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Solid 226 nm laser pumped by a Nd:YAG laser
for two-photon absorption detection of oxygen
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Abstract. We present a solid 226 nm deep ultraviolet laser system pumped by a Nd:YAG laser. A diamond
Raman laser with a 1485 nm wavelength was generated up to 2.53 mJ pumped by a 9.7 mJ 1064 nm laser,
which is the highest pulse energy of a second Stokes diamond Raman laser pumped by a 1064 nm laser as we
know. Then, the Raman laser is mixed with the frequency-quadrupled 1064 nm laser to produce the 226 nm
laser. The maximum output pulse energy at 226 nm reaches 0.49 mJ. The overall conversion efficiency from
1064 to 226 nm is up to 1.14%, which is significantly higher than conventional optical parametric oscillator
technology for the generation of 226 nm laser. The 226 nm laser system has been used in a laser-induced
fluorescence (LIF) experiment of oxygen two-photon to demonstrate its potential for LIF measurements.
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1 Introduction

Deep ultraviolet (DUV) lasers are attractive for many scientific
and industrial applications, such as spectroscopy,” laser
fusion,* biomedicine,® optical communications,”® rapid disin-
fection or inactivation of bacteria, fungi, and viruses.”'’ In par-
ticular, a DUV laser with a 226 nm wavelength can resonantly
excite the NO and oxygen molecules from their ground elec-
tronic state to an excited state. Then, the molecules can emit
fluorescence, which can be used as planar laser-induced fluores-
cence (PLIF) and two-photon absorption laser-induced fluores-
cence (TALIF) to measure the spatial and temporal distributions
of NO and oxygen molecules in hypersonic flows and combus-
tion environments. It can be used to determine the flow rates and
average temperatures and to study air lasing.'™® Until now,
the DUV laser has still mainly relied on cascaded nonlinear
frequency conversion starting from a pulsed infrared solid-state
laser.'* In these works, expanding the mature Nd:YAG lasers
to new wavelengths by nonlinear frequency conversion technol-
ogies is perhaps more commercially attractive. In 2020, a
226 nm laser was generated by mixing a 393 nm laser from
the second harmonic of the Ti:Sapphire laser with a 532 nm la-
ser from the second harmonic of the distributed feedback diode
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laser at 1064 nm using a BBO crystal. The maximum pulse en-
ergy at 226 nm was 3 mJ by mixing a 5 mJ 393 nm laser with a
25 mJ 532 nm laser.”' The same year, an optical parametric os-
cillator (OPO) pumped by a Nd:YAG laser was frequency
doubled to 226 nm with a maximum pulse energy of 2 mlJ."
The OPO laser not only requires strict phase matching and a
complex structure, but also the beam of OPOs cannot be trans-
mitted over long distances due to its relatively poor quality of
the output laser beam.”*°

Raman frequency shift is another method to produce a new
laser wavelength. A Raman laser has many merits, such as nar-
rower free-running linewidth, freedom from phase-match in
constraints, pulse length shortening, and even beam quality im-
provement through Raman beam cleanup.””* Chemical vapor
deposition diamond (CVD-diamond) has garnered significant
research interest as a Raman converter due to its larger
Raman frequency shift (1332.3 cm™') compared with other
Raman media. The most striking merits of diamond include a
higher Raman gain coefficient (10 to 12 cm/GW @ 1064 nm) and
a higher thermal conductivity (2200 W - cm™! - K™1). Its excel-
lent thermal properties can dissipate any additional heat very
well.” The large Raman shift of CVD-Diamond provides a good
choice to generate 1.5 ym emission from the second Stokes shift
pumped by the 1 ym Nd:YAG laser. In 2011, a 51% conversion
efficiency from 1064 to 1485 nm was achieved using a

Jan/Feb 2026 e Vol. 5(1)


https://doi.org/10.1117/1.APN.5.1.016003
https://doi.org/10.1117/1.APN.5.1.016003
https://doi.org/10.1117/1.APN.5.1.016003
https://doi.org/10.1117/1.APN.5.1.016003
https://doi.org/10.1117/1.APN.5.1.016003
https://doi.org/10.1117/1.APN.5.1.016003
mailto:dch.zhang@xidian.edu.cn
mailto:dch.zhang@xidian.edu.cn
mailto:dch.zhang@xidian.edu.cn
mailto:dch.zhang@xidian.edu.cn

Zhang et al.: Solid 226 nm laser pumped by a Nd:YAG laser for two-photon absorption detection of oxygen

6.9-mm-long diamond pumped by a Nd:YAG laser with 3.2 W
power at a repetition rate of 5 kHz.*® In 2016, the maximum
pulse energy at 1485 nm was 0.7 mJ pumped by a 4.4 mJ
1064 nm laser with a 30 ns pulse duration.’’

In this work, we present a solid DUV nanosecond laser at
226 nm by combining a diamond Raman laser and sum-fre-
quency generation (SFG) technology. A nanosecond diamond
Raman laser emitting a second Stokes shift at 1485 nm pumped
by a Nd:YAG laser was developed. Then, a 226 nm laser was
obtained by mixing the second Stokes emission with the fre-
quency-quadrupled Nd:YAG laser. To our knowledge, it is
the first DUV laser at 226 nm generated by combining a dia-
mond Raman laser with the SFG technology. The 226 nm laser
has been used in an oxygen-TALIF experiment to test its ability
for laser spectroscopy.

2 Experimental Setup

The experimental setup for 226 nm laser generation is shown in
Fig. 1. The 226 nm laser was pumped by a linearly polarized
Q-switched Nd:YAG laser (Dawa-300, Beamtech Optronics
Co., Ltd., China) with a pulse duration of 9 ns and a repetition
rate of 10 Hz at 1064 nm. The second harmonic generation of a
532 nm laser was generated from a 1064 nm laser by a KTP
crystal with a size of 5(W) mm x 5(H) mm x 5(L) mm. The
532 nm laser was separated by a dichroic mirror DMI
(HR@532 nm/HT@1064 nm). Then, a 532 nm laser was in-
jected into a BaB,0O, (BBO) crystal (BBO1) with a size of
5(W) mm x 5(H) mm x 5(L) mm to generate a 266 nm laser
by frequency doubling again. The BBO1 was cut as a type-I
crystal with the phase-matching angle of 47.6 deg. A CVD-
diamond crystal (Element Six, UK) with a size of 2(W) mm x
2(H) mm x 7(L) mm was used as a Raman medium. The
residual 1064 nm laser after generation a 532 nm laser was used
to pump the CVD-diamond crystal to generate a second Stokes
shift laser at 1485 nm. The crystal was cut for propagation along
the (110) axis and coated with anti-reflection films of 1064,
1240, and 1485 nm at both ends. The pulse energy of the pump
laser can be varied using the half-wave plate HWP2 and polari-
zation beam splitter (PBS). The second half-wave plate HWP3

was used to align the polarization axis of the pump laser to the
(111) axis of the diamond to maximize Raman gain.”

The diameter of the pump laser was reduced to 3 mm using
a telescope system composed of a pair of lenses with focus
lengths f = 200 mm and f = —75 mm. Then, an aperture was
used to reduce the diameter of the pump laser to 1.8 mm. The
aperture can improve the beam quality of the pump laser by se-
lecting the central part of the pump beam. The diamond Raman
laser cavity is a flat-flat cavity structure composed of an input
coupler mirror and an output coupler mirror. The input coupler
mirror of the cavity was highly transmissive (HT) at 1064 nm
and highly reflective (HR) at 1240 and 1485 nm. The output
coupler mirror of the cavity was highly reflective at 1064 and
1240 nm and partially transmissive (I" = 45%) at 1485 nm, pro-
viding optimal output coupling. The 266 nm laser was colli-
mated with the 1485 nm laser by a dichroic mirror DM6
(HR@266 nm/HT @ 1485 nm). Finally, the 266 nm laser beam
and 1485 nm laser beam are both injected into a BBO crystal
(BBO2) with a size of 5(W) mm x 5(H) mm x 10(L) mm to
generate the 226 nm pulse by sum-frequency generation. The
BBO2 was cut as a type-I crystal with a phase-matching angle
of 42.7 deg. The 226 nm laser was separated by a JGS1 prism
from other wavelengths behind the BBO2 crystal due to the ab-
sence of an ideal dichroic mirror for 266 and 226 nm lasers.

3 Parameters of the DUV Laser

The output parameters of the DUV laser such as pulse energy,
duration, and wavelength were studied in this work. The pulse
energy of the laser was measured by a laser energy meter
(LabMax-TOP with EM USB J-10MB-HE detector, Coherent
Inc.). The variation of the pulse energy of the Raman laser with
its cavity length was studied. The output pulse energies and con-
version efficiencies of the second Stokes Raman laser pumped
by different pulse energy of a 1064 nm laser at three different
cavity lengths are shown in Fig. 2. To avoid the damage of input
coupler (IC) mirror and diamond, the maximum pump energy
was limited to 10 mJ. At a 19 mm cavity length, the 1485 nm
laser produced an output energy of 2.53 mJ with a 9.7 mJ
1064 nm pump laser, corresponding to a conversion efficiency
of 26.1%. The maximum conversion efficiency of 27.0% was
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Fig. 1 Schematic of the 226 nm laser system layout. HWP, half-wave plate; DM1, DM2,
HR@532 nm/HT@1064 nm dichroic mirrors; DM4, DM5, HR@1064 nm reflectors; DM3,
HR@266 nm/HT @532 nm dichroic mirror; DM6, HR@266 nm/HT @ 1485 nm dichroic mirror;
PBS, polarization beam splitter; IC, input coupler mirror; OC, output coupler mirror.
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Fig. 2 (a) Output pulse energy and (b) conversion efficiency at the second Stokes emission ver-
sus pump energy for three cavity lengths of 17, 19, and 28 mm.

achieved with a 17 mm cavity and an 8.7 mJ 1064 nm pump
laser. With the increase in the pump energy from 8.1 to
9.7 mJ, the conversion efficiency decreased from 27.0% to
25.5%. The pulse energy of the Raman laser increased linearly
with pump energy for cavity lengths of 19 and 28 mm, but con-
version efficiency saturation was observed for the cavity length
of 17 mm. It can also be found that the conversion efficiency is
higher for short cavities such as 17 and 19 mm compared with
longer cavities such as 28 mm. The longer cavities lead to the
higher diffraction losses, which reduce the Raman laser gain and
improve the laser threshold. By contrast, shorter cavities allow
more gain cycles within the same time frame and result in a
smaller diameter of the second Stokes beam. It means the con-
version efficiency in a shorter resonator reaches the saturation
faster. To the best of our knowledge, it is the highest pulse en-
ergy of the second Stokes diamond Raman laser pumped by a
Nd:YAG laser at 1064 nm.

The pulse duration was measured by a photodiode detector
(DET10A2, Thorlabs). As shown in Fig. 3(a), the pulse duration
of the second Stokes laser is 5.4 ns, which is shorter than the
8.7 ns pulse duration of the pump laser. Stimulated Raman scat-
tering frequency conversion leads to pulse compression of the
Stokes components. The Raman generation process initiates
only when the leading edge of the pump pulse exceeds the
threshold intensity, with subsequent rapid energy depletion dur-
ing peak pump intensity confining the Raman output primarily
to the pulse front region.® The insets in Figs. 3(b) and 3(c)
shows the beam profiles of pump and Raman lasers measured
by a CCD camera (MER-134-93U3C, DaHeng Imaging). It can
be found that the beam quality was significantly improved by
the diamond Raman laser, which is beneficial to generate a
DUV laser with high efficiency.

The influence of second-order Raman laser energy on the
226 nm deep ultraviolet laser energy was studied. The spectra
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Fig. 3 (a) Pulse shapes of the pump laser before entering the Raman resonator and the second
Stokes emission at a cavity length of 19 mm. (b) Input and (c) Raman beam profiles.
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Fig. 4 (a) Spectrum of the 226 nm laser; (b) output energy and conversion efficiency of SFG from
1485 to 226 nm under the 4.3 mJ energy of 266 nm laser.

of the 226 nm laser were measured using a fiber spectrometer
(AvaSpec-ULS2048, Avantes) with a spectral resolution of
0.08 nm over the range of 220 to 335 nm. To accurately measure
the pulse energy of the 226 nm laser, a JGS1 prism was used to
separate the 226 nm laser from the residual 266 nm laser.
However, the transmissivity of the prism is only 68% for the
DUV laser and the real pulse energy of 226 nm laser should
be corrected by the transmissivity. When the pulse energy of
the 266 nm was fixed at 4.30 ml], the pulse energy of
226 nm laser versus the 1485 nm pumped laser was measured,
as shown in Fig. 4(b). It can be found that the maximum pulse
energy of 226 nm is 0.49 mJ produced by combining a 1.72 mJ
1485 nm laser with a 4.3 mJ 266 nm laser. The corresponding
conversion efficiency from 1485 nm laser to 226 nm laser is
28.4%. The maximum conversion efficiency is 34.4% when
the pulse energy of 1485 nm is 1.22 mJ. The decrease in the
conversion efficiency for the more than 1.22 mJ 1485 nm laser
should be attributed to the mismatch of the beam spots. The spot
size of the 1485 nm laser is larger than that of the 266 nm laser
in the BBO2 crystal, which leads to only part of the 1485 nm
photons can be used to generate 226 nm laser. With the increas-
ing of the pulse energy of the 1485 nm laser, more photons of
1485 nm outside the 266 nm beam were wasted. It should be
pointed out that the BBO crystals used in this work are not ex-
actly designed for 226 nm generation but for 220 nm, which

Nd
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s Y/\(,‘ Ia ser

PMT Filter

could introduce some walk-off. Thus, the conversion efficiency
from 1485 nm laser to 226 nm laser could be improved further
by a specially designed BBO crystal. Duo to the conversion ef-
ficiency from 1064 to 266 nm, which was 10%, the pump en-
ergy of 1064 nm used for the generation of a 4.3 mJ 226 nm
laser was about 43 mlJ. The pulse energy used for pumping
Raman laser is residual 1064 nm laser after first stage frequency
doubling. Thus, the overall 1064 nm-to-226 nm conversion
efficiency for generation 0.49 mJ 226 nm laser is up to 1.14%,
which is nearly three folds than a conventional OPO technology
in this wavelength.

4 Two-Photon Fluorescence Experiments

To test the ability of the DUV laser for fluorescence spectros-
copy, an oxygen TALIF experiment was performed in ambient
air. The experimental setup for oxygen TALIF is depicted in
Fig. 5(a). A Nd:YAG laser emitting 1064 nm was used to pro-
duce plasma in air. The laser pulse with 56 mJ pulse energy was
focused by a quartz lens with a 90 mm focal length. Then, the
226 nm laser with 100 uJ pulse energy was focused by a quartz
lens with a 60 mm focal length to irradiate the plasma. The
oxygen atom can be resonantly excited by two-photon and then
emit 845 nm fluorescence schematically described in Fig. 5(b).
The fluorescence was detected by a photomultiplier (PMT,

(b) 3p*Pos.2
A
Reflector \/VL‘ 845 nm
226 nm
JV- 1 3s3s
226 nm
2p*3Pg 1,

Oxygen atom excitation

Fig. 5 (a) Schematic of the experimental setup for laser-induced fluorescence of oxygen. (b) The

energy level diagram of oxygen atom.
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Fig. 6 Evolution of the fluorescence of oxygen with delay time
between the Nd:YAG laser and the 226 nm laser.

H10722-20, Hamamatsu, Japan). To avoid the interference from
plasma emission, a narrow-band filter (FB850-40-1, Thorlabs,
USA) and was mounted on the window of the PMT. The PMT
operates within a wavelength response range of 230 to 920 nm.
The signal of PMT was recorded by an acquisition card
(PicoScope 6424E, Pico Technology, UK). The delay time
among the Nd:YAG laser, the 226 nm, laser and the data acquis-
ition card was controlled by a digital signal delay generator
(Stanford Research Systems, DG645). In experiments, the delay
time between the Nd:YAG laser and 226 nm laser can be ad-
justed to study the evolution of oxygen atoms in plasma. The
acquisition card was triggered earlier 280 ns than 226 nm laser
always to acquire the fluorescence signal as possible.

The pure fluorescence signal excited by a 226 nm laser was
acquired by subtracting the plasma emission without the 226 nm
laser. The averaged results from 100 pulses were measured to
reduce the signal fluctuation induced by the fluctuation of laser
pulse energy. Figure 6 shows the evolution of the fluorescence
with the delay time between the ablation laser and the re-excited
laser. It can be found that the intensity of fluorescence from oxy-
gen increases very fast within 2 us and maintains nearly 10 ps,
which is consistent with the evolution of laser-induced plasma.
It means that the laser has been used to detect the oxygen atoms
by two-photon excitation successfully.

5 Conclusion

A nanosecond DUV laser source at 226 nm using the SFG be-
tween the diamond Raman laser and fourth harmonic generation
based on the Nd: YAG laser was first demonstrated in this work.
The diamond Raman laser at 1485 nm pumped by a Nd:YAG
laser was designed and the conversion efficiency can be up to
27%. The maximum pulse energy of 1485 nm laser is 2.53 mJ,
which is the highest pulse energy for a second Stokes diamond
Raman laser pumped by a Nd: YAG laser. Then, the 226 nm laser
was generated by the sum-frequency of the frequency-quad-
rupled 1064 nm laser and the second Stokes diamond Raman
laser. The maximum pulse energy of the 226 nm laser is
0.49 mJ. The solid 226 nm laser has been used as a laser source
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in the TALIF experiment, and the fluorescence of oxygen atoms
in plasma by two-photon absorption has been successfully
observed. It can also be used as a laser source for PLIF experi-
ments of nitric oxide. Although the wavelength of the 226 nm
laser in this work cannot be tunable, the abilities in spectroscopy
analysis of oxygen have been demonstrated. In future, a Fabry-
Prot etalon or other dispersion elements can be inserted to the
cavity of Nd:YAG, and the laser can be tunable nearly 100 GHz
around 226 nm for precision spectroscopy. If a Yb3* dopped
media laser is used instead of the Nd:YAG as the pump laser,
a more widely tunable range can be achieved,”** which could
meet more laser spectroscopy applications.
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