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Abstract. Electron—phonon coupling can tailor electronic transition processes and result in direct lasing far
beyond the fluorescence spectrum. The applicable time scales of these kinds of multiphonon-assisted
lasers determine their scientific boundaries and further developments, since the response speed of lattice
vibrations is much slower than that of electrons. At present, the temporal dynamic behavior of multiphonon-
assisted lasers has not yet been explored. Herein, we investigate the Q-switched laser performance of
ytterbium-doped YCa,O(BO3); (Yb:YCOB) crystal with phonon-assisted emission in nanosecond scales.
Using different Q-switchers, the three-phonon-assisted lasers around 1130 nm were realized, and a stable
Q-switching was realized in the time domain from submicroseconds to tens of nanoseconds. To the best of
our knowledge, this is the longest laser wavelength in all pulse Yb lasers. The minimum pulse width and
maximum pulse energy are 29 ns and 204 uJ, respectively. These results identify that the electron—-phonon
coupling is a fast physical process, at least much faster than the present nanosecond pulse width, which
supports the operation of multiphonon-assisted lasers in the nanosecond range. In addition, we also
provide a simple setup to create pulse lasers at those wavelengths with weak spontaneous emission.
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1 Introduction Laser wavelength extension should be a longtime pursuit
for the optical and physics community. Actually, it is possible
to obtain laser emission aside spontaneous fluorescence by
exploiting the coupling of the electron transitions to lattice
vibrations."" Recently, our group proposed lasers at the wave-
length far beyond the fluorescence spectra of Yb: YCa;O(BO;),
(Yb:YCOB) with multiphonon-assisted electronic transitions.
By controlling the participating phonon numbers, the continuous-
wave (CW) lasers at the wavelength of 400 nm beyond the fluo-
rescence envelope were experimentally realized.'” During the
multiphonon-assisted lasing process, the coupling of electron—
phonon determines the laser performance, which means that
both lattice vibration and electron response should be consid-
ered in laser theory. From the view of time domains, the lattice
vibration belongs to a slow physical process compared to the
electronic response (usually femtosecond scale'), since lattice
atoms are much heavier than electrons.' In general, lattice
vibrations have response periods in the picosecond range. The
*Address all correspondence to Fei Liang, liangfei@sdu.edu.cn; Haohai Yu, irradiative lifetime of lower energy levels usually ranges from
haohaiyu@sdu.edu.cn the subnanosecond to milliseconds,'>'® and the heat transporting

Lasers are generated by stimulated radiation during the elec-
tronic transition, and since the invention of the laser in 1960,
the fluorescence spectra of active materials have become the
prerequisite for available laser wavelengths. With the develop-
ment of gain media, thousands of lasers at the given wavelength
from deep ultraviolet to far-infrared have been realized.” In ad-
dition, in the time domain, ultrafast pulse lasers with pulse width
from picoseconds to femtoseconds were also developed due to
the fast response of electrons.® For those laser wavelengths
outside the fluorescence spectra of gain media, it is usually not
supported by direct lasing but falls back to the nonlinear optical
response of electrons, including the second- and high-harmonic
generation.”® Nowadays, these lasers are widely employed in
various applications, such as laser manufacturing, 3D printing,
LASIK surgery, and military confrontation.”'
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time scales in the microseconds.'”"® In theory, the electron—
phonon-coupled lasing involves all these physical processes
above, and its operation in various time scales should be very
interesting. However, in a real material, the intrinsic electronic
levels are always overlapped by the electron—phonon-coupled
vibronic levels, which results in homogeneously broadened
emission. Due to the weak intensity of the electron—phonon cou-
pling effect, the multiphonon-assisted emission usually exhibits
an extremely weak cross section, overwhelmed by those pure
electronic transitions without phonon participation. Therefore,
it is still a great challenge to study the temporal dynamical
behavior of multiphonon-assisted lasing beyond the fluores-
cence spectrum.

Here, associated with the overlapping of the electronic
and electron—phonon-coupled vibronic levels and the phonon
number dependent transition probability, we demonstrate three-
phonon assisted Q-switched Yb:YCOB lasers around 1130 nm
with the pulse width covering the nanosecond scales. To the best
of our knowledge, this is the longest laser wavelength in all
pulse Yb lasers. The minimum pulse width and maximum pulse
energy are 29 ns and 204 uJ, respectively. These results dem-
onstrate that the electron—phonon coupling is a fast physical
process, at least much faster than the present nanosecond pulse
width, which supports the operation of multiphonon-assisted
lasers in the nanosecond range. In addition, this work opens up
new perspectives also for the capacity of ultrafast multiphonon-
assisted lasers and paves the way for new frontiers in chirped-
pulse amplification and frequency-comb generation.

2 Theoretical Analysis for Passive
Q-Switch at Fluorescence Sidebands

According to theory of the Q-switched laser," the pulse energy
can be expressed as

A /1 .
g mA m(-) 1n(ﬂ), (1)
20y R ny

where R represents the reflectivity of the output coupler, hv
represents the photon energy, y represents inversion reduction
factor, n; represents the initial inverted population, n; represents
the residual inverted population, A represents the laser spot cross
sectional area, and o represents the emission cross section.
According to the solution of the rate equations, n; and n; can
be described as

n; = KtPy, (1 — e=1/77), (2

ng= nie—2rm,<(ln(l/R)+§)’ (3)

where, 7 is the fluorescence lifetime, P;, is the absorbed pump
power, f is the pulse repetition frequency of the Q-switcher,
0 is the resonator loss factor, and K is the pumping constant.
The gain medium is important in the generation of pulsed lasers.
According to Eq. (1), the pulse energy obtained is inversely
proportional to the emission cross section of the gain medium.

For ytterbium ion, its electron—phonon intensity is relatively
strong owing to a combination of factors from small ionic radius
and reduced outer shell 5s/5p orbitals screening.” As a resul,
Yb3*-doped laser materials usually exhibit a wide vibronic
fluorescence spectrum from 1.0 to —1.1 yum due to
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Fig. 1 Unpolarized gain cross sections of Yb:YCOB crystal. Inset,
Stark splitting energy levels of Yb%* ion in Yb:YCOB crystal.

homogeneous spectral broadening. Taking the Yb:YCOB crystal
as an example, as shown in Fig. 1, at 976, 1020, 1026, and
1082 nm, it has four emission peaks, relating to four Stark split-
ting lines of °F; /2 level, respectively. Because of the phonon-
assisted vibronic transitions, a long fluorescence sideband beyond
1081 nm appears. The three-phonon-assisted emission cross
section at 1130 nm is calculated to be 3.4 x 10722 cm? from
the spectra, which is nearly 1 order of magnitude smaller than
that at 1020 and 1082 nm. Such a weak emission usually induces
a large laser threshold but is helpful for the energy storage proper-
ties when both the lasing and Q-switching thresholds are satisfied.

In addition, considering the pulse width of passive Q-switching,
it can be qualitatively expressed as the following equation:

3527

= “)

where, T, represents the cavity round-trip time and AT represents
the modulation depth. The present pulse width equation indicates
that the modulation depth of the passive Q-switchers should be
varied from 0.2% to 20% under the cavity length of about
10 cm with Ti = 0.67 ns for the realization of pulse width
ranging from 1 us to 10 ns. Considering the low absorption of
graphene (2.3%) and saturable absorption with normalized modu-
lation depth of about 40%,”' we can conclude that the graphene
could support the Q-switching under the submicrosecond pulse
width. For the generation of tens of nanosecond pulse width,
we can employ the well-developed Cr:YAG, which has obvious
saturable absorption at 1.1 ym. However, the small emission cross
section indicates that the loss modulation and initial transmission
should be suitable for the balance of laser thresholds and output
pulse energy, beside the design of laser cavity.

3 Q-Switched Laser Results

3.1 Pulsed Laser Operation under Sub-Microsecond
Scales with a Monolayer Graphene Modulator

Graphene sheets were pressed onto a far-UV quartz flake as a
sample, available as commercial optical grade with a diameter of
5 mm and a thickness of 1 mm. Next, we performed the laser
experiments of Yb:YCOB crystal at the fluorescence sidebands.
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Fig. 2 Experimental setup for Yb:YCOB laser. SA represents saturable absorber (monolayer
graphene and Cr:-YAG). M1 is an input mirror directly coated on the front face of the Yb:YCOB

crystal.

A compact plano—concave resonator was designed for laser
experiment; the schematic illustration is exhibited in Fig. 2.
The size of the Yb:YCOB crystal sample with the concentra-
tion of 15% (atomic fraction) for laser experiments were
3 mm x 3 mm x 6 mm, and Y-cut along its principal optical
axis. The absorptivity of crystal to the pump laser is 87% for
the single-pass configuration. It was designed for high transmis-
sion (HT, T > 95%) from 976 to 1100 nm and high reflection
(HR, R > 99.9%) from 1130 to 1200 nm in the front face of
the crystal, which served as the input mirror. A plano—concave
mirror, M2, as the output mirror, has the curvature radius of
100 mm. It has a certain transmittance (7, = 3%) in the range
of 1130-1200 nm and was also coated for high transmission
from 976 to 1100 nm to suppress conventional lasing around
1 ym. Such a compact cavity setup can suppress the pure
electronic-transition lasing and improve the laser efficiency at
the weak spontaneous emission range. Indium foil-wrapped
crystal samples were cooled with circulating water, which was
placed in a copper heat sink. Taking into account the heat dis-
sipation during the experiment, a temperature of cooling water
was maintained at 20°C. A 30 W fiber-coupled diode laser with
a central wavelength of 976 nm was employed as the pump
source. The diameter of the fiber core is 105 ym and the numeri-
cal aperture (NA) is 0.22. The pump light was focused by the
focusing system into the crystal sample at a beam compression
ratio of 1:1. For graphene Q-switched vibronic laser, the gra-
phene sample was placed in the laser cavity close to the output

mirror to reduce the possible saturable absorption for pump light
and the damage probability of graphene. The laser output power
was measured by a power meter (Newport, Model 1916-R),
and the pulse repetition rate and pulse width were measured
by a TDS-3012 digital oscilloscope (100 MHz bandwidth and
1.25 GS/s sample rate, Tektronix, Inc.). The laser spectrum was
recorded by an A.P.E. spectrometer (WaveScan, S/N S09668).

First, we optimized the CW laser at 1130 nm in the
Yb:YCOB crystal. Taking into account the thermal lens effect,”
we can achieve the best pattern-matching by changing the cavity
length. Finally, for R,. = 100 mm, the laser spot radius in the
crystal is about 47 um. The lasing threshold and the maximum
output power are 3.5 and 1.85 W, respectively, with a high slope
efficiency of 44.6%, as shown in Fig. 3(a). Figure 3(b) shows
the laser spectrum at 1130.9 nm. Notably, we should emphasize
that an input mirror, M1, directly coated on the crystal is
essential for a stable lasing around 1130 nm. For a separate
MIl—crystal-M2 setup, we can only obtain 1131 nm lasing under
Ty = 0.1%, and the laser wavelengths would shift to 1030 nm
with higher transmission.

Then, we realized the Q-switched pulse laser operation by
inserting a graphene modulator. The Q-switched laser wave-
length is 1130.4 nm, which is slightly blueshifted compared
to the CW laser, as shown in Fig. 3(b). This wavelength shift
can be attributed to the reflection loss caused by the uncoated
quartz substrates. Figure 3(a) displays the output powers of
the Q-switched laser. It is observed that the lasing threshold
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Fig. 3 Graphene Q-switch pulse laser generation of Yb:YCOB crystal at 1130 nm. (a) Output
powers of the Yb:YCOB crystal under CW and Q-switched regimes. The dashed lines represent the
fitting curves. 7 is the slope efficiency. (b) Lasing wavelength under CW and Q-switched regimes.
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Fig. 4 Graphene Q-switched pulse laser properties. (a) Pulse width and repetition under different
pump powers. (b) Corresponding individual pulse profiles. (c) Laser pulse trains with reception of

36.1 kHz.

increases and slope efficiency decreases after inserting the
graphene sample, owing to an external optical loss of passive
Q-switches. The Q-switched lasing threshold is 4.45 W. And
the slope efficiency is 17.9%, with a maximum average pulse
laser output power of 645 mW.

The variations of Q-switched pulse width and repetition rate
under different pump powers are displayed in Fig. 4(a). With
increasing absorbed pump power, it shows a typical character-
istic for passive Q-switched laser that the pulse repetition rate
increases from 11.2 to 36.1 kHz, and the pulse width decreases
from 0.9 us to 237 ns. As shown in Figs. 4(b) and 4(c), when
the absorbed pump increases to 7.8 W, the pulse width reduces
to 237 ns. At this time, the corresponding repetition rate is
36.1 kHz, and the amplitude fluctuations in the pulse train
are 27%. In addition, we can see that the pulse width of this
vibronic laser at 1130 nm is comparable to that of conventional
lasing around 1 pgm in Yb-doped laser materials using the same
graphene saturable absorber (SA),” but the pulse repetition rate
is much smaller. Obviously, the pulses are completed and no
satellite pulses or modulations in the pulse profile are observed,
which indicates that the electron—phonon coupling is fast
enough compared with the submicrosecond scales.

Moreover, pulse energy and peak power are two important fac-
tors for a Q-switched solid-state laser, especially for some special
cases with a demand for high-power applications. Based on the
experimental results, we calculated the pulse energy and peak
power by combining the repetition rate, pulse width, and average
output power, as shown in Fig. 5. The pulse energy and peak
power gradually become larger and larger as absorbed pump
power increases. The maximum single pulse energy is 17.9 ul.
The peak power is calculated to be 75 W. According to the con-
figuration in the Q-switching experiments, the laser spot radius in
the graphene sample is around 232.8 ym. The intracavity inten-
sity on the SA reaches 1.4 MW /cm?, which is much smaller than
the saturation intensity of the monolayer graphene (MLG) sample
(I, = 1.5 GW/cm? at 1100 nm).**
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3.2 Pulsed Laser Operation under Tens of Nanosecond
Scales with a Cr:YAG Modulator

For the generation of tens of nanosecond pulse width, we can
employ the well-developed Cr:YAG, which has obvious satu-
rable absorption at 1.1 um. For the balance of thresholds of
lasers and Q-switching and pulse width, a Cr:YAG plate with
the optimized initial transmission of 7y = 97% and AR coating
from 1120 to 1150 nm, was employed in the Q-switching. In
order to reduce the insertion loss and improve bleaching rate,
Cr:YAG was placed slightly closer to the laser crystal to ensure
a small incident laser beam size and reduce the threshold of the
Q-switched laser. Two output couplers with 7,. = 0.1% and 1%
were utilized. For CW laser, as shown in Fig. 6(a), the lasing
threshold is about 3.1 W. Meanwhile, the efficiency and output
power are improved by increasing output mirror transmittance.
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Fig. 6 Cr:YAG Q-switch pulse laser generation of Yb:YCOB crystal at 1130 nm. (a) Output powers
of the Yb:YCOB crystal under CW and Q-switched regime. The solid lines represent the fitting
curves. n is the slope efficiency. (b) Lasing wavelengths under CW and Q-switched regime.

The slope efficiency for T,. = 0.1% is 22.5% with 610 mW
output power. In comparison, the highest power reaches up to
1.04 W for T,. = 1% with a high slope efficiency of 38.1%.
The laser wavelengths for 7, = 0.1% and 1% are 1132.1 and
1130.7 nm, respectively, as shown in Fig. 6(b).

For T = 0.1%, a Q-switched pulse laser output was realized
by inserting a Cr:YAG plate. The maximum average output
power reached 469 mW when the absorbed pump power was
5.8 W. The slope efficiency decreased to 20.2% and the lasing
threshold increased to 3.65 W, owing to external in-cavity
loss of Cr:YAG. Meanwhile, the central wavelength of the
Q-switched laser was blueshifted to 1126.7 nm. We also tried
the Q-switched pulse laser with T,. = 1%. However, under this
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high transmittance, we did not achieve pulsed laser operation
when inserting a Cr:YAG switch. This case can be explained
from the coupled rate equations of a pulse laser. Due to the
small emission cross section at 1130 nm, the value of the initial
transmission (7)) and the reflectivity for the output mirror (R)
must be large enough to yield a moderate population density
and reduce pulse laser threshold. In our experiments, when
T, increased from 0.1% to 1%, the reduced reflectivity would
break this condition. Therefore, low-gain medium needs to be
characterized by higher optimum mirror reflectivity for a pas-
sively Q-switched pulse laser.

Figure 7 shows the variation of the repetition rate frequency
(PRF) and pulse width as a function of the absorbed pump
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Fig. 7 (a) Pulse width and repetition under different pump powers. (b) Corresponding individual
pulse profiles. (c) Laser pulse trains with reception of 2.3 kHz.
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250 10 are shown in Fig. 8. It is observed that with the increasing
Pulse energy absorbed pump power, both pulse energy and peak power
—m— Pulse energy gradually increase. This trend is also similar to that in the
2007 _ 18 Yb:YCOB laser around 1030 and 1080 nm.***” The maximum
— CrYAG Q-switched laser P | - energy of single pulse and peak power are 204 uJ and 7.03 kW,

2 150 le \E/ respectively.
5 5 Finally, we make a comprehensive comparison for solid-state
o g Q-switched lasers of the Yb:YCOB series crystal. As listed in
o 1004 14 2 Table 1, all laser wavelengths of the Yb:YCOB crystal locate
z 3 around 1020, 1030, and 1080 nm, corresponding to its strong
& s 15 & emission peaks on the fluorescence spectrum. In this work, we
realized the first Q-switched Yb:YCOB laser beyond 1.1 pm
with a short pulse width and high pulse energy. For most Yb3*
0 ——— T 0 ions lasers operating on the *Fs 2= ’F, /2 transition, the laser is

3.5 4.0 4.5 5.0 5.5 6.0

Absorded pump power (W)

Fig. 8 Change of pulse energy and peak power with absorbed
pump power.

power recorded by the oscilloscope. As shown in Fig. 7(a), as
the absorption pump power increases, PRF increases from 0.78
to 2.3 kHz, and the pulse width decreases from 30.5 to 29 ns,
which is a typical feature of passively Q-switched lasers. When
the absorbed pump power increases to 5.82 W, Fig. 7(b) shows
the shortest pulse width, 29 ns. At this time, the corresponding
PRF is 2.3 kHz. A uniform and stable pulse train is shown in
Fig. 7(c). From this figure, it can be found that the pulses are
also smooth and there are no satellite pulses or modulations in
the pulse profile, which indicates that the electron—phonon
coupling is fast enough for pulse laser operation. In 1981,
Wiesenfeld and Mollenauer reported that the configurational
relaxation time of KCI:Li crystal is on the tens of picosecond
scale,” which is consistent with our conclusion.

For 1126 nm lasing in the Yb:YCOB crystal, the pulse en-
ergy and peak power as a function of the absorbed pump power

emitted in a range of 1000—1100 nm. To the best of our knowl-
edge, this Q-switched lasing around 1130 nm is also the longest
wavelength among all Yb-doped laser materials, including
fibers, ceramics, and crystals. Therefore, it represents a great
breakthrough for laser physical and laser engineering. These ex-
perimental results show that it is feasible to achieve high-energy
laser pulses at the fluorescence sidebands, even better than tradi-
tional lasing inside the fluorescence spectrum. In addition, it is
worth pointing out that this vibronic Q-switched pulse laser
differs from previous spectral satellite peaks beyond 1100 nm
in ultrafast Yb-lasers,”™* from which the Raman scattering
effect mainly dominates the position and intensity of satellites.
Our laser at 1130 nm is a direct vibronic lasing by amplifying
the phonon-assisted emission at the fluorescence sidebands.'**'
There is no concurrent lasing at the strong fluorescence peaks of
the Yb:YCOB crystal.

4 Conclusion

Based on multiphonon coupling strategy, we studied the pulsed
laser operation of three-phonon-assisted pulsed Yb:YCOB
lasers in the nanosecond time scales from 0.9 ms to 29 ns. By
optimizing the cavity, we identified that the electron—phonon

Table 1 Laser activities of Q-switched Yb:YCOB and Yb:GdCOB laser.:

Q-switch Ap (nm) P (W) PRF (kHz) Ty (ns) Ep (ud) Py (kW)
A0 1027.5 0.95 0.2 11 4750 432
AO% 1020 and 1023 0.53 0.1 21 5300 252.4
SA: Cr:YAG®° 1030 to 1035 2.14 4.5 9.3 476 51.2
SA: Cr:YAG® 1031.5 4.2 5.7 3.6 737 205
SA: Cr:YAG® 1022 and 1031.8 413 3.23 5 1280 256
SA: MoTe,%3 1035.5 1.58 704 52 225 0.04
SA: WS,3 1033.5 and 1036.4 4.05 606 66 6.67 0.1
SA: Bi,Teg® 1030.3 and 1033.3 3.85 400 96 9.63 0.1
SA: GaAs® 1032 5.7 116.7 153 48.8 0.32
SA: GaAs®¥ 1022.7 1.02 1 13.6 1020 75
SA: InGaAs QWs?’ 1086 1.15 7 100 165 1.65
SA: graphene (this work) 1130.4 0.645 36.1 237 17.9 0.075
SA: Cr:YAG (this work) 1126.7 0.469 23 29 204 7.03

2A0, acousto-optic; SA, saturable absorber; QWs, quantum wells; 4,, central wavelength of the pulse laser; P,,,, average power of the pulse laser;
PRF, repetition rate; T, pulse width; E,, pulse energy; P,, peak power of the pulse laser.
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coupling is a fast enough physical process compared with the
nanosecond scales. We believe that this work should be helpful
for the understanding of the electron—phonon coupling effect
during the lasing process in the time view. This work provides
a kind of pulsed lasers at rare wavelengths representing the
longest wavelength among all Yb**-based Q-switched pulse
lasers. According to our previous CW laser results, higher-order
phonon-assisted Q-switched pulse lasers can be expected at
the longer wavelengths. Moreover, this work provides a reliable
method for the realization of extended laser wavelengths in the
pulse regime and should be feasible in other laser materials,
such as Nd>, Tm3", and Er’*-doped laser materials.
Considering the broad, flat, and smooth gain profiles of multi-
phonon-assisted fluorescence sidebands, it is also possible to
realize an ultrafast mode-locked laser operation at these long
wavelengths and consequently extend the potential laser appli-
cations in many scientific fields.
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