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Abstract We report on an efficient high-power passively
Q-switched UV laser at 355 nm. We take into account the
second threshold criterion and the thermal-lensing effect to
design and realize a compact reliable passively Q-switched
Nd:YVOy, laser with Cr*T:YAG as a saturable absorber. At
an incident pump power of 16.3 W, the average output power
at 1064 nm reaches 6.2 W with a pulse width of 7 ns and a
pulse repetition rate of 56 kHz. Employing the developed
passively Q-switched laser to perform the extra-cavity har-
monic generations, the maximum average output powers at
532 nm and 355 nm are up to 2.2 W and 1.62 W, respec-
tively.

1 Introduction

In recent years, ultraviolet (UV) light sources have been
rapidly developed because they are useful in many scientific
research and industrial applications. Compared with other
UV lasers, diode-pumped all-solid-state pulsed lasers with
extra-cavity harmonic generations intrinsically possess ad-
vantages of smaller focused size, higher efficiency, longer
life time, higher stability, easier implement and smaller sys-
tem size etc. [1, 2]. Passively Q-switching of the solid-
state laser with a saturable absorber can provide a reliable
pulsed operation with the benefits of high stability, inher-
ent compactness, and low cost. As a promising saturable
absorber near the infrared region, Cr**:YAG crystal has
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been widely investigated on the passively Q-switched per-
formance thanks to its good chemical and mechanical sta-
bility, long lifetime, excellent optical quality, high damage
threshold, high thermal conductivity, and large absorption
cross section [3—11].

Nd-doped vanadate crystals are characterized by their
high absorption coefficients for diode pumping, large stimu-
lated emission cross sections, and moderate thermal conduc-
tivities that are suitable for achieving excellent laser perfor-
mance. Unfortunately, their stimulated emission cross sec-
tions at 1064 nm are too large to achieve the good pas-
sively Q-switched operations when the Cr**:YAG is used as
a saturable absorber. Several methods have been proposed to
overcome the second threshold of the passive Q-switching,
including the intra-cavity focusing obtained from the three-
element resonator [12—-14] and the employment of a c-cut
crystal as a gain medium [15-17]. However, the peak pow-
ers did not reach a critical level for efficient extra-cavity sec-
ond and third harmonic generations (SHG and THG). As a
result, high-power UV lasers at 355 nm based on passively
Q-switched Nd:YVO4/Cr**:YAG laser at 1064 nm have not
been performed so far.

In this work, we design a high-peak-power passively Q-
switched Nd:YVOy laser with Cr**:YAG as a saturable ab-
sorber for generating a high-power UV laser at 355 nm.
We theoretically analyze and experimentally realize a com-
pact passively Q-switched laser by considering the second
threshold condition and the thermal-lensing effect. At an in-
cident pump power of 16.3 W, the average output power
reaches 6.2 W with a pulse width of 7 ns and a pulse rep-
etition rate of 56 kHz. The corresponding pulse energy and
peak power are found to be as high as 111 pJ and 16 kW,
respectively. With the developed passively Q-switched laser
to perform the extra-cavity SHG and THG, the maximum
average output powers at 532 nm and 355 nm are found to
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be up to 2.2 W and 1.62 W, respectively. The optical-to-
optical conversion efficiencies from 1064 nm to 355 nm and
808 nm to 355 nm are up to 26% and 10%, respectively. To
our knowledge, this is the highest conversion efficiency for
the 355-nm UV laser generated by the passively Q-switched
Nd:YVO4/Cr**:YAG laser.

2 Cavity analysis

It is well known that the absorption saturation in the sat-
urable absorber should occur earlier than the gain saturation
in the laser crystal for good passively Q-switched operation.
The so-called second threshold condition has been analyti-
cally derived from the coupled rate equation, which can be
mathematically expressed as [12, 18]

In(1/T) Ogsa A Y i
Oga 2V
In(1/T¢) +In(1/Roc) + L 0 As

1-8

where T is the initial transmission of the saturable ab-
sorber, Roc is the reflectivity of the output coupler, L is
the nonsaturable round-trip dissipative loss of the resonator,
Ogsa 1s the ground-state absorption of the saturable absorber,
o is the emission cross section of the laser crystal, A/A;
is the ratio of the laser mode area in the laser crystal to
that in the saturable absorber, y is the population inver-
sion reduction factor, which is equals to one for the ideal
four-level laser and two for the three-level laser, and 8 =
Oesa/Ogsa 18 the ratio of the excite excited-state absorption
cross section to the ground-state absorption cross section
of the saturable absorber. With the following parameters:
To=0.7,R=0.5,L=0.03,0g =2 x 10718 cm? [11],
o =25x10""% cm?, y =1, and B = 0.06 [11], the sec-
ond threshold condition can be deduced to be A/As > 2.68
in the case of Nd:YVOy and Cr*+:YAG as a gain medium
and a saturable absorber, respectively. As a consequence, the
ratio of the laser mode radius in the laser crystal to that in the
saturable absorber needs to be larger than 1.64 for achieving
a high-quality passively Q-switched operation.

The configuration for a simple plano-concave resonator
with the thermal-lensing effect is schematically shown in
Fig. 1(a). In the present experiment, the laser crystal and
the saturable absorber are aimed to be as close as possible
to the input concave mirror and the flat output coupler, re-
spectively. An optical resonator with an internal thermal lens
between the resonator mirrors can be replaced by an empty
cavity with the equivalent g-parameters g* and the equiva-
lent cavity length L*, which are given by [19]

1 d;
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Fig. 1 (a) The configuration for a simple plano-concave cavity with
the thermal-lensing effect; (b) calculated results for the ratio of the
cavity mode size in the gain medium to that in the saturable absorber as
a function of the incident pump power for the cases of Ly = 90 mm,
80 mm, 70 mm, 60 mm, and 50 mm when the radius-of-curvature of
the input mirror is chosen to be R = 100 mm

Lj=12 i#],

1
L* = di+dy — Edldz’ 4)
tl

where fi, is the effective thermal focal length, d; and d; are
the optical path length from the center of the gain medium to
the input mirror and output coupler, R and R; are the radius
of curvature of the input mirror and output coupler. In terms
of the equivalent cavity parameters, the cavity mode radius
at the input mirror (w;) and at the output coupler (w,) are
given by [19]

AL* g} 12 it )
w; = - ) L, y=1,271 J-
' 7w \gi(l—gigs
As a result, we can calculate the variations of the cavity
mode radius w; and w; with respect to the effective ther-
mal focal length. The effective focal length of thermal lens
in the end-pumped laser crystal can be estimated with the
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Fig. 2 Schematic of the cavity
setup for a diode-pumped
passively Q-switched
Nd:YVO,/Cr*t:YAG laser

following equation [20]:

1 &P /l ae
fo wKeJo 1—e

x%[ld—n+(n— l)aTwp(Z):|dz, ©6)
w7 (2)

2dT l

where £ is the fraction of the incident pump power that re-
sults in heat, P is the incident pump power, K_ is the thermal
conductivity, « is the absorption coefficient, / is the crystal
length, w,(z) is the variation of the pump radius, dn/dT is
the thermal-optic coefficient, n is the refractive index, and
ar is the thermal expansion coefficient. With the following
parameters: & = 0.24, K. =523 W/m K, « =0.2 mm~!,
[ =12 mm, wp, =300 pm, dn/dT =3 x 107K, n=
2.1652, and oy = 4.43 x 107 K1, the effective thermal
focal length can be calculated as a function of the inci-
dent pump power. To be brief, the dependence of the ratio
w1 /w2 on the incident pump power can be generated to de-
sign and realize a high-quality passively Q-switched laser.
Figure 1(b) depicts the calculated results for the cases of
Lcay =90 mm, 80 mm, 70 mm, 60 mm and 50 mm, where
the Lcay stands for the cavity length and the other parame-
ters used in calculation are as follows: Ry = 100 mm, Ry —
00,d; = 6 mm, dy = (L¢oy — 6) mm. From the Fig. 1(b),
it is obvious that the thermal-lensing effect will make the
cavity to be unstable when the cavity length is too long;
whereas the passively Q-switched laser cannot well operate
in a high-quality state when the cavity length is too short.
Comparative speaking, we chose a resonator with L¢,, = 70
mm to simultaneously satisfy the second threshold criterion
and cavity-stability condition to realize a compact reliable
passively Q-switched laser.

Coupling lens

Laser diode

Input mirror

S Nd:YVO, o

cav

Output coupler

A
~
e

3 Experimental setup and results

The experimental setup is schematically shown in Fig. 2.
The input mirror was a concave mirror with the radius-of-
curvature of 100 mm. It was antireflection (AR) coated at
808 nm on the entrance face, and was coated at 808 nm for
high transmission as well as 1064 nm for high reflection on
the second surface. The gain medium was a 0.1 at.% a-cut
Nd:YVOyq crystal with dimensions of 3 x3 x 12 mm?>, and
it was placed as close as possible to the input mirror. Both
facets of the laser crystal were AR coated at 808 nm and
1064 nm. The Cr**:YAG saturable absorber with an initial
transmission of 70% was AR coated at 1064 nm on both
surfaces, and it was placed near to the output coupler. The
laser crystal and the saturable absorber were wrapped with
indium foils and mounted in water-cooled copper heat sinks
at 20°C. The pump source was a 18-W 808-nm fiber-coupled
laser diode with a core diameter of 600 um and a numerical
aperture of 0.2. The pump beam was re-imaged into the laser
crystal with a lens set that has the focal length of 25 mm with
a magnification of unity and the coupling efficiency of 91%.
Therefore, the maximum incident pump power in our exper-
iment is approximately 16.3 W. The flat output coupler with
50% transmission was employed during the experiment. As
designed in Sect. 2, the cavity length was set to be 70 mm
for the construction of the compact high-power passively Q-
switched laser. The pulse temporal behaviors were recorded
by a LeCroy digital oscilloscope (Wavepro 7100, 10 G sam-
ples/s, 1 GHz bandwidth) with a fast Si photodiode.

First of all, the continuous-wave operation without the
saturable absorber is studied. The average output power as
a function of the incident pump power is presented by the
red curve in Fig. 3(a). The pump threshold and the slope ef-
ficiency are determined to be 2.1 W and 62%, respectively.
At the maximum incident pump power of 16.3 W, the av-
erage output power of 8.8 W is obtained, corresponding to
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10 ' ' ' ' ' ' ' ' tion is illustrated by the green curve in Fig. 3(a). The pump
S _;_ ;‘;‘S“St:Szgugzzfcﬁizrzgg‘atmn threshold and the slope efficiency are found to be 3.3 W and
bl 8T i 47.4%, respectively. At the maximum incident pump power
% of 16.3 W, the average output power as high as 6.16 W
; or i is obtained, corresponding to the optical-to-optical conver-
& sion efficiency up to 37.8%. Figures 3(b)—(c) show the pulse
S T i width, pulse repetition rate, pulse energy, and peak power
& as a function of the incident pump power. For the incident
:>:) 27 i pump power increases from 5 W to 16.3 W, the pulse rep-
etition rate varies from 15.5 kHz to 56 kHz and the pulse
0 0 18 width changes from 20 ns to 7 ns, as shown in Fig. 3(b). Ac-
cordingly, it can be seen that the pulse energy increases from
a 27 uJ to 111 pJ and the peak power increases from 1.3 kW to
60 . . . . . . 1 16 kW when the incident pump power increases from 5 W
to 16.3 W, as revealed in Fig. 3(c). Note that the appear-
’:Fz s0b oa // 150 ance of the satellite pulses following the main Q-switched
< e N — pulse was frequently observed in the past research [21-24].
‘g 40 b S~ 116 % This phenomenon inevitably degrades the Q-switched per-
§ \ 5 formance, leading to the restriction of the maximum achiev-
= 30k . 1 i able Q-switched pulse energy and peak power. However, we
& . :;: did not observe any satellite pulses during the present exper-
% 20 F . y "~ {3 iment, indicating the validness of our cavity optimization. In
~ s gilzz f:,ﬁ;ﬁ“on e oo the following section, we will employ this compact reliable
10 A A A . . . 4 high-power passively Q-switched laser to explore the perfor-
4 6 ] 10 12 14 16 18 mance in the processes of the extra-cavity SHG and THG.
b Incident pump power at 808 nm (W)
120 ' ' ' ' ' ' 18 4 Conversion efficiencies of extra-cavity harmonic
100 —o— puie energy s generations
- @— peak power
3 112 i Here lithium triborate (LBO) crystals are exploited as non-
% 8or 1 § linear frequency converters for SHG and THG since they
5 60 | 3 have the advantages of high damage threshold, relatively
% 6 —5‘3 large acceptance angle, and small walk-off angle. One LBO
- A crystal with dimensions of 3 x 3 x 15 mm® was cut at
“wr 13 6 =90°, ¢ = 10.4° for type-I phase-matched SHG at tem-
0 oo . . . . . 0 perature of 46.6°C. Both facets of the SHG crystal were AR
4 6 8 10 12 14 16 18 coated at 1064 nm and 532 nm. Another LBO crystal with
c Incident pump power at 808 nm (W) dimensions of 3 x3 x 10 mm?> was cut at § = 44° ¢ = 90°

Fig. 3 (a) Average output powers in continuous-wave (red curve) and
passively Q-switched (green curve) operations as a function of the in-
cident pump power; (b) dependences of the pulse repetition rate (red
curve) and pulse width (green curve) on the incident pump power;
(¢) dependences of the pulse energy (red curve) and peak power (green
curve) on the incident pump power

the optical-to-optical conversion efficiency up to 54%. We
then inserted the Cr**:YAG saturable absorber into the laser
cavity to investigate the passively Q-switched performance
in detail. The dependence of the average output power on
the incident pump power in the passively Q-switched opera-
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for type-II phase-matched THG at temperature of 48°C.
Both facets of the THG crystal were AR coated at 1064 nm,
532 nm, and 355 nm. The temperatures of the SHG and THG
nonlinear crystals were monitored by thermoelectric con-
trollers with the precision of 0.1°C. Two convex lenses were
used to focus the laser beams into the SHG and THG non-
linear crystals for achieving efficient harmonic generations.
The former one with focal length of 38 mm was AR coated
at 1064 nm on both sides, the latter one with focal length
of 19 mm was AR coated at 1064 nm and 532 nm on both
sides. The optimized geometrical distances of Ly, Ly, L3
and L4 indicated in Fig. 4 were experimentally determined
to be approximately 100 mm, 50 mm, 40 mm, and 20 mm,
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respectively. The spot radii inside the SHG and THG non-
linear crystals were estimated to be about 71 pm and 38 pm,
respectively.

The dependences of the average output powers at 532 nm
and 355 nm on the incident pump power at 1064 nm are
shown in Fig. 5(a). At the maximum incident pump power
of 6.3 W at 1064 nm, the highest average output powers
at 532 nm and 355 nm reach 2.2 W and 1.62 W with a
pulse width as short as 5 ns and a pulse repetition rate of
56 kHz. Accordingly, the highest pulse energies at 532 nm
and 355 nm are found to be 39 pJ and 29 uJ. More impor-
tantly, the largest peak powers at 532 nm and 355 nm as high
as 7.8 kW and 5.8 kW are achieved. The optical-to-optical
conversion efficiencies from 1064 to 355 nm and 808 nm to
355 nm are up to 26% and 10%, respectively. With a knife-
edge method, the beam quality factors at 355 nm for orthog-
onal direction were measured to be M2 < 1.2 and M% < 1.3,
respectively. Typical temporal behaviors of the output pulses
at 355 nm are shown in Figs. 5(b)—(c) with time span of
200 ps and 50 ns, respectively. The pulse-to-pulse amplitude
fluctuation is found to be better than £3%.

Finally, it is worthwhile to mention that although the
intra-cavity focusing obtained from the three-element res-
onator can effectively enlarge the ratio of the laser mode
area in the gain medium to that in the saturable absorber
to meet the second threshold condition, it will not only
add complexities to the overall laser cavity but also re-

duce the peak power that is detrimental for efficient extra-
cavity harmonic generations. Employing a c-cut Nd:YVO4
that has smaller stimulated emission cross section is an-
other suitable way to satisfy the second threshold condi-
tion; however, the non-polarized laser output is problematic
in the processes of harmonic generations, in which the lin-
early polarized fundamental beam is usually required. Com-
parative speaking, using a simple plano-concave resonator
to construct a compact high-power passively Q-switched
Nd:YVO,/Cr*t:YAG laser with constantly linear polariza-
tion is a practical method to simultaneously satisfy the sec-
ond threshold condition and provide adequate peak power
for efficient extra-cavity harmonic generations.

5 Conclusion

In summary, we have considered the second threshold cri-
terion and the thermal-lensing effect to design a high-
peak-power passively Q-switched Nd:YVO4 laser with
Cr*t:YAG as a saturable absorber. At an incident pump
power of 16.3 W, the average output power was found to
reach 6.2 W with a pulse width of 7 ns and a pulse repe-
tition rate of 56 kHz. The corresponding pulse energy and
peak power were as high as 111 pJ and 16 kW, respectively.
We further employed the developed passively Q-switched
laser to perform the extra-cavity SHG and THG. At an in-
cident pump power of 16.3 W, the average output powers
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at 532 nm and 355 nm were found to be up to 2.2 W and
1.62 W, respectively. The optical-to-optical conversion effi-
ciencies from 1064 nm to 355 nm and 808 nm to 355 nm
were 26% and 10%, respectively. The excellent conversion
efficiency in the generation of UV light confirms the theo-
retical analysis of the cavity design.
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