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Abstract—We, for the first time, report the intracavity frequency doubling at 1030 nm in an LBO nonlinear
optical crystal, at a type-I phase-matching direction of (8, @) = (90°, 13.6°), performed with a double-LD polar-
ization coupled system. With an incident power of 2 W, the maximum output power of 5.62 mW at 515 nm was

obtained using a 2 x 2 x 10 mm? LBO crystal. The threshold was 726 mW. The optical conversion efficiency

was 0.28%.
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1. INTRODUCTION

The Diode-pumped Yb:YAG laser has attracted
attention as a high power and high efficiency laser due
to its robust properties. Yb: YAG has a long storage life-
time (951 us) [1] and a very low quantum defect
(8.6%), resulting in three times less heat generation
during lasing than Nd-based laser systems [2]. More-
over, Yb:YAG has no undesirable loss processes, such
as excited-state absorption, up conversion, and concen-
tration quenching owing to its simple electrical struc-
ture. The absorption bandwidth at 940 nm is 18 nm,
which makes it less sensitive to diode wavelength spec-
ifications. Thus, this material is highly suitable for
diode pumping.

The Yb:YAG intracavity frequency doubling is res-
onant with I, absorption lines in the 515 nm region [3,
4], some of which have five-times narrower natural line
widths than those in the 532-nm region by small Frank—
Condon factors. Thus, it is promising to establish
highly accurate frequency standards with a compact I,
cell. Another interest in the Yb:YAG laser is that the
wavelength of 515 nm matches the highest power line
of Ar-ion lasers, thereby leading to the possibility of an
Ar-ion laser and its applications being replaced by fre-
quency-doubled Yb: YAG lasers [5].

In the past decade, end-, face-, edge-, and side-
pumped systems have been demonstrated with high
efficiencies and high average output powers [5-11].
But, they all focused on 1030 nm with high-power laser
diodes. As to 2-W LD, we have not found any reports
on 515 nm in diode-pumped Yb: YAG lasers.

In this letter, type-I CPM (critical phase-matching)
LBO was used for 1030-nm intracavity frequency dou-
bling. By reasonable design, a 5.62-mW 515-nm green
laser was obtained in an end-pumped Yb:YAG laser
with a flat-concave resonator.

2. CHARACTERISTICS OF CPM LBO
FOR 1030-nm FREQUENCY DOUBLING

We have calculated some important parameters of
different CPM crystals. They are listed in Table 1. It is
shown that, although LBO has a relatively lower d.q
than KTP, its small walk-off and large acceptance
angles can make the effective work length (L) of LBO
very long for 1030-nm frequency-doubling. Based on
the formula [12]

L = 1.160/p, (D

we can calculate the length L, where  is the radius of the
fundamental wave beam through the LBO. Formula (1)
has shown that, when p is very small, lowering ® can

Table 1. Comparison of the three different CPM crystals for the 1030-515 nm conversion

Process CPM angle Walk-off angle | Acceptance,
llems CPM | (1030515 nm) | (8, ®) gt p/V o, mrad mrad m L, mm
LBO () 0+0—¢ 90°, 13.6° 0.828 8.16 7.86 14.2
LBO (II) 0+e—o 25.4°,90° 0.610 7.21 8.97 16.1
KTP (II) 0+e—o 75.6°, 90° 1.90 22.93 2.46 5.1
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Fig. 1. Schematic of an LD-pumped Yb:YAG crystal.

also have a large L. In the meantime, lowering ® can
increase the doubling efficiency by increasing the
power intensity of the fundamental wave through the
LBO. Although they have the equivalent doubling effi-
ciency on 1030 nm, in theory by employing different
lengths of two nonlinear optical crystals, the accep-
tance bandwidth in the LBO is about seven times wider
than in KTP, and the LBO crystal has a higher transmis-
sion than KTP at the wavelength of 515 nm, so we
employed a 2 X 2 x 10 mm? LBO crystal.

3. EXPERIMENTAL SETUP

The laser experimental setup is shown in Fig. 1. In
order to increase the pump intensity, a double-LD
polarization-coupled system was employed in the
experiment. The diodes were mounted on a copper
block cooled by a thermoelectric cooler (TEC). The
maximum output power of each laser diode was 2 W.
Their center wavelength is 940 nm at 23°C. Light emit-
ted from the LD was reshaped to high-quality pumping
light after going through the coupling optics and then
was focused into the laser crystal by a focus lens. The
pump-spot radius in the laser crystal is 100 um. The
coupling optics lens is not coated for 940 nm, and the
coupling efficiency is only 50%. The 2 X 2 x 10 mm?
LBO crystal was employed, both sides of which were
antireflection (AR) coated at 515/1030 nm (R < 0.2%).
The radius of curvature of the output coupler is 50 mm.
It was high reflection (HR) coated at 1030 nm (R =
99.8%), antireflection (AR) at 515 nm (7 > 95%), and
the plane face was AR coated at 1030 and 515 nm (7 >
98%). The cavity length was approximately 25 mm. In
the experiment, two types of Yb:YAG crystals were
used to study the performance of the Yb laser. Their
parameters are presented in Table 2. The Yb: YAG crys-
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Fig. 2. The output power of the green light at 515 nm as a
function of the pump power.

tal is wrapped by a thin indium foil and then attached to
the copper heat sink to obtain a good thermal contact
and stress relief.

4. RESULTS AND DISCUSSIONS

The output power of the green light at 515 nm as a
function of pump power is shown in Fig. 2. Before mea-
suring the output power, 940 and 1030 nm light were
filtered out. The results show that the threshold of the
pump power was 726 and 839 mW for a 0.5-mm-thick
Yb:YAG and 1-mm-thick Yb: YAG, respectively. When
the incident power is 2 W, 5.62 and 2.66 mW output
power at 515 nm were obtained for the two crystals.
There is no saturation appearing. Their optical conver-
sion efficiency was 0.28 and 0.13%, respectively.

In the end-pumped Yb:YAG lasers, there is reab-
sorption at the laser wavelength that is due to the popu-
lation in the lower laser level. Figure 3 shows the sche-
matic of gain and reabsorption loss. When the crystal
length increases, the fraction of the pump power
absorbed increases, but the reabsorption loss also
increases. Hence, there is an optimum crystal length
L., at which the gain is equal to the reabsorption loss
as shown in Fig. 3. For 10 at % Yb** doped YAG crystal,
the absorption coefficient oo = 10 cm™' and the absorp-
tion depth is 1.0 mm [14]. Thus, the optimum crystal
length is lower than 1.0 mm. The length of a 0.5-mm-

Table 2. Experimental parameters of the Yb: YAG crystals used in this paper

Sample Concentration of Yb, Dimension Coatin
P at % (diameter X length, mm) g
1 10 3.0x0.5 S1: HR 1030 and 515 nm; HT: 940 nm; S2: AR
1030 and 515 nm
2 10 4x1 S1: HR 1030 and 515 nm; HT: 940 nm; S2: AR
1030 and 515 nm
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Fig. 3. Schematic of the gain and reabsorption loss in
Yb:YAG.

thick Yb:YAG crystal approximates the optimum crys-
tal length. Hence, its threshold is lower and the output
power is higher than those of 1-mm-thick Yb:YAG.

5. CONCLUSIONS

In this paper, we have reported an intracavity fre-
quency doubling at 1030 nm in a nonlinear optical crys-
tal of LBO, performed with a double-LD polarization-
coupled system. According to rational phase-matching,
a CW output power at 515 nm of 5.62 mW has been
obtained with an optical conversion efficiency of 0.28%
at the incident pump power of 2 W. Highly efficient
515-nm output should be achieved by improving the
coating quality and reducing the pump beam radius on
the crystal.
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