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1.  Introduction

High beam quality, high peak power, and short pulse width 
Cr4+:YAG passively Q-switched intracavity frequency doubled 
miniature green lasers have potential applications in underwa-
ter communication, laser display, and integrated optical sys-
tems due to their high efficiency, low cost and compactness. 
Nd3+ ions doped crystals are widely used in developing pas-
sively Q-switched lasers [1–4]. Cr,Nd:YAG crystal, combin-
ing the Nd3+ ion gain medium and Cr4+ ion saturable absorber 
into one, has been used to develop compact self-Q-switched 
laser. Efficient Cr,Nd:YAG self-Q-switched lasers have also 
been achieved with high peak power and short pulse width 
[5–8]. Besides PPLN and LBO crystals used in passively 
Q-switched intracavity frequency doubled green lasers [9, 10], 
KTP crystal is widely used in the second harmonic generation 
because of its high optical damage threshold, large acceptance 
angles and thermally stable phase-matching properties [11–
14]. Laser-diode (LD) pumping KTP intracavity frequency 
doubled Cr,Nd:YAG self-Q-switched and mode-locked green 
lasers have been demonstrated [15]. A maximum average out-
put power of 1.5 W was obtained, however the low peak power 

limited its applications. Very recently, efficient KTP intracav-
ity frequency doubled Cr,Nd:YAG self-Q-switched miniature 
green laser was demonstrated [16], average output power 
of over 1 W and optical-to-optical efficiency of 13.7% were 
achieved, and the peak power of 2 kW was obtained. However, 
the gray tracking, that is, the photochromic damage caused 
by laser in KTP crystal, has been observed in the high power 
KTP frequency doubled green lasers [17–22] and mades KTP 
extremely difficult to achieve in terms of stable and efficient 
second harmonic generation. The gray tracking of KTP crys-
tal is attributed to the two-photon process [23], or Ti3+ ions 
defects [24]. Recently, gray tracking resistance KTP (GTR-
KTP) was fabricated to enhance the intracavity frequency 
doubled green lasers. LD pumped acoustic-optic Q-switched 
intracavity GTR-KTP frequency doubled green lasers have 
been demonstrated [25–27]. Up to now, GTR-KTP intracavity 
frequency doubled passively Q-switched green laser has not 
been reported.

In this paper, a highly efficient GTR-KTP intracavity fre-
quency doubled Cr,Nd:YAG self-Q-switched green laser at 
room temperature has been demonstrated. The slope effi-
ciency of the Cr,Nd:YAG/GTR-KTP intracavity frequency 
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doubled self-Q-switched green laser (Cr,Nd:YAG/GTR-KTP 
green laser) was 21%. Average output power of 1.2 W self-Q-
switched green laser at 532 nm was obtained at the absorbed 
pump power of 7 W; the optical-to-optical efficiency was 17%. 
The peak power of 1.3 kW was achieved at the repetition rate 
of 75 kHz. The stable laser operation was achieved with less 
than 3% fluctuation of the average output power within 2 h at 
room temperature.

2.  Experiments

The schematic diagram of the LD pumped Cr,Nd:YAG/
GTR-KTP green laser is shown in figure 1. An 808 nm fiber-
coupled LD with a core diameter of 200 µm and a numeri-
cal aperture of 0.22 was employed as the pump source. Two 
focusing lenses with focal lengths of 8 mm and 11 mm respec-
tively were used to collimate and focus the pump beam. A 
3  ×   3 × 5 mm3 Cr,Nd:YAG crystal doped with 0.01 at.% Cr 
ions and 1 at.% Nd3+ ions grown by the Czochralski method 
along <1 1 1 >  direction was used as the laser gain medium. 
One surface of the Cr,Nd:YAG crystal was coated with anti-
reflection at 808 nm, and high reflection at 1064 nm and 
532 nm to act as the rear mirror of the cavity; the other sur-
face was coated with anti-reflection at 1064 nm and 532 nm 
to reduce the intracavity loss. The GTR-KTP crystal used for 
second harmonic generation was 3  ×  3 × 7 mm3, and was cut 
for type-II phase matching at 1064 nm. The surface facing the 
Cr,Nd:YAG crystal was coated for anti-reflection at 1064 nm 
and 532 nm to reduce the intracavity loss, and the other surface 
was coated with high reflection at 1064 nm and anti-reflection 
at 532 nm to act as the front laser cavity mirror. The laser was 
working at room temperature without active cooling of the 
Cr,Nd:YAG and GTR-KTP crystals. The laser emitting spec-
tra were measured with a StellarNet optical spectra analyzer 
(EPP2000C-200 μm UV-VIS). The average output power was 
measured with a Thorlabs power meter. The pulse character-
istics were monitored with a photo-diode and recorded with 
a digital oscilloscope (Tektronix TDS6604). The laser beam 
profile was measured and analyzed with a laser beam quality 
analyzer (Thorlabs BC 106-VIS).

3.  Results and discussion

Figure 2 shows the average output power of the Cr,Nd:YAG/
GTR-KTP green laser as a function of the absorbed pump 
power. The absorbed pump power was obtained by measuring 

the incident power after coupling optics, and the residual 
power after Cr,Nd:YAG crystal with no lasing condition at 
different pumping power levels. The absorption efficiency 
of Cr,Nd:YAG crystal was measured as 76%. The absorbed 
pump power threshold of the Cr,Nd:YAG/GTR-KTP green 
laser was 1.6 W. The average output power increases linearly 
with the absorbed pump power when the absorbed pump 
power threshold is satisfied. The slope efficiency was about 
21%. No rollover of the average output power was observed at 
the available pump power, therefore, the average output power 
can be further scaled when the higher pump power is applied. 
The maximum average output power of 1.2 W at 532 nm was 
obtained when the available absorbed pump power of 7 W 
was applied. The corresponding optical-to-optical efficiency 
of the green laser was measured as 17%, which is the high-
est optical-to-optical efficiency achieved in the Cr,Nd:YAG/
GTR-KTP green laser, to the best of our knowledge.

The efficient performance of the miniature green laser 
was obtained when the distance between Cr,Nd:YAG crystal 
and GTR-KTP crystal was about 1 mm, which was attributed 
to optimizing the position of the pump beam focus spot inci-
dent on the Cr,Nd:YAG crystal. Moreover, the optimization 
of the distance between Cr,Nd:YAG crystal and GTR-KTP 
crystal also contributed to the modes match between pump 
beam and laser beam inside the Cr,Nd:YAG crystal, which 
was a benefit for the efficient frequency doubled nonlinear 
conversion of GTR-KTP crystal. The long GTR-KTP crystal 
also contributed to the efficient nonlinear conversion of fre-
quency doubling in Cr,Nd:YAG self-Q-switched miniature 
green laser.

The Cr,Nd:YAG/GTR-KTP green laser runs at 532 nm for 
different pump power levels. A typical laser beam profile and 
a typical laser emitting spectrum at the absorbed pump power 
of 6.4 W are described in inset (a) and inset (b) of figure 2, 
respectively. The laser beam profile is TEM00 mode, and the 
beam quality M2 was calculated to be less than 1.5.

Figure 3 shows the pulse width and repetition rate of 
the Cr,Nd:YAG/GTR-KTP green laser as a function of the 
absorbed pump power. The pulse width increases with the 
absorbed pump power when the absorbed pump power is 
lower than 3.7 W, and the pulse width drops and then keeps 
constant when the absorbed pump power is higher than 4.2 W. 
The repetition rate rises linearly from 6.7 kHz to 75 kHz 
with the absorbed pump power. The time jitter and the pulse 
amplitude fluctuation of the pulse trains were less than 5%, 
as indicated in figure 3. The stable pulse trains were achieved 
by controlling the thicknesses of Cr,Nd:YAG and GTR-KTP 

Figure 1.  Schematic diagram of 808 nm laser-diode end-pumped GTR-KTP intracavity frequency doubled Cr,Nd:YAG self-Q-switched 
miniature green laser. f1 and f2 are focus lenses with focal lengths of 8 mm and 11 mm, respectively. BS is the beam splitter.
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crystals to modify the etalon effect for single longitudinal 
mode oscillation.

The broadening of the laser pulse width at the absorbed 
pump power less than 3.7 W was caused by the insufficient 
intracavity fundamental laser intensity and partially bleach-
ing the Cr4+ saturable absorber. Although the Gaussian-like 
pump beam diameter after the coupling optics was 200 µm 
in the experiments, only a small portion at the central pump 
area had enough inversion population for laser oscillation at 
the low pump power levels. The effective pump beam area for 
laser oscillation increases with the pump power. However, 
the intracavity fundamental laser intensity decreases owing 
to the increasing laser mode area and conversion fundamen-
tal laser into second harmonic generation with GTR-KTP 
crystal. The Cr4+ saturable absorber in Cr,Nd:YAG crystal is 
partially bleached and the nonlinear saturation effect of Cr4+  
saturable absorber is not fully explored under insufficient 
intracavity fundamental laser intensity, therefore, the pulse 
width is broadened. Because the Cr4+ saturable absorber is 
partially bleached, the stored energy is not fully extracted. 
However, the pulse energy increases with the laser beam 
area, and on the whole, the pulse energy increases with the 

absorbed pump power. When the inversion population dis-
tribution in the working area with the pump beam diameter 
of 200 µm at high pump power levels is sufficient for laser 
oscillation, the Cr4+ saturable absorber is fully bleached. 
Therefore, the pulse width is kept constant and pulse energy 
tends to be saturated.

Figure 4 shows the pulse energy and the peak power of 
the Cr,Nd:YAG/GTR-KTP green laser as a function of the 
absorbed pump power. The pulse energy increases slightly 
with the absorbed pump power when the absorbed pump 
power is higher than 2.3 W, and then tends to be saturated 
when the absorbed pump power is greater than 5.8 W. The 
intracavity laser intensity is high enough to saturate Cr4+ ions 
in Cr,Nd:YAG crystal when the absorbed pump power is larger 
than 5.8 W, meanwhile the energy stored in Cr,Nd:YAG is 
fully extracted, therefore the pulse energy keeps constant. The 
maximum pulse energy of 16 µJ was obtained at the absorbed 
pump power of 7 W. The peak power increases with the 
absorbed pump power when absorbed pump power is higher 
than 2.3 W and then tends to keep constant when the absorbed 
pump power is higher than 5.8 W. The highest peak power of 
over 1.3 kW was achieved at the absorbed pump power of 7 W.

A typical laser pulse profile of the Cr,Nd:YAG/GTR-KTP 
green laser at the absorbed pump power of 5.8 W is shown 

Figure 2.  The average output power of Cr,Nd:YAG/GTR-KTP 
intracavity frequency doubled self-Q-switched green laser versus 
the absorbed pump power. Insets (a) and (b) are the laser emitting 
spectrum and the laser beam profile, respectively.

Figure 3.  Pulse width and repetition rate of Cr,Nd:YAG/GTR-KTP 
intracavity frequency doubled self-Q-switched green laser versus 
the absorbed pump power.

Figure 4.  Pulse energy and peak power of Cr,Nd:YAG/GTR-KTP 
intracavity frequency doubled self-Q-switched green laser versus 
the absorbed pump power.

Figure 5.  Laser pulse profile with pulse width of 12.1 ns at the 
absorbed pump power of 5.8 W.
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in figure 5. The pulse width was measured to be 12.1 ns, and 
the repetition rate, pulse energy and peak power were 58 kHz, 
15 µJ and 1.2 kW, respectively.

Besides the stable laser pulse trains achieved in the 
Cr,Nd:YAG/GTR-KTP green laser by modifying the thick-
nesses of Cr,Nd:YAG and GTR-KTP crystals for single lon-
gitudinal mode oscillation, the stability of the Cr,Nd:YAG/
GTR-KTP green laser was measured by monitoring the varia-
tion of the average output power with time. When the laser was 
running at the average output power of 350 mW, the fluctuation 
of the average output power with time is shown in figure 6. 
The fluctuation of the average output power within 2 h running 
time was measured to be less than 3% at room temperature. 
The result shows that the Cr,Nd:YAG/GTR-KTP green laser 
without any active cooling system is a stable laser source.

4.  Conclusions

A highly efficient LD pumped Cr,Nd:YAG/GTR-KTP green 
laser has been demonstrated at room temperature for the first 
time. The maximum average output power of 1.2 W at 532 nm 
was achieved when absorbed pump power was 7 W. The corre-
sponding optical-to-optical efficiency was 17%. Laser pulses 
with a pulse energy of 16 µJ and peak power of 1.3 kW were 
achieved in the miniature green laser. The fluctuation of the 
average output power of the Cr,Nd:YAG/GTR-KTP green 
laser was less than 3% within 2 h at room temperature. The 
Cr,Nd:YAG/GTR-KTP green laser provides a stable minia-
ture green laser source working at room temperature without 
active cooling system for many applications such as underwa-
ter communications and laser display.

Acknowledgments

This work was supported by the National Natural Science 
Foundation of China under Grant 61275143, 61475130, the 
Program for New Century Excellent Talents in University 
(NCET-09-0669), and the Fundamental Research Funds for 
Xiamen University (201312G008).

References

	 [1]	 Zayhowski J and Dill C 1994 Diode-pumped passively 
Q-switched picosecond microchip lasers Opt. Lett.  
19 1427–9

	 [2]	 Shimony Y, Burshtein Z and Kalisky Y 1995 Cr4+:YAG as 
passive Q-switch and Brewster plate in a pulsed Nd:YAG 
laser IEEE J. Quantum Eelctron. 31 1738–41

	 [3]	 Zayhowski J J 2000 Passively Q-switched Nd:YAG  
microchip lasers and applications J. Alloys Compounds  
303 393–400

	 [4]	 Sakai H, Kan H and Taira T 2008  > 1 MW peak power single-
mode high-brightness passively Q-switched Nd3+:YAG 
microchip laser Opt. Express 16 19891–9

	 [5]	 Zhou S, Li S, Lee K and Chen Y 1993 Monolithic self-Q-
switched Cr,Nd:YAG laser Opt. Lett. 18 511–2

	 [6]	 Chen Y, Li S, Lee K and Zhou S 1993 Self-stabilized 
single-longitudinal-mode operation in a self-Q-switched 
Cr,Nd:YAG laser Opt. Lett. 18 1418–9

	 [7]	 Dong J, Deng P, Lu Y, Zhang Y, Liu Y, Xu J and Chen W 2000 
Laser-diode-pumped Cr4+,Nd3+:YAG with self-Q-switched 
laser output of 1.4 W Opt. Lett. 25 1101–3

	 [8]	 Dong J and Ueda K-I 2005 Longitudinal-mode competition 
induced instabilities of Cr4+, Nd3+:Y3Al5O12  
self-Q-switched two-mode laser Appl. Phys. Lett. 87 151102

	 [9]	 Lu J, Liu Y-H, Zhao G, Hu X-P and Zhu S-N 2012 Generating 
a 2.4 W·cw green laser by intra-cavity frequency doubling 
of a diode-pumped Nd:GdVO4 laser with a MgO:PPLN 
crystal Chin. Phys. Lett. 29 094207

	[10]	 Chang K, Hsu C, Lin S and Wei M 2012 Passively Q-switched 
intracavity frequency-doubled Nd:LuVO4/LBO green  
laser with a Cr4+:YAG saturable absorber Laser Phys.  
22 411–4

	[11]	 Chen Y 1997 Passive Q-switching of an intracavity frequency 
doubled diode-pumped Nd:YVO4/KTP green laser with 
Cr4+:YAG IEEE Photon. Technol. Lett. 9 1481–3

	[12]	 Tian W, Wang C, Wang G, Liu S and Liu J 2007 Performance 
of diode-pumped passively Q-switched mode-locking 
Nd:GdVO4/KTP green laser with Cr4+:YAG Laser Phys. 
Lett. 4 196–9

	[13]	 Yang X Q, Wang H X, Yang J F, Zhang B T and Huang H T 
2011 1.3 ns pulse, compact passively Q-switched microchip 
green laser by Nd:YAG/Cr4+:YAG composite crystal Laser 
Phys. 21 690–4

	[14]	 Zhu S Q, Wang S E, Chen Z Q, Yang Q G and Pan J 2012 
High-power passively Q-switched 532 nm green laser by 
using Nd:YAG/Cr4+:YAG composite crystal Laser Phys.  
22 1011–4

	[15]	 Du S-F, Wang S-M, Zhang D-X, Li D-H, Zhang Z-G,  
Feng B-H and Zhang S-W 2007 Green output of 1.5 W  
from a diode-pumped intracavity frequency-doubled  
self-Q-switched and mode-locked Cr,Nd:YAG laser Chin. 
Phys. Lett. 24 3149

	[16]	 Bai S, Dong J and Zhou X 2013 An efficient, watt-class intra-
cavity frequency doubled Cr,Nd:YAG/KTP miniature green 
laser IEEE Photon. Technol. Lett. 25 848–50

	[17]	 Jacco J, Rockafellow D and Teppo E 1991 Bulk-darkening 
threshold of flux-grown KTiOPO4 Opt. Lett.  
16 1307–9

	[18]	 Blachman R, Bordui P and Fejer M 1994 Laser-induced  
photochromic damage in potassium titanyl phosphate  
Appl. Phys. Lett. 64 1318–20

	[19]	 Tyminski J K 1991 Photorefractive damage in KTP  
used as second-harmonic generator J. Appl. Phys.  
70 5570–6

	[20]	 Boulanger B, Rousseau I, Feve J, Maglione M, Menaert B  
and Marnier G 1999 Optical studies of laser-induced  
gray-tracking in KTP IEEE J. Quantum Eelctron. 35 281–6

Figure 6.  Time dependent variation of the average output power for 
the Cr,Nd:YAG/GTR-KTP intracavity frequency doubled self-Q-
switched green laser.

Laser Phys. 25 (2015) 025002

http://dx.doi.org/10.1364/OL.19.001427
http://dx.doi.org/10.1364/OL.19.001427
http://dx.doi.org/10.1364/OL.19.001427
http://dx.doi.org/10.1364/OL.19.001427
http://dx.doi.org/10.1109/3.466043
http://dx.doi.org/10.1109/3.466043
http://dx.doi.org/10.1109/3.466043
http://dx.doi.org/10.1016/S0925-8388(00)00647-2
http://dx.doi.org/10.1016/S0925-8388(00)00647-2
http://dx.doi.org/10.1016/S0925-8388(00)00647-2
http://dx.doi.org/10.1016/S0925-8388(00)00647-2
http://dx.doi.org/10.1364/OE.16.019891
http://dx.doi.org/10.1364/OE.16.019891
http://dx.doi.org/10.1364/OE.16.019891
http://dx.doi.org/10.1364/OL.18.000511
http://dx.doi.org/10.1364/OL.18.000511
http://dx.doi.org/10.1364/OL.18.000511
http://dx.doi.org/10.1364/OL.18.001418
http://dx.doi.org/10.1364/OL.18.001418
http://dx.doi.org/10.1364/OL.18.001418
http://dx.doi.org/10.1364/OL.25.001101
http://dx.doi.org/10.1364/OL.25.001101
http://dx.doi.org/10.1364/OL.25.001101
http://dx.doi.org/10.1063/1.2089153
http://dx.doi.org/10.1063/1.2089153
http://dx.doi.org/10.1088/0256-307X/29/9/094207
http://dx.doi.org/10.1088/0256-307X/29/9/094207
http://dx.doi.org/10.1134/S1054660X12020041
http://dx.doi.org/10.1134/S1054660X12020041
http://dx.doi.org/10.1134/S1054660X12020041
http://dx.doi.org/10.1134/S1054660X12020041
http://dx.doi.org/10.1109/68.634715
http://dx.doi.org/10.1109/68.634715
http://dx.doi.org/10.1109/68.634715
http://dx.doi.org/10.1002/lapl.200610101
http://dx.doi.org/10.1002/lapl.200610101
http://dx.doi.org/10.1002/lapl.200610101
http://dx.doi.org/10.1134/S1054660X11070322
http://dx.doi.org/10.1134/S1054660X11070322
http://dx.doi.org/10.1134/S1054660X11070322
http://dx.doi.org/10.1134/S1054660X12060205
http://dx.doi.org/10.1134/S1054660X12060205
http://dx.doi.org/10.1134/S1054660X12060205
http://dx.doi.org/10.1134/S1054660X12060205
http://dx.doi.org/10.1088/0256-307X/24/11/036
http://dx.doi.org/10.1088/0256-307X/24/11/036
http://dx.doi.org/10.1109/LPT.2013.2252006
http://dx.doi.org/10.1109/LPT.2013.2252006
http://dx.doi.org/10.1109/LPT.2013.2252006
http://dx.doi.org/10.1364/OL.16.001307
http://dx.doi.org/10.1364/OL.16.001307
http://dx.doi.org/10.1364/OL.16.001307
http://dx.doi.org/10.1364/OL.16.001307
http://dx.doi.org/10.1063/1.111920
http://dx.doi.org/10.1063/1.111920
http://dx.doi.org/10.1063/1.111920
http://dx.doi.org/10.1063/1.350194
http://dx.doi.org/10.1063/1.350194
http://dx.doi.org/10.1063/1.350194
http://dx.doi.org/10.1063/1.350194
http://dx.doi.org/10.1109/3.748831
http://dx.doi.org/10.1109/3.748831
http://dx.doi.org/10.1109/3.748831


S Bai and J Dong﻿

5

	[21]	 Scripsick M, Loiacono D, Rottenberg J, Goellner S,  
Halliburton L and Hopkins F 1995 Defects responsible for gray 
tracks in flux-grown KTiOPO4 Appl. Phys. Lett. 66 3428–30

	[22]	 Feve J, Boulanger B, Marnier G and Albrecht H 1997 Repetition 
rate dependence of gray-tracking in KTiOPO4 during second-
harmonic generation at 532 nm Appl. Phys. Lett. 70 277–9

	[23]	 Driscoll T A, Hoffman H J, Stone R E and Perkins P E 1986 
Efficient second-harmonic generation in KTP crystals  
J. Opt. Soc. Am. B—Opt. Phys. 3 683–6

	[24]	 Loiacono G, Loiacono D, McGee T and Babb M 1992 Laser 
damage formation in KTiOPO4 and KTiOAsO4 crystals: 
grey tracks J. Appl. Phys. 72 2705–12

	[25]	 Huang H-T, Qiu G, Zhang B-T, He J-L, Yang J-F and Xu J-L 
2009 Comparative study on the intracavity frequency-
doubling 532 nm laser based on gray-tracking-resistant KTP 
and conventional KTP Appl. Opt. 48 6371–5

	[26]	 Zheng Y, Zhu H, Huang L, Chen H, Duan Y, Su R, Huang C, 
Wei Y, Zhuang J and Zhang G 2010 Efficient 532 nm laser 
using high gray-tracking resistance KTP crystal Laser Phys. 
20 756–60

	[27]	 Qiu G, Huang H, Zhang B, He J, Yang J and Xu J 2010 Highly 
efficient intracavity frequency doubling 532 nm laser based 
on the gray tracking resistance KTP crystal Laser Phys.  
20 777–80

Laser Phys. 25 (2015) 025002

http://dx.doi.org/10.1063/1.113376
http://dx.doi.org/10.1063/1.113376
http://dx.doi.org/10.1063/1.113376
http://dx.doi.org/10.1063/1.118391
http://dx.doi.org/10.1063/1.118391
http://dx.doi.org/10.1063/1.118391
http://dx.doi.org/10.1364/JOSAB.3.000683
http://dx.doi.org/10.1364/JOSAB.3.000683
http://dx.doi.org/10.1364/JOSAB.3.000683
http://dx.doi.org/10.1063/1.351520
http://dx.doi.org/10.1063/1.351520
http://dx.doi.org/10.1063/1.351520
http://dx.doi.org/10.1364/AO.48.006371
http://dx.doi.org/10.1364/AO.48.006371
http://dx.doi.org/10.1364/AO.48.006371
http://dx.doi.org/10.1134/S1054660X10070406
http://dx.doi.org/10.1134/S1054660X10070406
http://dx.doi.org/10.1134/S1054660X10070406
http://dx.doi.org/10.1134/S1054660X10070261
http://dx.doi.org/10.1134/S1054660X10070261
http://dx.doi.org/10.1134/S1054660X10070261
http://dx.doi.org/10.1134/S1054660X10070261

