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Abstract—A diode-pumped 937 nm Nd: GGG laser operating on the quasi-three-level under direct pumping
at wavelength of around 882 nm is demonstrated, and its performances are investigated. A maximum output
power of 358 mW at 937 nm was achieved at absorbed pump power of 4.8 W. The optical-to-optical conver-
sion efficiency and the slope efficiency relative to absorbed power were 7.5 and 11.2%, respectively.
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1. INTRODUCTION

Nd:GGG crysal was first fabricated by Linares with
CZ method in 1964 [1]. It has many advantages com-
pared to Nd:YAG, for example, with the conventional
growth method it can be grown with higher Nd** ion
without the considerable luminescence quenching due
to its bigger segregation coefficience (0.52) relative to
that of Nd:YAG (0.2) [2]. Nowadays, the Nd:GGG is
known for its extensive use in the solid state heat
capacity laser owing to available large size and high
optical properties [3, 4].

The quasi-three-level laser transition of Nd3* lasers
around 900 nm has many applications. For example, it
has been recognized as an effective way to realize blue
laser by intra-cavity frequency doubling. Nd:GGG
can emit 937 nm laser under the quasi-three-level
operation [5]. However, there are few reports relevant
to Nd:GGG laser so far because the *F;,, — *I;),
transition at 937 nm is difficult to obtain due to the
spectroscopic properties of the quasi-three-level such
as serious re-absorption loss and very small stimulated
emission cross section compared with the *F;,, —
*1,,, transition at 1.06 pm, and most of the operations
were under the conventional pumping at around
808 nm [6—12].

As is well known, conventional pumping at around
808 nm for the Nd3* lasers has been widely used owing
to the large-absorption cross section of the transition
*Iy/, — *F/,. But pumping at around 808 nm into the
*Fs/, level above the upper laser level F;, will generate
heat inside the laser material due to Stokes shift, quan-
tum efficiency and other parasitic effects such as
upconversion and concentration quenching, which
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will induce the thermal effect inside the laser material
and influence the laser output power and the beam
quality at least to some extent. Recently, the direct
pumping first demonstrated in 1968 [13] has received
many attentions [14—21] because of its efficient lasing
and reducing the heat about 30—40% inside laser
material compared to conventional pumping. For Nd-
doped crystals, the direct pumping has two specific
types: ground-state direct pumping and thermally
boosted pumping. The ground-state direct pumping
corresponds to the transition from the first Stark sub-
level Z1 of the ground manifold */,,, of Nd** to the
upper laser level; thermally boosted pumping corre-
sponds to the transition from the second Stark sublevel
72 of the ground manifold */, /> to the upper laser level
[22, 23]. In this paper, we present the successful oper-
ation of 937 nm Nd:GGG laser under thermally
boosted pumping at the wavelength of about 882 nm
for the first time to the best of our knowledge; the out-
put power of 358 mW at 937 nm is obtained under an
absorbed pump power of 4.8 W, the optical-to-optical
conversion efficiency and slope efficiency relative to
absorbed power are 7.5 and 11.2%, respectively.

2. EXPERIMENTAL SETUP

The experimental layout of a simple linear resona-
tor is shown in Fig. 1. The pump source was a high-
brightness fiber-coupled diode laser with a fiber core
diameter of 400 um and numerical aperture of 0.22.
The central wavelength of the pump source was
885 nm. A 2:1 coupling system was used to inject the
pump laser beam into the Nd:GGG crystal.

The absorption spectrum of the Nd:GGG crystal
with Nd3* concentrations of 0.5 at % in the region of
780—900 nm were measured as shown in Fig. 2. From
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Fig. 1. Setup of the diode-pumped 937 nm Nd:GGG laser under direct pumping.
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Fig. 2. Absorption spectrum of Nd:GGG crystals.
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Fig. 3. Energy level diagram of Nd: GGG at room temperature.

Fig. 2 we can see that the Nd:GGG has an absorption

peak at around 882 nm besides 808 nm. Figure

energy level diagram of Nd:GGG. Comparing Fig. 3
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with Fig. 2, we can find that 882 nm just corresponds
to the transition Z2 — R1 of Nd**. Thus, on one
hand, in order to improve the efficiency of the pump
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Fig. 4. Pump wavelength of the pump source under different pump powers with the temperature of the LD at 15°C.
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Fig. 5. Spectrum of the diode-pumped Nd:GGG laser at 937 nm.

power, we tried to set the pump wavelength near to
882 nm by deduce the temperature of the LD. On the
other hand, in order to avoid the damage of LD, we
kept the temperature at 15°C. The dependence of
pump wavelength on the pump power is shown in
Fig. 4.

We totally used 3 Nd:GGG crystals in our experi-
ment, one 0.5 at % doping with dimensions of 3 x 3 x
2011
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5 mm?; two 1.0 at % doping with sizes of ¢ 5 x 5 and
¢ 5 x 7 mm?, respectively. To keep a stable and efficient
output, the Nd:GGG crystals were mounted in a
water-cooled heat sink. To decrease the loss in the cav-
ity and prevent parasitic oscillations in the Nd:GGG
crystal, both sides of the Nd:GGG crystals were
coated for antireflection (AR) at 882, 937 nm, 1.06
and 1.34 um wavelengths. Flat mirror M1 served as an
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Fig. 6. Output power of the 937 nm laser versus the
absorbed pump power with temperature of 10°C for differ-
ent Nd:GGG crystals.

input coupler, which has high reflection (HR) coating
at 937 nm and high transmission (HT) coating at 882
nm, 1.06 and 1.34 pum. M2 was a concave mirror with
curvature radius of 80 mm and transmission of 3.2% at
937 nm.

3. EXPERIMENTAL RESULTS
AND DISCUSSIONS

The output spectrum of the laser is shown in Fig. 5,
where only one emission peak at 937 nm is presented
and it is implying that the four-level laser transition is
prevented effectively.

The output power of the 937 nm laser versus the
absorbed pump power at 10°C for different Nd:GGG
crystals is shown in Fig. 6. From Fig. 6 we can see that
better result was obtained for the 0.5 at % Nd-doped
Nd:GGG crystal with dimensions of 3 x 3 x 5 mm?,
for which the laser threshold (relative to absorbed
power) was 1.6 W. The maximum output power was
358 mW at the absorbed pump power of 4.8 W, the
optical-to-optical conversion efficiency and slope
efficiency (relative to absorbed power) were 7.5 and
11.2%, respectively. The optical-to-optical conversion
efficiency and slope efficiency (relative to absorbed
power) were not very high in our experiment which
could be caused by several reasons. Firstly, the relative
absorption intensity at about 882 nm of the Nd:GGG
crystal was smaller than that at 808 nm, as shown in
Fig. 2 obviously. In addition though we tried to realize
the matching of the pump wavelength and the absorp-
tion wavelength of the Nd:GGG crystal by reducing
the temperature of the LD to 15°C, from Fig. 4 we can
see that the deviation still existed, i.e., the central
wavelength of the pump source departed about 2 nm
from the central wavelength (882 nm) of the absorp-

Fig. 7. (a) Beam quality of the 937 nm emission at the out-
put power of 358 mW. (b) Laser beam profile at the output
power of 358 mW.

tion bands of the Nd:GGG crystal at higher pump
power. It was unfavorable for the utilization of the inci-
dent pump power and result in the low efficiency. Sec-
ondly, the 937 nm laser emission belongs to the quasi-
three-level laser transition. The lower laser level is in
the thermally populated ground state which will lead
to a significant re-absorption loss at room tempera-
ture. Thirdly, the output is related with many parame-
ters of the cavity such as the length of the cavity, the
transmission and the curvature radius of M2.
Restricted by available experimental condition at
hand the highest output power we got was just that can
be optimized at existing condition. By improving
experimental conditions better result is hopeful.

The beam quality of the 937 nm laser at output
power of 358 mW was measured by using an M? factor
measurement. According to the measured data the fit-
ted result is shown in Fig. 7a, from which we can see
that the laser was oscillated in the fundamental trans-
verse mode. The value of the M? was about 1.1. Typical
beam profile was also measured and which is shown in
Fig. 7b, and it can be seen that the laser intensity dis-
tribution was very symmetrical.
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4. CONCLUSIONS

In conclusion, we have realized the successful
operation of the 937 nm laser under direct pumping.
Output power of 358 mW was obtained under absorbed
pump laser of 4.8 W. The optical-to-optical conver-
sion efficiency and slope efficiency (relative to
absorbed power) were 7.5 and 11.2%, respectively.
Better result will be obtained with optimizing experi-
ment condition.

ACKNOWLEDGMENTS

We gratefully acknowledge the financial support by
the National Natural Science Foundation of China
(60878015, 10874237), the Grand for State Key Pro-
gram of China (no. 2007CB815104) and the Chinese
Universities Scientific Fund (no. 15050104).

REFERENCES

1. R. C. Linares, Solid State Commun. 2, 229 (1964).

2. V. Lupei, A. Lupei, N. Pavel, T. Taira, and A. Ikesue,
Appl. Phys. B 73, 757 (2001).

3. R. Mahajan, A. L. Shah, S. Pal, and A. Kumar, Opt.
Laser Technol. 39, 1406 (2007).

4. K. Yoshida, H. Yoshida, and Y. Kato, IEEE J. Quantum
Electron. 24, 1188 (1988).

5. K. N. He, C.Q. Gao, Z.Y. Wei, Z. G. Zhang, H. H. Jiang,
S. T Yin, and Q. L. Zhang, Chin. Phys. Lett. 26,
094202 (2009).

6. T. T. Basiev, A. V. Fedin, V. V. Osiko, and A. V. Ruley,
Laser Phys. 11, 807 (2001).

LASER PHYSICS Vol. 21 No. 10 2011

1749

7. C. H. Zuo, B. T. Zhang, J. L. He, X. L. Dong,
K. J. Yang, H. T. Huang, J. L. Xu, S. Zhao, C. M. Dong,
and X. T. Tao, Laser Phys. Lett. 5, 719 (2008).

8. L.J. Qin, D. Y. Tang, G. Q. Xie, H. Luo, C. M. Dong,
Z. T Jia, and X. T. Tao, Laser Phys. 18, 719 (2008).

9. C. H. Zuo, B. T Zhang, J. L. He, H. T. Huang,
X.L.Dong, J. L. Xu, Z. T. Jia, C. M. Dong, and
X. T. Tao, Laser Phys. Lett. 5, 582 (2008).

10. L.J. Qin, D.Y. Tang, G. Q. Xie, C. M. Dong, Z. T Jia,
and X. T. Tao, Laser Phys. Lett. 5, 100 (2008).

11. Z. Y. Li, H. T. Huang, J. L. He, B. T. Zhang, and
J. L. Xu, Laser Phys. 20, 1302 (2010).

12. C.H. Zuo, B.T. Zhang, Y. B. Liu, J. L. He, H. T. Huang,
J. E Yang, and J. L. Xu, Laser Phys. 20, 1717 (2010).

13. M. Ross, Proc. IEEE 56, 196 (1968).

14. W. Liang, X. H. Zhang, Z. L. Liang, Y. Q. Liu, and
Z. Liang, Laser Phys. 21, 320 (2011).

15. Y. E Li, X. H. Fu, W. B. Cheng, J. Xia, J. E. Chen, and
Z. T Liu, Laser Phys. 20, 1877 (2010).

16. Sh. Han, W. Han, X. Tian, J. Liu, H. Yu, and H. Zhang,
Laser Phys. 20, 1868 (2010).

17. J. Gao, X. Yu, B. Wei, and X. D. Wu, Laser Phys. 20,
1590 (2010).

18. Y. E Lii, X. H. Zhang, J. E Chen, G. C. Sun, and
Z. M. Zhao, Laser Phys. Lett. 7, 699 (2010).

19. Y. E Li, J. Xia, and X. H. Zhang, Laser Phys. Lett. 7,
120 (2010).

20. Y. E Li, X. D. Yin, J. Xia, R. G. Wang, and D. Wang,
Laser Phys. Lett. 7, 25 (2010).

21. Y. E Li, X. H. Zhang, J. Xia, A. E Zhang, X. D. Yin,
and L. Bao, Laser Phys. Lett. 6, 796 (2009).

22. R. Lavi, S. Jackel, Y. Tzuk, M. Winik, E. Lebiush,
M. Katz, and I. Paiss, Appl. Opt. 38, 7382 (1999).

23. R. Lavi and S. Jackel, Appl. Opt. 39, 3093 (2000).



