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Self-Q-switching is observed in a bulk Yb:KGdðWO4Þ2 oscillator without any additional modulating elements.
The output power reaches 434.4 mW at a pump power of 13.67 W, corresponding to pulse repetition rate of
125 kHz and a pulse duration of 2.5 μs, respectively. The mechanism of self-pulse formation is explained by the
re-absorption effect of the Yb3þ ion in Yb:KGdðWO4Þ2.
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The Yb3þ-doped KGdðWO4Þ2 (Yb:KGW) crystal has the
advantages of a broad gain bandwidth, high-emission
cross-sections, and good thermal conductivity, as well as
small quantum defects[1,2], which makes it one of the most
important diode-pumped lasers for high-power and high-
energy applications[3–5]. Lasers with pulse widths in the
nanosecond to microsecond range are required in fields
of material processing, remote sensing, and nonlinear
frequency conversion[6], etc. Pulsed Yb:KGW lasers have
been reported by quite a few publications through
Q-switching[7–9] or mode locking[10–13], in which modulators
or saturable absorbers were employed to start the
Q-switching or mode locking. Recently, some studies have
reported that lasers under the quasi-three level may realize
self-Q-switching due to the significant re-absorption loss
produced by a high thermal population at a lower laser
level[14–16]. This could help clarify the mechanism of self-
Q-switching and aid in the construction of a laser oscilla-
tor with moderating pulse energy without additional
modulators, as well as reducing the cost of such systems.
In this Letter, stable self-Q-switching was observed in a

bulk Yb:KGW laser operation near 1030 nm. Pulses as
short as 2.5 μs were obtained, with an average output
power of 434.4 mW. The experimental results were briefly
explained by the re-absorption loss effect. To our knowl-
edge, this is the first report on a diode-pumped Yb:KGW
bulk laser for self-Q-switching formation.
The experimental setup of the self-Q-switched

Yb:KGW laser is shown in Fig. 1, where the pump source
was a pure, continuous wave (cw), 976 nm fiber-coupled
diode laser with a maximum output power of 25 W. The
beam of the pump laser was focused into the crystal by two
coupling lenses. The gain medium was a 5 at.% (the cor-
responding Yb3þ concentration is ∼3.16 × 1020 ions∕cm3,
and the peak absorption coefficient near 980 nm is up to
40 cm−1); the Yb:KGW crystal size was 3 mm× 3 mm×
10 mm and cooled with water down to the temperature of
13.6°C. M1 was a plane mirror that was high-transmission
coated at 976 nm and highly reflective around 1030 nm.
OC was an output coupler (radius of curvature:

100 mm) with a transmission of 3%. The resonator con-
figuration was plano-concave with a length of 90 mm.

After fine collimation, the laser would oscillate, and the
pump threshold was measured to be 3.7 W. When the out-
put power was lower than 100 mW, the laser oscillated in a
continuous wave. However, when the output power ex-
ceeded 100 mW (and the corresponding pump power
was 5 W), the laser turned to the pulsed state. Note that
no modulator in a self-Q-switching state was used in the
resonator. With the increase in the pump power, self-
Q-switching was sustained until the pump power reached
13.67 W. When the pump power was higher, the self-
Q-switching would disappear. The cw and the self-
Q-switched output power were measured with respect
to pump power and are shown in Fig. 2, where a quasi-
linear increase in the output power with the pump power
can be seen. The maximum cw output power was about
823 mW at a pump power of 13.67 W, and the correspond-
ing slope efficiency was 11.9%. The maximum self-
Q-switched output power was about 434.4 mW at a pump
power of 13.67 W, and the corresponding slope efficiency
was 3.8%. The low slope efficiency is mainly due to the
misalignment of the cavity mirrors.

The spectrum of the self-Q-switching and the cw was
detected by a spectrometer (S2000, Ocean Optics). The
results are shown in Fig. 3, where a small blue drift rep-
resents the central wavelength, and shows a decrease in
the full width at half maximum (FWHM) of the spectrum
with a corresponding increase in the pump power. This
can possibly be attributed to the accumulated thermal
effect and mode competition of the oscillating modes.

Fig. 1. Schematic of the self-Q-switched Yb:KGW laser.
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As the pump power was increased, more laser modes
would obtain enough gain to surpass the loss and begin
to oscillate; thus, the spectral width was broadened. Fur-
thermore, gain competition had been always present in a
linear cavity, solid-state laser. With the increase in the
pump power, more heat would accumulate in the crystal.
As a result, the thermal load of the crystal would change
its gain curve and the oscillation modes in the resonators;
thus, the central wavelength may shift. However, the self-
Q-switching could be sustained, regardless of the change
in the central wavelength and the spectral width.
A small portion of the output laser was injected into a

photodiode, and then the pulse trains were recorded by
a digital oscilloscope (54866A, Agilent Technologies).
Figure 4 shows the long-term and short-term pulse trains
at a pump power of 7.87 W. From Fig. 4(a), one can see
that the self-Q-switched pulse trains had little modula-
tion, which demonstrated that the pulse energy was very
stable. From Fig. 4(b), it can be seen that the pulse width
was about 3.9 μs.
The pulse widths at different pump powers were

determined, and Fig. 5 shows the results. While the
self-Q-switching was being sustained, the pulse width

would decrease from 8 to about 2.5 μs, with the increase
in the pump power. This pulse width appeared to be larger
than that of Q-switched[17–19] and mode-locked pulses with
modulators[6,10]. We believe this was due to the weak modu-
lation effect of the Yb:KGW crystal, rather than the func-
tional modulators. In our experiment, we tried to enhance
the modulation by realigning the intra-cavity optical ele-
ments to achieve a shorter pulse width, but it was very
difficult to obtain stable self-Q-switching with a shorter
pulse width. However, since the oscillator did not require
additional modulators, it was still a cost-effective laser
with moderate pulse energy.

In Fig. 6, the self-Q-switched repetition rate with re-
spect to pump power was plotted. The repetition rate
was increased from 43.5 to 125 kHz by raising the pump
power from 5 to 13.67 W, which was similar to the passive
Q-switching behavior. Upon further raising the pump
power, the self-Q-switching would vanish.

Some researchers have modeled the self-Q-switched ac-
tion as a simple, saturable absorber based on the standard
passive Q-switching theory, and then used the experimen-
tal pump-dependent repetition rate data to determine
the small-signal saturable loss. In the presence of a
saturable absorber with a small-signal loss of Q0 (modu-
lation depth), the repetition rate f rep of the pulse train
can be determined from the Eq. (1)[20–23], where τf is the
fluorescence lifetime of the gain medium (275 μs
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Fig. 2. Output power in the cw and self-Q-switched state with
respect to the pump power.
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Fig. 3. Typical spectra for cw and self-Q-switching at pump
powers of 5.95, 9.69, and 13.7 W.

Fig. 4. Self-Q-switched pulse trains at a pump power of 7.87 W.
(a) Long-term pulse trains. (b) Short-term pulse trains.
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Fig. 5. The pulse width as a function of the incident pump
power.
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for Yb:KGW)[24] and G0 is the round-trip, small-signal
gain:

f rep ¼
1
τf

G0

Q0
: (1)

By the theoretical calculations from the above equation,
we get the repetition frequency of the self-Q-switching
versus the modulation depth, as shown in Fig. 7.
Several attempts to explain the self-Q-switching forma-

tion have been made and possible reasons contributing
to the self-Q-switching were proposed, such as Brillouin
scattering[25], stimulated scattering[26], Kerr lensing[27],
saturable absorption in a gain medium[28], and relaxed os-
cillation[29]. Brillouin scattering, stimulated scattering, and
Kerr lensing are closely related to the peak power of a
pulse, and typically accompany a new frequency genera-
tion. However, in our experiment, the peak power was rel-
atively low, which made it very difficult to excite Brillouin
scattering, stimulated scattering, or Kerr lensing. Further-
more, we had not observed a new frequency in the spectra.
Relaxed oscillation often occurred near the threshold, and
most lasers had irregular, undamped spikes in their pulse
trains. However, in our laser, the self-Q-switching only
occurred beyond 100 mW, and the pulse trains had nearly

equal intensity. In Ref. [14], self-Q-switching was observed
in a solid-state Nd:YVO4 laser, and it was attributed to
the re-absorption effect. We noted that the Yb:KGW
had a similar energy level when compared to Nd:YVO4.
Figure 8 shows the energy level of Yb:KGW, which was
a typical quasi-three-level structure. A number of lines
observed in the absorption and the emission spectra were
assigned to vibronic sidebands that coupled with the elec-
tronic transition between the ground state 2F7∕2 and the
excited state 2F5∕2 levels. This was because of the high
absorption and emission cross sections of the Yb:KGW
crystal, along with its useful Stark-level splitting and com-
paratively low re-absorption at the laser wavelength[2].
The saturation of the re-absorption loss resulting from
the thermal population at the lower laser level induced
self-Q-switching. Since our experimental results were sim-
ilar to those in Ref. [14], we believe the self-Q-switching
can also be attributed to the re-absorption effect of the
Yb:KGW crystal.

In conclusion, we demonstrate a diode-pumped, self-
Q-switched Yb:KGW laser near 1044 nm. The shortest
pulse width of 2.5 μs is obtained at a pump power of
13.67 W, with a repetition rate of 125 kHz. The maximum
output power is 434.4 mW at 125 kHz, corresponding to a
pulse energy of 3.48 μJ. The self-Q-switching can
be explained by the reabsorption effect of Yb:KGW
between its energy levels. This experiment presents more
evidence for self-Q-switching in solid-state lasers, and the
modulator-free oscillator can meet the demand for a cost-
effective laser source with moderate output power and
pulse energy rather than pulse width.
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Fig. 6. The pulse repetition rate as a function of the incident
pump power.
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Fig. 7. The pulse repetition rate of the self-Q-switching versus
the modulation depth.

Fig. 8. Energy level of the 2F5∕2 and 2F7∕2 manifolds of Yb3þ in
KGW.

COL 13(6), 061407(2015) CHINESE OPTICS LETTERS June 10, 2015

061407-3



3. G. Paunescu, J. Hein, and R. Sauerbrey, Appl. Phys. B, 79, 555
(2004).

4. G. R. Holtom, Opt. Lett. 31, 2719 (2006).
5. J. Li, X. Liang, J. He, and H. Lin, Chin. Opt. Lett. 9, 071406 (2011).
6. R. Paschotta, Encyclopedia of Laser Physics and Technology (Wiley-

VCH, 2008).
7. A. A. Lagatsky, A. Abdolvand, and N. V. Kuleshov, Opt. Lett. 25,

616 (2000).
8. Y. Kalisky, O. Kalisky, U. Rachum, G. Boulon, and A. Brenier, IEEE

J. Sel. Top. Quantum Electron. 13, 502 (2007).
9. V. E. Kisel, A. S. Rudenkov, N. V. Kuleshov, and A. A. Pavlyuk,

Opt. Lett. 39, 3038 (2014).
10. F. Brunner, G. J. Spühler, J. A. Au, L. Krainer, F. Morier-Genoud,

R. Paschotta, N. Lichtenstein, S. Weiss, C. Harder, A. A. Lagatsky,
A. Abdolvand, N. V. Kuleshov, and U. Keller, Opt. Lett. 25, 1119
(2000).

11. S. Pekarek, C. Fiebig, M. C. Stumpf, A. E. H. Oehler, K. Paschke, G.
Erbert, T. Sdümeyer, and U. Keller, Opt. Express. 18, 16320 (2010).

12. A.Klenner,M.Golling, andU.Keller,Opt. Express.21, 10351 (2013).
13. H. Zhao and A. Major, Opt. Express. 21, 31846 (2013).
14. P. K. Gupta, A. Singh, S. K. Sharma, P. K. Mukhopadhyay, K. S.

Bindra, and S. M. Oak, Rev. Sci. Instrum, 83, 046110 (2012).
15. M. Jiang, Q. Zhang, K. Qiu, D. Zhang, and B. Feng, Opt. Commun.

285, 3684 (2012).

16. Z. Jia, C. Yao, Z. Kang, G. Qin, Y. Ohishi, and W. Qin, J. Appl.
Phys. 115, 223103 (2014).

17. Z. B. Pan, B. Yao, H. H. Yu, H. H. Xu, Z. P. Wang, J. Y. Wang, and
H. J. Zhang, Opt. Express. 20, 2178 (2012).

18. S. C. Bai, J. Dong, and X. Zhou, IEEE Photonics Tech. Lett. 25, 848
(2013).

19. J. Xu, Y. Ji, Y. Wang, Z. You, H. Wang, and C. Tu, Opt. Express.
22, 6577 (2014).

20. E. Beyatli, A. Sennaroglu, and U. Demirbas, J. Opt. Soc. Am. B 30,
914 (2013).

21. J. J. Zayhowski and C. Dill III, Opt. Lett. 19, 1427 (1994).
22. B. Braun, F. X. Kärtner, U. Keller, J. P. Meyn, and G. Huber, Opt.

Lett. 21, 405 (1996).
23. B. Braun, F. X. Kärtner, M. Moser, G. Zhang, and U. Keller, Opt.

Lett. 22, 381 (1997).
24. S. Biswal, S. P. O’Connor, and S. R. Bowman, Appl. Phys. Lett. 89,

091911 (2006).
25. I. Freund, Appl. Phys. Lett. 12, 388 (1968).
26. A. A. Fotiadi, P. Mégret, and M. Blondel, Opt. Lett. 29, 1078

(2004).
27. B. C. Weber and A. Hirth, Opt. Commun. 128, 158 (1996).
28. A. Szabo and L. E. Erickson, IEEE J. Quantum Electron. 4, 692

(1968).
29. L. Orsila and O. G. Okhotnikov, Opt. Express. 13, 3218 (2005).

COL 13(6), 061407(2015) CHINESE OPTICS LETTERS June 10, 2015

061407-4


