a full-width-at-half-maximum
(FWHM) of 585 ps, which was characterized using an InGaAs photodetector (Thorlabs, DET-
08CFC, 5 GHz bandwidth). With a repetition rate of 1.6 MHz (800 kHz), the maximum pulse
energy and peak power were calculated to be 17 µJ (34 µJ) and 28 kW (56 kW), respectively.
The polarization extinction ratio of the output beam was measured to be >20 dB, and its beam
quality was characterized to be M2<1.1.

Fig. 3. Output power characteristics of the YDF MOPA system. Inset: temporal profile of
the 1040 nm pulses at a pulse duration of 585 ps.
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3. Nonlinear frequency conversion to the DUV

3.1. Experimental setup for second- and fourth- harmonic generation

A simple single-pass configuration was used for nonlinear frequency conversion to the DUV, as
shown in Fig. 4. In order to avoid back-reflection of light into the YDF MOPA, the collimated
beam of the YDF MOPA output was propagated through a polarization sensitive isolator together
with two half-wave plates (HWP1, HWP2, Fig. 4). HWP1 adjusted the polarization direction
to achieve maximum output after the isolator, whilst HWP2 was used to achieve optimal phase
matching for SHG. The 1040-nm laser beam was then focused into an LBO crystal with a beam
waist of 75 µm. The available average power of the 1040-nm laser was 23.5 W (measured
immediately before the LBO) due to the non-negligible losses of the isolator, lens, half-wave
plates and other directing mirrors (not shown in Fig. 4). The LBO was designed for type-I
non-critical phase matching for SHG with dimensions of 4×4×25 mm (Eksma optics) and cut
angles of θ=90°, φ=0°. We chose LBO for high-power SHG due to its high damage threshold,
relatively high nonlinear coefficient, non-critical phase matching capability, and no spatial
walk-off. The LBO was antireflection (AR) coated at 1040 nm and 520 nm, and it was mounted
in an oven with a set temperature of 175.6°C to allow maximum nonlinear conversion efficiency.
Two dichroic mirrors (DM1 and DM2, Thorlabs, HBSY12) were used to filter out the residual
1040 nm beam. The 520 nm beam was collimated and focused into a BBO crystal, which was
4×4×5 mm (Castech) with cut angles of θ=49.3°, φ=0° for type-I critical phase matching at room
temperature. The BBO was AR coated for 520 nm and 260 nm, which also prevented hygroscopic
deterioration. The crystal was mounted on a 5-axis transitional stage to allow precise control of
the crystal angle and position. Two dichroic mirrors (DM3 and DM4, Thorlabs, HBSY134) were
employed to couple out the generated DUV beam at 260 nm.

Fig. 4. Schematic of the DUV frequency conversion. HWP: half-wave plate; ISO: isolator;
DM: dichroic mirror.

3.2. Experimental results and discussion for DUV frequency conversion

Figure 5 depicts the measured SHG output power with respect to the 1040-nm pump power, at
the same pump beam waist of 75 µm and at different repetition rates of 800 kHz (Fig. 5 (a))
and 1.6 MHz (Fig. 5 (b)). At 800 kHz, an output power of 10.8 W was obtained at a pump
power of 15.5 W, with a maximum conversion efficiency of 69.7%. However, when the pump
power was more than 15.5 W, the SHG power and conversion efficiency started to roll-off due
to back-conversion. In contrast, at a repetition rate of 1.6 MHz (Fig. 5 (b)), up to 16.2 W of
520-nm laser power was generated at the maximum pump power of 23.5 W, with a conversion
efficiency of 68.9%. The SHG conversion efficiency gradually increased with increasing pump
power, and no obvious roll-off was observed due to the reduced pump intensities in this case. The
temporal profiles of the SHG pulses were characterized using a Si detector (Thorlabs, DET025A,
2-GHz bandwidth) and a digital communication analyzer (Agilent, Infiniium 86100C, 20 GHz
bandwidth). Figure 6 (a) shows the measured temporal profile with a FWHM of 527 ps, which
was slightly shorter than that of the 1040 nm pump (Fig. 3 inset). The small change in the
temporal profile was likely due to the nonlinear pulse narrowing effect [6,14]. Figure 6 (b) shows
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the beam quality measurement result for the SHG beam at maximum output power, with an M2

factor of 1.05 and 1.03 for the horizontal (x) and vertical (y) directions, respectively. The inset of
Fig. 6 (b) shows the measured SHG spectra with a 0.05-nm resolution.

Fig. 5. Output power and conversion efficiency of SHG at a repetition rate of (a) 800 kHz
and (b) 1.6 MHz.

Fig. 6. (a) Temporal profile for the SHG pulse. (b) Beam quality measurements for the
SHG beam. Inset: SHG spectra measured at a resolution of 0.05 nm.

For the FHG, we first operated the YDF MOPA at a repetition rate of 800 kHz for high peak
power DUV output. With a pump beam waist of 30 µm inside the BBO crystal, a maximum
DUV output power of 3.1 W was achieved at a pump power of 10 W (blue circles in Fig. 7 (a)).
Although the 30µm-beam-waist was much bigger than that for the confocal focusing condition
(∼16 µm), the DUV output power saturated when the pump power was higher than ∼8 W (peak
intensity ∼1.3 GW/cm2). No damages of crystal coatings were observed during the experiment,
although that power was close to the quoted damage threshold (1.5 GW/cm2) of the coatings on
the crystal facets. Potential causes of the power saturation are high-intensity-induced two-photon
absorption (TPA) and associated thermal effects [9,15,16]. In order to mitigate these effects, we
halved the pump power intensities by either doubling the YDF MOPA repetition rate (from 800
kHz to 1.6 MHz) or enlarging the pump beam waist (from 30 µm to 42 µm), as shown by the
squares and triangles in Fig. 7 (a), respectively. We can see that at a pump power of 10 W, better
DUV output performance was achieved for the 1.6-MHz-repetition-rate and 30-µm-beam-waist
case with a maximum output power of 3.6 W, while only 2.5 W output power was obtained for
the larger 42 µm pump beam waist at a repetition rate of 800 kHz. Although the same pump
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intensity is used in these two cases, tighter focusing can lead to a smaller overlap between the
SHG and FHG beams due to spatial walk-off (walk-off angle of 85 mrad), which in turn benefits
TPA mitigation [17]. By further increasing the pump power for the case of the pump beam waist
of 30-µm and the repetition rate of 1.6 MHz (Fig. 7 (a) squares), a maximum output power of 5.8
W was obtained at a pump power of 15.1 W, as shown in Fig. 7 (b). Figure 7 (b) also plots the
conversion efficiencies for both green-to-DUV (520 nm to 260 nm) and IR-to-DUV (1040 nm
to 260 nm) showing a maximum IR-to-DUV (green-to-DUV) conversion efficiency of 26.4%
(38.4%). In operation, the TPA effect was found to influence the phase matching when the DUV
output power reached ∼1.6 W. The calculated DUV power absorption at this power level is
∼200 mW which on conversion into heat was estimated to increase the crystal temperature by
4°C. This temperature increase would be expected to result in an appreciable phase mismatch.
This was in accord with our observation that the BBO crystal needed to be adjusted to slightly
offset the phase match angle to optimize the output power at DUV output power above 1.6 W. The
power stability of the DUV was measured at 5.8 W output power over 15 mins, as plotted in Fig. 8
(a). It can be seen that the output power showed a slow decrease to 5.4 W in 15 minutes, which
was probably due to the thermal accumulation in the crystal and some mechanical drift of the
mounting stage, however, the output power can be readily recovered by small adjustment of the
crystal angle (Fig. 8 (a)). Over 6 W of DUV output power was observed at the maximum pump
power of 16.2 W at 520 nm (not shown in Fig. 7 (b)), but the output power was quite unstable,
possibly due to the more severe TPA. Moreover, crystal damage was observed at this high pump
power during long-term operation. Due to the lack of available fast DUV photodetectors, the
DUV pulse was not measured but it can be assumed to have a similar or shorter pulse duration
compared to the SHG pulse due to nonlinear pulse narrowing [6,8,14]. Therefore, the maximum
DUV peak power can be estimated to be at least 6.9 kW. The inset of Fig. 8 (a) shows the DUV
spectra measured at a resolution of ∼1 nm by a UV spectrometer (Ocean Insight, HR2000+CG
Spectrometer). The beam quality of the DUV beam was characterized with a pyroelectric beam
profiler (Nanoscan, Ophir) giving Mx

2=3.4 and My
2=1.7 at an output power of 5.8 W, as shown

in Fig. 8 (b), and the elliptical beam shape is due to spatial walk-off in the BBO.

Fig. 7. (a) Output power characteristics for different 520 nm pump conditions. (b) Output
power characteristics and conversion efficiencies of FHG at a repetition rate of 1.6 MHz and
a beam waist of 30 µm.
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Fig. 8. (a) Power stability measurement of DUV laser at 5.8 W. Inset: DUV laser spectra
with ∼1 nm resolution. (b) DUV beam quality measurement at an output power of 5.8 W.

4. Application of DUV Laser to Bacterial Inactivation

Although DUV laser systems are useful in lithography and materials processing applications,
we were motivated by the ongoing COVID-19 pandemic to test our DUV system for pathogen
disinfection. Recently, interest in UV disinfection (inactivation and/or sterilisation) for bacteria,
fungi and viruses has seen a resurgence [18,19].

There is particular interest in the UVC range (200-280 nm) due to the molecular absorption
of biomolecules, especially DNA which maximally absorbs around 260 nm [20]. Here, an
application of our DUV laser system for bacterial inactivation is briefly demonstrated, showing
its effectiveness at preventing the growth of E. Coli in a ∼150 µm thin liquid film of growth
medium, which closely replicates the thickness of droplets from the respiratory system.

Figure 9 shows the survival assay of live E. Coli bacteria relative to experimental control. As
expected, an increase in DUV dose results in a decrease in bacteria survival (as a proportion of
the control). This trend is observed both for illumination using our DUV laser system and with a
separate continuous wave DUV LED system used a reference (see Supplement 1). Survival of 1
in 105 of bacteria was measured following 260 nm DUV illumination with the laser at a dose of 7
mJ/cm2 (Fig. 9). This corresponds to an inactivation efficiency of 99.999%, which compares
favourably with that achieved using a DUV LED illumination source (See Supplement 1) and with

Fig. 9. Survival assay of live E. Coli bacteria relative to experimental control with changing
DUV dose on exposure to the pulsed DUV laser system and an LED source. The y-axis
shows the proportion of bacteria remaining in samples that were exposed to DUV doses
compared to unexposed samples.

https://osapublishing.figshare.com/s/73cad7ef8bac721dc39d
https://osapublishing.figshare.com/s/73cad7ef8bac721dc39d
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disinfection efficiencies presented in the literature, although comparisons must be made carefully
given the differences in sample presentation [21,22]. Note that the units for DUV dose refer to
average power, and not to pulse energy. The low 1-mW average power used in this experiment,
less than 0.02% of the available maximum, highlights the potential to significantly scale up this
system for particular applications, including (1) in continuous or flow-based sterilisation – where
speed of sterilisation is of critical importance, (2) across large areas – where high power density
can be maintained, or (3) where careful spatial/temporal control of the optical properties of the
DUV illumination source are important, here the laser can outperform incoherent illumination
sources such as LEDs and lamps.

5. Conclusion

In summary, we have demonstrated a high-efficiency, high-power, BBO-based 260-nm DUV
sub-nanosecond pulsed laser source obtained by frequency quadrupling of an all-fiberized YDF
MOPA system. The YDF MOPA was developed to simultaneously achieve high peak power and
narrow spectral linewidth for efficient frequency conversion. For the DUV generation, a maximum
260-nm output power of 5.8 W was obtained at a repetition rate of 1.6 MHz, corresponding to
a pulse energy of 3.6 µJ and a peak power of >6.9 kW. Conversion efficiencies of 26.4% and
38.4% were achieved for IR-to-DUV and green-to-DUV, respectively. These results represent the
highest DUV output power from an all-fiberized fiber laser pumped FHG source to date. We
further demonstrated the effectiveness of this laser system for bacterial inactivation, achieving
fast inactivation of live E Coli bacteria presented as a liquid sample in a strongly absorbing
medium.
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