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Abstract: The comparison of output powers between self-Raman Nd:YVOj lasers and Nd:YVO,/KGW
Raman lasers operating at lime and orange wavelengths is presented. We exploit the LBO crystal with
cutting angle 6 = 90° and ¢ = 8° for the lime wavelengths, and then we change the angle to § = 90° and
@ = 3.9° for the orange wavelengths. In self-Raman Nd:YVOy lasers, experimental results reveal that
thermal loading can impact on the output performances, especially at the high pump power. However,
by using a KGW crystal as Raman medium can remarkably share the thermal loading from gain medium.
Besides, the designed coating for high reflectively at the Stokes field on the surface of KGW also improved
the beam quality and reduced the lasing threshold. For self-Raman Nd:YVOy lasers, we have achieved
the output powers of 6.54 W and 5.12 W at 559 nm and 588 nm, respectively. For Nd:YVO,/KGW Raman
lasers, the output powers at 559 nm and 589 nm have been increased to 9.1 W and 7.54 W, respectively.
All lasers operate at a quasi-CW regime with the repetition rate 50 Hz and the duty cycle 50%.
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1. Introduction

The lasers operating in the visible range of 500-600 nm have been paid attention
to in recent decades because they have greatly been growing requirements of cancer
phototherapy [1], retinal laser therapy [2], laser sodium guide stars [3], and projection
displays [4]. Stimulated Raman scattering (SRS) process combining with intracavity second
harmonic generation (SHG) and sum frequency generation (SFG) has been identified as an
efficient and convenient method for generating the light source at 500-600 nm in solid-state
lasers [5-18]. Since the Stokes field is quite sensitive to the losses of cavity, enhancing the
reflectivity of resonator and reducing the losses of Stokes field as much as possible are
important techniques to improve the output characteristics significantly [19,20].

Self-Raman laser implies that the fundamental wave and Stokes fields are generated
in the one crystal, which offers several benefits with regard to compactness and minimizing
the losses of cavity [21,22]. However, for the self-Raman laser, the strong thermal loading
in the gain medium usually leads to the thermal fracture and confines the output power.
Therefore, employing another crystal as a Raman medium is a practical way to reduce the
risk of thermal fracture. Moreover, it also provides the wavelength versatility by using
the different Raman shifts of Raman crystals. Potassium gadolinium tungstate (KGW) has
been recognized as an outstanding Raman medium because of its high damage threshold,
high Raman gain, two strong Raman shifts, and excellent thermal properties [23-25]. As a
result, using KGW crystals as Raman media is a practical way to realize the high-powered
and reliable Raman laser at 500-600 nm.

In this work, we demonstrate the comparison between self-Raman Nd:YVO, lasers
and Nd:YVO,/KGW Raman lasers at lime and orange wavelengths. The first Stokes fields

Appl. Sci. 2021, 11, 11068. https:/ /doi.org/10.3390/app112211068

https:/ /www.mdpi.com/journal/applsci


https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://doi.org/10.3390/app112211068
https://doi.org/10.3390/app112211068
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/app112211068
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app112211068?type=check_update&version=1

Appl. Sci. 2021, 11, 11068

2 of 6

at 1176 nm and near 1178 nm are generated by a self-Raman Nd:YVOy crystal and a Np-cut
KGW crystal with the shift of 890 cm ! and 901 cm ™!, respectively. Based on the 1176 nm
Stokes fields and the 1064 nm fundamental wave, we can achieve the lime at 559 nm and
the orange at 588 nm in the self-Raman Nd:YVOj lasers with intracavity SFG and SHG.
Similarly, the 559 nm and 589 nm can be obtained in the Nd:YVO,;/KGW Raman lasers. In
addition, we separate the resonator of the Stokes field from that of fundamental wave by
depositing a specific coating on the surface of KGW crystal toward the Nd:YVOy crystal.
Due to employ the KGW crystal to share the thermal loading from the SRS process and
the usage of the designed coating, we can find that a maximum output power and an
optical conversion efficiency are superior to the self-Raman Nd:YVOjy lasers at the high
pump power. With the incident pump power of 40 W, the output powers including the
lime and orange wavelengths can increase from 6.54 W to 9.1 W and from 5.12 W to 7.54 W,
respectively.

2. Experimental Setup

Figure 1 demonstrates two types of experimental setups for generating the 559 nm
and 589 nm beams. One type shown in Figure la illustrated that we used a size of
3 x 3 x 20 mm? a-cut 0.3-at.% Nd:YVOj crystal as the gain medium and the Raman
active medium at the same time. The facet of the Nd:YVOy crystal toward the pump was
coated high reflectance (R > 99.9%) at 1030-1200 nm and high transmission at 808 nm
(T >95%). The second type was that an a-cut 0.35-at.% Nd:YVOjy crystal with the dimension
of 3 x 3 x 10 mm? was utilized to generate the fundamental wave. Moreover, a size of
3 x 3 x 20 mm® Np-cut KGW was placed behind Nd:YVOj crystal to generate the first
Stokes field as shown in Figure 1b. Two LBO crystals, with different cutting angle 6 = 90°
and ¢ =3.9%, 60 =90° and ¢ = 8°, were exploited to achieve the optimal phase-matching in
nonlinear process of SHG for the first Stokes field and SFG for the first Stokes field and
the fundamental wave, respectively. The dimensions for both LBO crystals were 3 x 3 x 8
mm? and the surface coatings for both were an antireflection coating at 1064 nm, 1176 nm,
and 530-600 nm (reflectance < 0.2%). All laser crystals were wrapped with an indium foil
and housed at an upper copper heat sink. The upper copper heat sink was mounted at the
lower copper heat sink which had the water cooling at the temperature of 20 °C. For the
LBO crystals, the thermoelectric cooler (TEC) was placed between the upper and lower
copper heat sink. Therefore, we can precisely control the temperature of LBO crystals to
obtain the optimal phase-matching. The output coupler was a concave mirror with 75 mm
radius of curvature. Both facets of the output coupler were coated at high reflectance at
1050-1180 nm (R > 99%) and high transmission at 540-600 nm (T > 98%), which decreased
the loss of the Stokes field and the lasing threshold. We utilized a 40 W fiber-coupled
laser diode (BWT K808DNIRN-40.00W) as a pump source, which was made up of a core
diameter 200 um, a numerical aperture 0.22, and emitting central wavelength at 808 nm.
The laser diode was operated at quasi-CW mode with the repetition rate 50 Hz and the
duty cycle 50%. A telescope arrangement was exploited to collimate and focus the pump
beam into the Nd:YVO, with a diameter of approximately 500 pm. The entire resonator
length of self-Raman Nd:YVOj, laser and Nd:YVO,4/KGW Raman laser were 60 mm and
65 mm, respectively.

The designed coating at the facet of KGW toward the Nd:YVO, was highly reflective at
1150-1180 nm (R > 98%) and highly transmissive at 1064 nm (T > 95%) as shown in Figure 2a.
By applying this coating on the surface of KGW crystal, the resonators of Stokes field and that
of fundamental wave were totally separated. In order to prevent the visible lights to propagate
into the gain medium or Raman medium which caused the reabsorption and decreased the
output powers, the highly reflective at 530-590 nm (R > 99.5%) was coated on the other facet
of 20 mm Nd:YVOy crystal and KGW crystal as shown in Figure 2b.
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Figure 1. Experimental setup of the diode-pumped (a) self-Raman Nd:YVO, lasers and
(b) Nd:YVO,/KGW Raman lasers with intracavity SFG and SHG for accomplishing the lime and
orange wavelengths.

(b)

100 100 T
80 - 80 E
2
60 8 60 1
=
«
N
40 Q2 40 -
=
]
20 ; & 20 ]
0 1 1 1 'l 1 0 1 1 1 '}
900 1000 1100 1200 1300 1400 1500 500 600 700 800 900 1000
Wavelength (nm) Wavelength (nm)

Figure 2. (a) The Reflectance spectrum of coating on the facet of KGW crystal toward the Nd:YVOy crystal; (b) The other
facet of KGW crystal coating highly reflective at visible.

3. Results and Discussion

Figure 3a demonstrates the output power at 559 nm versus the incident pump power.
The temperature of LBO crystal (6 = 90° and ¢ = 8°) was maintained at 24 °C to obtain
the optimal phase-matching. We measured the output power by a thermal power sen-
sor (THORLABS S425C-L). For the self-Raman Nd:YVOy laser, the lasing threshold was
approximately at 0.8 W and the output power was up to 6.54 W at the incident pump
power of 40 W, with an optical conversion efficiency of 16.4%. In contrast to the self-Raman
Nd:YVOy laser, the lasing threshold of Nd:YVO,/KGW Raman laser was measured near
3 W. The higher threshold reflects that inserting KGW crystal can lead to the insertion
losses of laser cavity. However, the thermal lens issue can be simply solved by sharing the
numerous thermal loading by the KGW crystal. Accordingly, the output power at 559 nm
can be considerably improved to 9.1 W at the incident pump power of 40 W, and an optical
conversion efficiency was calculated to 22.8%. At the pump power below 30 W, it was
found that the overall output power in the self-Raman Nd:YVO, laser was higher than that
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in Nd:YVO,;/KGW Raman laser as shown in Figure 3a. On the other hand, when the pump
power reached 30 W, the growth of output power started to saturation in the self-Raman
Nd:YVOy laser, which was attributed to the strong thermal lens from the Nd:YVOjy crystal.
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Figure 3. (a) The output power at 559 nm versus the incident pump power. Optical spectra of 559 nm wavelength and
corresponding transverse mode patterns in the (b) self-Raman Nd:YVOy laser and (c) Nd:YVO,/KGW Raman laser.

Besides, due to the properties of KGW crystal such as anisotropic thermal expansion
coefficients and negative thermal lens, the Nd:YVO,/KGW Raman laser is more suitable
for operating at high pump power [25]. Figure 3b,c show the lasing spectrums and the
transverse patterns of self-Raman Nd:YVO; laser and Nd:YVO,/KGW Raman laser at the
incident pump power of 10 W, respectively. The optical spectrum was monitored by an
optical spectrum analyzer (Advantest Q8381A) with a resolution of 0.1 nm. The transverse
pattern was imaged by a CCD camera at the distance z ~ 8z behind the beam waist,
where zg is Rayleigh length. The M? factors were found to be approximately 3.0 = 0.5 for
self-Raman Nd:YVOjy laser and NdYVO,;/KGW Raman laser at 559 nm by utilizing laser
beam diagnostics.

In addition to the output performance of 559 nm, Figure 4a also shows the output
power at 588 nm and 589 nm as the function of the incident pump power. The other LBO
crystal (8 = 90° and ¢ = 3.9°) was exploited here to accomplish SHG of the first Stokes field
at the temperature of 22 °C. The lasing threshold of 588 nm was equal to that of 559 nm in
the self-Raman Nd:YVOj laser. The output power of 5.12 W at 588 nm was achieved at
the incident pump power of 40 W. However, by using the Nd:YVO,/KGW Raman laser
that we mentioned above, the output power of 7.5 W at 589 nm was obtained, with the
lasing threshold at 2.2 W. At the pump power below 20 W, the overall output power in the
self-Raman Nd:YVOjy laser was slightly higher than that in the Nd:YVO,/KGW Raman
laser. Nevertheless, at high pump power regions, the self-Raman Nd:YVO; laser also
reflected the thermal loading in the saturation of output power. The corresponding optical
conversion efficiency can be increased from 12.8% to 18.8%. The lasing spectrums and the
transverse patterns were also shown in Figure 4b,c. The M? factor for both lasers at 588 nm
and 589 nm was estimated to 3.0 £ 0.5. Furthermore, the output fiber coupling efficiency
of all lasers were found to be 90 4= 2% and 88 + 2% at the pump power of 10 W and 40 W
by a 50 um multi-mode fiber with the focusing lens f = 15 mm.
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Figure 4. (a) The output power at 588 nm and 589 nm versus the incident pump power. Optical spectra of 588 nm and 589

nm wavelengths and corresponding transverse mode patterns in the (b) self-Raman Nd:YVOy, laser and (c) Nd:YVO,/KGW

Raman laser.

It is worthwhile to mention that both laser systems have their advantages and disad-
vantages. For example, although the self-Raman Nd:YVOy lasers are not competitive to the
Nd:YVO,/KGW Raman laser at the high pump power, the lower thresholds and the short
resonator are also fulfilled with some applications that do not require such high output
power. Consequently, we can flexibly select the way to generate the wavelengths at lime
and orange depending on the requirements of applications.

4. Conclusions

In conclusion, we have thoroughly completed the comparison between self-Raman
Nd:YVOy lasers and Nd:YVO,; /KGW Raman lasers at lime and orange wavelengths. By us-
ing KGW crystal to accomplish the SRS process, the thermal loading can obviously decrease
in the Nd:YVO,/KGW Raman lasers than the self-Raman Nd:YVO; lasers, especially in the
high pump power. Furthermore, employing the highly reflective coating for the first Stokes
field on the facet of KGW crystal not only improved the beam quality, but also reduced
the lasing thresholds. For the self-Raman Nd:YVOy lasers, the output powers of 6.54 W
and 5.2 W at 559 nm and 588 nm have been achieved at the incident pump power of 40 W.
Moreover, for the Nd:YVO4/KGW Raman lasers, the output powers at 559 nm and 589 nm
have been up to 9.1 W and 7.5 W. We believe that the high-power Nd:YVO,/KGW Raman
lasers at the 559 nm and 589 nm are available commercially for many applications.
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