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Abstract: We demonstrate a discretely tunable multiwavelength visible laser through second harmonic
generation (SHG) and sum frequency generation (SFG) of multiorder Stokes lasers generated from
an external Raman laser oscillator. The Raman laser oscillator, driven by a 1064 nm laser with an
energy of 120 mJ, is based on a cascade of Ba(NOs), and two axial orthogonal KGd(WOy); crystals.
Through adjusting the angle of the SHG/SFG crystal, we obtain 16 visible wavelengths with a wide
range from 579.5-658.4 nm. In addition, we investigate the output energy and conversion efficiency
of the resulting laser with various phase-matching angles. We show that the maximum energy of
the visible laser is 8.87 m] with five wavelengths, and the corresponding total conversion efficiency
is 7.4%. These experimental results demonstrate a practical and effective method of generating a
discretely tunable multiwavelength visible laser.

Keywords: visible laser; all-solid-state laser; stimulated Raman scattering; multiwavelength generation

1. Introduction

The development of visible lasers with multiwavelength emission simultaneously is popular
due to their wide applications in optical storage, airborne LiDAR, laser display, pump probe,
multispectral analysis, and terahertz generation [1-9]. Currently, there are several techniques to
produce multiwavelength lasers. Diversified laser mediums and nonlinear effects make it possible to
produce multiwavelengths at the same time. Take the stimulated Raman scattering (SRS) process as an
example; the output spectra of the Stokes lasers can be manipulated through the design of the mirror
transmission parameters [10-13]. Moreover, most of the output lasers reside in the near-infrared range
and can be converted into visible lasers through second-order nonlinear processes, including second
harmonic generation (SHG) and sum frequency generation (SFG) [14,15]. Second-order nonlinear
optical effects, such as optical parametric oscillator (OPO) [16], and third-order nonlinear optical
effects, such as the SRS and stimulated Brillouin scattering (SBS), can also be used to realize frequency
conversion, effectively enriching the visible laser spectrum.

SRS has been applied to the frequency conversion of gas, liquids, and solids—in particular,
solid-state Raman media with characteristics of high ion density, large gain coefficient, wide frequency
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shift range, and large thermal conduction coefficient [17]. A multiorder Stokes laser can be achieved by
SRS process when the pumping laser intensity is high enough [18,19]. Previously, numerous solid-state
Raman mediums have been developed, including CVD diamond [20-22], YVO;, crystal [23,24],
Ba(NO3), crystal [25-27], and KGd(WOy), (KGW) crystal [28]. Specifically, Ba(NOs3), crystal is a
prevailing solid-state Raman gain media due to its high Raman gain coefficient of approximately
11 cm/GW at 1064 nm wavelength and narrow Raman line-width. Additionally, KGW crystal is gaining
popularity as a Raman gain medium characterizing due to its relatively high thermal conductivity,
a wide optical transmission window (0.35-5.5 um), and high damage threshold of >10 GW/cm?.
Moreover, KGW crystal has a monoclinic lattice structure, meaning it has anisotropic optical properties.
Consequently, two different Raman shifts of 768 cm™ (p[gglp) and 901 cm™! (p[mm]p) by KGW
crystals make it possible to generate two different Stokes outputs, as determined by the polarization of
pumping laser. In addition, compared with SRS generation, SRS oscillators have the obvious advantage
of higher efficiency.

Furthermore, the combination of SRS with second-order nonlinear process, especially frequency
up-conversion processes such as SHG and SFG, has been demonstrated to be an effective technique to
achieve the multiwavelength laser output [29,30]. Spence et al. conducted a series of experiments,
successfully obtaining multiwavelength visible lasers based on the KGW crystals [18,29,31,32].
When 532 nm lasers were selected as the pumping source for the orthogonal placed KGW crystal, more
than eight wavelengths from yellow to red spectral regions, were generated by changing the KGW
crystal orientation and output coupler.

In this work, we demonstrate a cascaded infrared Raman laser system combined with the following
SHG and SFG technique. Through adjusting the angle of the SHG/SFG crystal, the laser system can emit
16 visible wavelengths with a broad spectral range between 579.5 and 658.4 nm. The system consists of
a Raman oscillator and a following potassium dihydrogen phosphate (KDP) based SHG and SFG parts.
Gain mediums that are cascaded in the Raman oscillator are one Ba(NO3); and two axis-orthogonal
KGWs crystals, pumped by a nanosecond 1064 nm laser. Seven Stokes lasers with total energy of 44 m]J
are obtained under the pumping energy of 120 mJ, yielding a Raman conversion efficiency of 36.7%.
Subsequently, the multiple Stokes lasers are injected into a KDP crystal for frequency up-conversion
into the visible range. Finally, up to 11 visible wavelengths can be simultaneously obtained and are
discretely tunable by changing the phase-matching angle of KDP crystal. With maximum output energy
of 8.87 m], the five visible-wavelength lasers obtain with a SHG/SFG efficiency of 20.1% (total efficiency
of 7.4%). These results demonstrate that cascading multiple crystal Raman with second order frequency
mixing can expand the wavelength-lines, as desired by their many applications.

2. Experimental Setup

A schematic of the discretely tunable multiwavelength visible laser based on cascaded SRS and
SHG/SFG is presented in Figure 1. The whole system contains a 1064 nm pumping laser, an optical
isolator, an external Raman laser oscillator, a nonlinear conversion part, and a prism for color separation.
To start, a Q switched flash-lamp pumped 1064 nm laser is utilized, delivering a maximum energy of
400 mJ with a pulse width of 7.7 ns at a repetition rate of 10 Hz. For energy adjustment and prevention
of residual return laser, a half wave plate (HWP), a polarization beam splitter (PBS), and a Faraday
rotator (FR) are placed directly after the 1064 nm laser. Another HWP follows the FR and is used to
change the polarization of the pumping laser. Next, the laser beam, with p-polarization, is focused by
a plane-convex lens L1 (f = 400 mm) and then injected into the Raman oscillator.
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Figure 1. Schematic of the discretely tunable multiwavelength visible laser based on second harmonic
generation (SHG), sum frequency generation (SFG) and cascaded stimulated Raman scattering (SRS)
system. M1 and M2 form the SRS cavity. HWP: half wave plate; PBS: polarization beam splitter;
FR: Faraday rotator; L: lens, M: mirror; BN: Ba(NO3),; DM: dichroic mirror.

The cavity of the external Raman oscillator is composed of a high reflection mirror (M1) and
a partial reflection mirror (M2). M1 is coated with a high reflection film from 1150 to 1400 nm and
antireflection at 1064 nm. M2 is a partial reflection mirror with transmittance of 80% from 1000 to
1450 nm and high transmission at 1064 nm. Meanwhile, two axis-orthogonal KGW and one Ba(NO3);
crystals are placed in the Raman oscillator in sequence, as shown in Figure 1. The KGW1 crystal is cut
along the b-axis with dimensions of 10 x 10 X 50 mm without coating and is placed after M1 with
the Ny, optical axis parallel to the pumping polarization (E||[Ny). The KGW2 crystal is cut along the
b-axis with dimensions of 10 x 10 X 70 mm without coating and is placed after the KGW1 with the
N optical axis parallel to the pumping polarization (E|[Ng). The Ba(NO3), crystal, with dimensions
of 10 x 10 x 80 mm without coating, is placed after KGW2 crystal. Since the 1064 nm pumping
lasers are focused into the oscillator by L1, the beam diameter was measured at four points—A, B,
C, and D—which are about 3, 2, 1.25, and 2 mm respectively. Two dichroic mirrors, DM1 and DM2,
are placed after the SRS oscillator to separate the output Stokes lasers from pumping lasers.

After being reflected by DM2, the multiorder Stokes lasers are focused by a plane-convex lens, L2,
with a focal length of 100 mm. For type-I SHG and SFG, an uncoated 5 X 5 x 30 mm KDP crystal is
placed at the focus of the laser beams. Moreover, for accurate azimuth adjustment, the KDP crystal is
mounted on a rotation stage. As calculations suggest that the phase-matching angle, 0, for several
output Stokes laser is around 42°, the crystal is initially cut for the type-I phase matching with cutting
angles of 6 = 42° and ¢ = 45°.

3. Experimental Results and Discussion

3.1. Stokes Lasers Generation

The calculated wavelengths and measured spectra of the first, second, and third-order Stokes
lasers from the external Raman oscillator are shown in Figure 2. The spectra of the output Stokes
lasers produced at the pumping energy of 120 m] are measured by a near-infrared spectrometer with a
7 nm wavelength resolution (Ocean optics, NIR2500). For the Ba(NOj3), crystal with a Raman shift of
1047.3 cm™!, the calculated wavelengths of the first, second, and third-order Stokes laser are 1197.7,
1369.5, and 1598.8 nm, respectively. For the KGW1 crystal (corresponding to E|[Np) with Raman
shift of 901 cm™!, the calculated wavelengths of the first, second, and third-order Stokes laser are
1177.1,1316.7, and 1493.9 nm. For the KGW?2 crystal (corresponding to E||Ng) with Raman shift of
768 cm™?, the calculated wavelengths of the first, second, and third-order Stokes laser are 1158.9, 1272.1,
and 1409.9 nm. By our calculation, the Kerr lens and thermal lens effects of these Raman crystals are
negligible at a pumping energy of 120 m]J [33,34]. According to a cascaded SRS model, the threshold
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of SRS for Stokes laser oscillating is determined by pumping depletion, reflectivity of cavity mirrors,
Raman gain coefficient, and the length of the Raman medium [35,36]. In addition, the output energy
of Stokes lasers is mostly determined by the intensity of pumping laser, length of Raman medium,
and the Raman gain coefficient at the pumping wavelength [37,38]. The optical conversion efficiency
from pumping lasers to Stokes lasers is related to the parameters of the pumping pulses (i.e., the pulse
duration and intensity), the features of the Raman medium (such as the length and Raman gain
coefficient), and especially the reflectivity spectral profiles of the resonator mirrors [36,39]. Therefore,
the output spectra and energy of the Stokes lasers, from the aforementioned external Raman oscillator,
mainly depend on the pumping intensity and transmission parameter of the output coupler, M2.
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Figure 2. The calculated Stokes wavelengths (numerical value) and the detected spectra (figure) of
the Stokes lasers at the pumping energy of 120 m]J. The calculated Stokes wavelengths of 1409.9 and
1598.8 nm are not detected in the experiments.

At the beginning, the 1064 nm pumping laser pulses of 20 m] are injected into the Raman oscillator,
and only the 1197.7 nm laser appears, since the SRS threshold is related to the Raman gain coefficient,
for which Ba(NOj3), crystal is higher than KGW crystal. In addition, the reflectivity coefficient of the
two cavity mirrors are almost the same at wavelengths of the three first-order Stokes lasers. As the
pumping energy increases to 40 m], the first-order Stokes lasers of the three crystals are generated at
1197.7,1177.1, and 1158.9 nm. Furthermore, when the energy of the pumping laser is increased to
60 mJ, three second-order Stokes lasers are generated at 1316.9, 1272.1, and 1369.5 nm in addition to
the previous first-order Stokes lasers. When the energy of the pumping laser is further increased to
120 m], the third-order Stokes laser of KGW1 at 1493.9 nm is obtained. Moreover, there is no sign of
crossed-cascaded SRS process, and higher order Stokes generation is cascaded SRS of each Raman
crystal individually.

The total output energy and conversion efficiency of the Stokes lasers in comparison to the energy
of the 1064 nm pumping laser is presented in Figure 3. It is most apparent that the output Stokes energy
(black line) progressively increases as the energy of the pumping laser increases. However, the highest
optical conversion efficiency of the SRS (red line) is 40.7% at a pumping energy of 70 mJ. When the
pumping laser reaches 120 mJ, the total Stokes energy reaches 44 m], corresponding to an optical
efficiency of 36.7%.
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Figure 3. Output Stokes energy (black line) and optical conversion efficiency (red line) of Stokes lasers
in comparison to the energy of the 1064 nm pumping laser.

3.2. Multiwavelength Visible Lasers Generation

By utilizing the Stokes lasers obtained above and keeping the pumping energy at 120 m],
we calculated the possible visible wavelengths from the KDP crystal and their corresponding
phase-matching angles, as presented in Table 1. A total of 28 spectral lines combinations are possible
after second order frequency mixing of the aforementioned seven Stokes lasers. Furthermore, 16 visible
wavelengths were experimentally detected by the spectrometer (Ocean Optics HR4000 with a minimum
FWHM resolution of 0.02 nm), with tuning of the 6-angle of the KDP crystal, also as shown in Table 1.
We can see that all angles of the experimentally detected wavelengths are from 41.8° to 44.9°. Since some
Stokes lasers are too weak to generate SHG/SFG with large signals, some red lasers cannot be detected.
Moreover, some potential SHG and SFG lasers from 687.1 to 747 nm require too large of an incident
angle for the limited aperture of the KDP crystal, and therefore have not been detected.

Considering that the KDP crystal is placed at the focus of the Stokes laser beams, laser beams in
the crystal first converge and then diverge. Thus, even when the horizontal angle 6 of the KDP crystal
is set to a fixed value around 42°, the SHG and SFG processes of multiwavelength Stokes lasers can
occur simultaneously. For different 6 of the KDP crystal, the energies and spectra of visible lasers are
shown in Figure 4. As 0 increases, the spectrum of the output lasers shifts from the yellow waveband
to the red waveband. Initially, when 0 is 40.3°, only three visible wavelengths can be detected with low
energy. In this case, the 588.6 and 589 nm wavelengths are too close to distinguish in the measured
spectra. As the angle of KDP crystal increases, more distinct wavelengths appear with increased
output energy. Once 0 is greater than 42°, the red waveband becomes detectable. As 0 is further
increased to 43.5°, 11 distinct visible lasers can be obtained simultaneously. Moreover, once 6 angle
is increased to 45.8°, the longest visual wavelength of 658.48 nm is detected. All 16 detected visible
wavelengths from 579.48 to 658.48 nm are presented in Figure 4a. Determined by the slit size and the
grating type, the optical resolution of HR4000 spectrometer we used in this study is ~0.26 nm (FWHM).
However, the 1064 nm seed laser is a Q-switch laser with a narrow linewidth of ~0.2 nm, which is
close to resolution of the spectrometer. And the measured spectral widths of the detected 16 visible
wavelengths from 579.48 to 658.48 nm are ~0.26 nm. In fact, some of the aforementioned 28 calculated
wavelengths may have materialized, but with such low energy to report with scientific confidence.
Finally, if the 1064 nm laser was delivered into the KDP with other Stokes lasers, a richer spectral
band could be achieved. The relationship between the total output energy of all the resulting visible
lasers and the rotating angle of KDP is shown in Figure 5. It shows that maximum output energy
of 8.87 m] is achieved when 0 is tuned at 42°, which corresponds to an optical conversion efficiency
of 20.1%. In addition, the total optical efficiency from the 1064 nm to visible lasers is approximately
7.4%. Furthermore, when 0 is larger than 42°, the total output energy decreases, not only due to phase



Appl. Sci. 2020, 10, 8608 6 0f 10

mismatch of some output visible lasers, but also because the fundamental lasers for SHG and SFG
processes are high-order Stokes lasers with lower energy.

Compared to some of the commercial wavelength tunable laser products which are based on SHG
and OPO techniques, such as PHOCUS (OPOTEK, 690-950 nm), FPPO (MICROTECH, 740-1000 nm),
and PhotoSonus X (EKSPLA, 665-1064 nm), this discretely tunable multiwavelength visible laser
system adopts a new technique and can generate shorter tunable wavelengths varying from 579.5 to
658.4 nm with the same 1064 nm pumping laser and SHG part. Furthermore, the conversion efficiency
of SRS and SHG/SFG could be improved by optimizing of time-domain waveform, beam quality, and
oscillator structure in the future work. Additionally, we will strive to increase the output energy of
visible-wavelength lasers for wide applications, such as spectroscopy, diagnostics, photoacoustics,
multiphoton imaging, and medical research.

Table 1. Calculated and measured output wavelengths with different phase-matching angles.

A1 (nmm) Ap (nm) Nonlinear Process A (nm) Aexp (nm) 0 ()
11771 1177.1 SHG 588.6 588.62 42.0
1177.1 1158.9 SFG 584 583.89 419
1177.1 1197.7 SFG 593.7 593.74 422
11771 1272.1 SFG 611.4 611.59 42.8
1177.1 1316.7 SFG 621.5 621.92 432
11771 1369.5 SFG 633 633.01 43.7
1177.1 1493.9 SFG 658.4 Not Detected 45.1
1158.9 1158.9 SHG 579.5 579.48 41.8
1158.9 1197.7 SFG 589 589.07 42.1
1158.9 1272.1 SFG 606.4 606.16 42.6
1158.9 1316.7 SFG 616.4 616.5 43
1158.9 1369.5 SFG 627.7 627.59 435
1158.9 1493.9 SFG 652.6 652.57 449
1197.7 1197.7 SHG 598.9 598.74 423
1197.7 1272.1 SFG 616.9 Not Detected 43
1197.7 1316.7 SFG 627.2 Not Detected 434
1197.7 1369.5 SFG 638.9 638.93 439
1197.7 1493.9 SFG 664.8 Not Detected 454
1272.1 1272.1 SHG 636.1 Not Detected 43.7
1272.1 1316.7 SFG 647 646.97 442
1272.1 1369.5 SFG 659.5 Not Detected 44.8
1272.1 1493.9 SFG 687.1 Not Detected 46.5
1316.7 1316.7 SFG 658.4 658.48 447
1316.7 1369.5 SFG 671.3 Not Detected 454
1316.7 1493.9 SFG 699.9 Not Detected 472
1369.5 1369.5 SHG 684.8 Not Detected 46.1
1369.5 1493.9 SFG 714.5 Not Detected 48

1493.9 1493.9 SHG 747 Not Detected 50.3
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Figure 4. (a) All detected 16 visible wavelengths from 579.48 to 658.48 nm; (b) measured spectra and
energy of output visible lasers at different angles of the KDP crystal.
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Figure 5. The energy of the visible lasers with different angles of the KDP crystal.

4. Conclusions

In conclusion, discretely tunable multiwavelength visible lasers were demonstrated through the
solid-state SRS technique, SHG and SFG processes. The 1st, 2nd, and even 3rd-order Stokes lasers
with seven wavelengths of 1158.9, 1177.1, 1197.7,1272.1, 1316.7, 1369.5, and 1493.9 nm were acquired
through an external Raman oscillator, which cascades one Ba(NOj3), crystal with two axis-orthogonal
KGW Raman crystals as the Raman gain medium. As 120 m] of the 1064 nm laser was adopted,
a maximum energy of multiorder Stokes lasers of 44 m] was obtained. Moreover, the aforementioned
Stokes lasers were injected as the fundamental lasers for SHG and SFG processes in a KDP crystal.
A total of 16 wavelengths, varying from 579.5 to 658.4 nm, can be generated with tuning the angle of
the KDP crystal. As the 6 angle of KDP increases, the spectra of output lasers shift from the yellow
waveband to the red waveband. Furthermore, 11 of above-mentioned visible lasers can be produced
simultaneously when the angle of the KDP crystal is tuned to 43.5°. The maximum energy of the
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visible lasers reached 8.87 mJ, corresponding to an optical conversion efficiency of approximately 7.4%.
This technique of utilizing a multicrystal based SRS oscillator combined with SHG/SFG provides a
novel method for the production of high-energy multiwavelength visible solid-state lasers, as useful
for scientific and industrial applications.
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