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Abstract: We report on an electro-optically Q-switched Tb:LiYFy4 green laser pumped by a
frequency-doubled optically pumped semiconductor blue laser. The electro-optically Q-switched
characteristics were studied under a wide range of repetition rates from 200 Hz to 50 kHz using a
KD,PO4 Q-switch. Up to 198 uJ of pulse energy was obtained with a pulse width of 248 ns at a
repetition rate of 200 Hz, corresponding to a peak power of 797 W at 544 nm.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Recently, visible green lasers have been attracting significant attention worldwide owing to their
potential use not only in our daily life applications (e.g., micro-projectors and laser headlights
[1-3]) but also various other fields (e.g., medicine [4,5], display technology [6,7], molecular
imaging [8], and laser processing [9,10]). Several rare-earth ions (such as Nd>*, Dy3*, Sm3*, Pr3*,
and Tb*) are used to generate visible lasers either directly or indirectly [3,11-16]. Solid-state
Nd** visible lasers are the most widely used and are produced through nonlinear frequency
conversion. For example, an intracavity frequency-doubling electro-optically Q-switched Nd:
LiYF, green laser with a pulse energy of 16.8 mJ and a pulse width of less than 8 ns has been
reported [15]. Further, pulse energy up to 9.7 mJ at a repetition rate of 1 kHz was realized using
a frequency-doubling electro-optically Q-switched Nd: YAG laser [16]. These operations are
known to require a second harmonic generation process to obtain visible lasers, which exhibit
relatively low efficiencies. In contrast, Dy>*, Sm>*, Pr3*, and Tb3* have the intrinsic advantage
of generating visible lasers directly without nonlinear processes. They can be optically pumped
using semiconductor-based blue laser sources. Among them, Pr’* and Tb>* ion-doped lasers
have become interesting research topics, owing to their potential use in these applications because
their respective energy transitions (i.e., Tb>*: SDy—"Fs, Pr3*: 3Py 1 o, 'I¢—>Hg s) can directly
produce laser radiation in the green waveband. In addition, note that the upper level of Tb3* ion
has a relatively longer lifetime than that of Pr>* ion (typically ~5 ms for Tb* ions and ~0.05 ms
for Pr3* ions), rendering Tb3* ions suitable for energy storage [3,17,18].

To date, continuous-wave (CW) operation of Tb visible lasers has already been investigated in
many materials (such as LiYF4, LiLuF,, LiTbF4, and YAG) [14,18-20]. In the green spectral
region, a maximum CW output power of ~1.1 W and a slope efficiency of 63% have been
reported using a 15% Tb:LiYF, crystal [21]. Furthermore, a passively Q-switched operation of
a Tb* laser has been realized to obtain high-peak-power laser pulses, which produced a pulse
energy of 19.2 pJ and a peak power of 6.6 W at 38.7 kHz [22]. A compact deep ultraviolet
frequency-doubled Tb:LiYF, laser at 272 nm has also been reported, which produced a pulse
energy and peak power of 100 pJ and 320 W, respectively [23].

#434010 https://doi.org/10.1364/OE.434010
Journal © 2021 Received 17 Jun 2021; revised 25 Aug 2021; accepted 26 Aug 2021; published 20 Sep 2021


https://orcid.org/0000-0002-2487-4277
https://orcid.org/0000-0001-6930-0843
https://orcid.org/0000-0001-5377-637X
https://doi.org/10.1364/OA_License_v1#VOR-OA
https://crossmark.crossref.org/dialog/?doi=10.1364/OE.434010&amp;domain=pdf&amp;date_stamp=2021-09-23

Research Article Vol. 29, No. 20/27 Sep 2021/ Optics Express 31707 |

Optics EXPRESS i N

Compared with those of passive Q-switching schemes, the advantages of active Q-switching
include a shorter pulse width, higher peak power, and an easily controllable pulse repetition
rate of the generated laser pulses. The most commonly used active Q-switching techniques
are acousto-optic (AO) Q-switching and electro-optic (EO) Q-switching. Recently, an AO
Q-switched Tb:LiYF, laser was reported, which produced a pulse energy of 148 pJ and a peak
power of 580 W at a repetition rate of 3 kHz [24]. An electro-optically Q-switched laser, based on
a rare earth Pr’* ion-doped material, was also reported, which produced a pulse width of 120 ns
and a pulse energy of 1.6 mJ [25]. Theoretically, EO Q-switching has a faster switching speed and
can achieve a lower repetition rate, and to obtain a higher peak power, we used EO Q-switching
in out study. In addition, the Tb:LiYF, crystal has a tetragonal structure. Therefore, it can
generate linearly polarized light directly. We employed EO Q-switching due to the combination
of advantages a simple cavity structure that provides a larger modulation depth.

In this study, we successfully demonstrated that the electro-optically Q-switched Tb:LiYF4 laser
directly generates pulsed laser radiation at 544 nm. Using an optically pumped semiconductor
laser at 488 nm, the output laser properties at repetition rates in the range from 200 Hz to 50 kHz
were investigated in detail. A peak power of approximately 800 W was generated with a pulse
width of 248 ns at an absorbed pump power of 1.6 W and a repetition rate of 200 Hz. To the best
of our knowledge, the demonstrated electro-optically Q-switched Tb>* laser, among all the Tb>*
lasers, has produced the highest peak power to date.

2. Experimental results and discussion

2.1. Experimental setup

Figure 1 shows the experimental setup of the electro-optically Q-switched Tb:LiYF, laser. A
frequency-doubled optically pumped semiconductor laser (2w-OPSL, Coherent Genesis CX-
STM), which can provide a high-quality laser beam with M? ~1.05 and a maximum output power
of 3 W at 488 nm wavelength, was employed as the pump source. To match the largest absorption
cross section and subsequently ensure a high absorption efficiency, a A/2 waveplate was placed
between the pump source and the focusing lens. We measured the absorption efficiency of the
crystal to be ~52%.
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Fig. 1. Optical setup of the EO Q-switched Tb:LiYFy laser.

The pump beam was focused into the Tb:LiYF, crystal with a lens of f=500 mm through
the plane input coupling mirror (M1, coated with HR at lasing wavelength and HT at pump
wavelength). A concave mirror (M2, PR coated at lasing wavelength (T,.~5%)) with a radius
curvature of 100 mm was employed as the output coupler. An a-cut 10% Tb:LiYF, crystal was
used as the gain medium (30 mm length, visible-AR coated on both surfaces, commercially
ordered from EKSMA Optics). The crystal was placed as close as possible to M1 and installed
in a copper heat sink, cooled to 15 °C. For the Q-switched operation, a KD,PO4 Pockels cell
(PC12SR-515/532, commercially ordered from EKSMA Optics) with dimensions of ¢ 5 mm
X 30 mm was placed behind the Tb:LiYF, crystal. The Pockels cell exhibited single-pass
optical transmission > 96% at 544 nm. To reverse the population storage and release time, a A/4
waveplate was inserted between the Pockels cell and the output coupler. The waveplate blocked
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the laser oscillation in the case of non-voltage on the Pockels cell, thus preventing the Pockels
cell from receiving high voltage for a long period of time. The physical length of the resonator
was approximately 100 mm, and the length of cavity was adjusted to be as short as possible. The
diameter of the pump spot on the crystal was about 80 um. For our resonator, the calculated
Gaussian mode diameter on the gain medium was about 148 pm, based on an ABCD matrix. No
additional optical components, such as a polarizer, were inserted into the cavity to minimize the
intracavity losses. However, we inserted a long-pass filter (FEL0500, Thorlabs) in front of the
power meter to block any unabsorbed pump light.

2.2. Green laser operation of Tb:LiYF,

First, we provide the investigation results of the average output power in the CW and Q-switched
operations in Fig. 2(a). The laser emission was pi-polarized. A maximum CW output power of
178 mW was obtained at an absorbed pump power of 1.6 W. The corresponding absorbed threshold
power and slope efficiency were 765 mW and 20%, respectively. Further, the average output
powers under different repetition rates in the Q-switched operation were recorded. The maximum
average output power of 40 mW was generated at a repetition rate of 200 Hz. The threshold and
corresponding slope efficiency were 1.4 W and 17%, respectively. In the experiment, the laser
spots observed by the naked eye were almost circular and showing typical TEMgy mode at all
power levels.
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Fig. 2. (a) Average output power of the CW and EO Q-switched Tb:LiYF, laser and (b)
output spectrum.

The output laser spectra of the CW and EO Q-switched Tb:LiYF, lasers were measured using
an optical spectrum analyzer (Q8381A, Advantest). In our experiments, the measured spectra
were almost identical for the CW and Q-switched operation. A typical output spectrum of the
Q-switched Tb:LiYF, laser is shown in Fig. 2(b). The center wavelength is located at 544 nm
with a spectral line width of ~0.8 nm. In addition, to determine whether changes in the repetition
rate would affect the spectrum, we measured the spectra of 200 Hz and 1 kHz respectively, and
we found that the results were almost unchanged.

The temporal characteristics of the EO Q-switched Tb:LiYF, laser were recorded using a 3
GHz bandwidth oscilloscope (MD04024C, Tektronix) with a silicon-based detector (Thorlabs
DET10A/M, rise time ~1 ns). Typical pulse trains at 50 kHz, 1 kHz, and 200 Hz are shown in
Figs. 3(a—c). The EO Q-switched laser worked stably at each repetition rate at the maximum
absorbed pump power of 1.6 W. To better describe the stability of the laser pulses, we have
quantified the pulse fluctuation. According to the calculations, the RMS pulse-to-pulse amplitude
fluctuations at the rates of 200 Hz, 1 kHz, and 50 kHz were 7%, 8%, and 8%, respectively. Owing
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to the limitations of the EO driver, the waveform becomes unstable when the repetition frequency
is higher than 50 kHz. Figure 3(d) shows a typical single-pulse waveform at a repetition rate of
200 Hz. The shortest pulse width was measured to be approximately 248 ns.
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Fig. 3. (a-c) Variation of the typical pulse train with different frequencies at the absorbed
pump power of 1.6 W. (d) Pulse waveform at the 200 Hz repetition rate.

Figure 4(a) shows the dependence of the pulse energy on the absorbed pump power. For both
repetition frequencies, the pulse energy increases almost linearly with an increase in the absorbed
pump power in a range from 1.3 W to 1.6 W. At a repetition rate of 200 Hz, a maximum pulse
energy of 198 pJ was obtained. Figure 4(b) displays the measured pulse width and the calculated
peak power as functions of the absorbed power. At each repetition rate, the peak power increased
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almost linearly with an increase in the absorbed pump power, while the pulse width gradually
decreased. The shortest pulse width was 248 ns corresponding to a peak power of 797 W.
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Fig. 4. (a) Pulse energy. (b) Peak power and pulse width plotted with the absorbed pump
power under different repetition rates.

Figure 5 illustrates the pulse width and peak power achieved in the Q-switched Tb:LiYF, laser,
operated at several repetition rates at the maximum absorbed power of 1.6 W. As the repetition
frequency decreased in a range from 50 kHz to 200 Hz, the pulse width decreased in a range
from 388 ns to 248 ns, while the peak power steadily increased in a range from 2.4 W to 797 W.
The maximum peak power of 797 W was higher than that of the AO Q-switched Tb:LiYF, laser.

2.3. Discussion

In our experiment, the shortest pulse widths remained almost unchanged when the pulse repetition
frequency was decreased from 800 Hz to below 200 Hz. We attribute this to the small energy
storage difference for repetition rates below 800 Hz at the currently available pump power level.
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Fig. 5. Pulse width and peak power plotted with a repetition rate at the absorbed pump
power of 1.6 W.

The storage efficiency of the Q-switched laser can be expressed as [26,27]:

ns = ty/tu[1 — exp(~tn/15)], (1

where ¢, is the upper-level lifetime and ¢,, is the pulse period. Using Eq. (1), when the repetition
rate is 50 kHz, n;, is approximately 99.8%. Further, when the repetition rate decreased from
800 Hz to 200 Hz, the storage efficiency decreased from 67.2% to 63.2%. Here, the upper-level
lifetime of the Tb:LiYF, crystal is considered to be approximately 5 ms. When the pulsing
interval is larger than 5 ms, the spontaneous emission and non-radiative relaxation processes
consume the stored energy and then degrade the pulse energy. In other words, the stored energy
tends to saturate for repetition rates lower than 200 Hz.

Theoretically, the shortest pulse width (#,) achieved from a Q-switched laser can be calculated
according to the following equation [28]:

t, Inz
ty = —[——1, 2
P 6[z(l—alna)] @
where ¢, and ¢ are the round-trip time and round-trip loss, respectively, and z represents a
dimensionless value that is calculated by z=2gol, where go and [ are the small signal gain
coefficient and crystal length, respectively. Similarly, a is another dimensionless value calculated
by a=(z-1)/zlnz. The small signal gain (gg) can be expressed as formula (3):

80 = 0eTNQNSNBPabs /AVLV, 3)

where o is the emission cross section of Tb:LiYFy, 7y is the life time of Tb:LiYFy, 779 is the
quantum efficiency [29], and ng and 7 are the Stokes factor and overlap efficiency, respectively.
Further, P, and hvy are the absorbed pump power and photon energy emitted at the laser
transition, respectively, and V is the volume of the pump beam in the crystal. Using these
parameters, the value of the small signal gain gg is not difficult to calculate, and we obtained
it to be about 0.14 cm™~!. The parameters used for the calculation are summarized in Table 1.
Based on these parameters, the theoretical value of the shortest pulse width was calculated to
be approximately 130 ns [29], which is shorter than our experimental value of 248 ns. This
difference from the theoretical value is possibly due to several factors, such as ignored large
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internal losses introduced by the scattering centers of the crystal, imperfect coating, mode
matching, and possible alignment deviation. Moreover, it should be noted that, because of the
ESA and ETU effects in Tb: LiYF4[14,30,31], the inversion value is degraded. Thus, the actual
gain value cannot attain the ideal value.

Table 1. Parameters required to calculate pulse width

Parameters Value
Round trip time (#,) 0.84 [ns]
Round trip loss (&) 0.2
Small signal gain (go) 0.14 [cm™!]
Crystal length (/) 3 [cm]
Emission cross section (o) 0.8x1072! [em?] [20]
Life time (7¢) 4.9 [ms]
Quantum efficiency (17¢) 0.65 [29]
Stokes factor (175) 0.89
Overlap efficiency (17) 1
Absorbed pump power (Pp) 1.6 [W]
Photon energy emitted at the laser transition (hvy,) 3.7x10719 )
Volume of the pump beam in the crystal (V) 7.85%107% [em?)

Figure 3(b) indicates that the peak power can be further increased with an increase in the
absorbed pump power. In our experiment, the maximum absorbed pump power was limited to
only 1.6 W. Therefore, we believe that, by using a pump source with a higher output power and
optimizing the mode matching, as well as precisely adjusting the output transmittance, the pulse
width can be further decreased, thereby increasing the peak power to beyond several kW.

3. Conclusion

To the best of our knowledge, we have demonstrated, for the first time, the electro-optically
Q-switched operation of a Tb:LiYF4 green laser in this paper. A stable Q-switched operation
was realized under a wide range of repetition rates from 200 Hz to 50 kHz. The highest peak
power of 797 W was achieved at an absorbed power of 1.6 W and a 200 Hz repetition rate.
The corresponding pulse width and pulse energy were 248 ns and 198 pJ, respectively. Further
enhancement of the peak power can be realized by increasing the pump power and reducing the
intracavity loss.
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