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Diode-pumped acousto-optic Q-switched pulse laser at 1.5-1.6 pum is obtained in an Er®T:Yb3T:LuAl;
(BOs3)4 crystal. Single-pulse laser operation with slope efficiency of 14% and threshold of approximately
100 mW is realized at an average absorbed pump power of 314 mW and repetition frequency of 20 kHz.
Output pulse energy is 67 puJ. The effects of pulse repetition frequency, absorbed pump power, and duty
cycle on the wavelength and pulse profile of the Q-switched Er®*T:Yb3":LuAl;(BO3)4 laser are also inves-

tigated.
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@-switched pulse laser at 1.5-1.6 pym with high rep-
etition frequency has applications in numerous fields,
including range finding, lidar, and telecommunications.
Compared with passively Q-switched pulse laser, actively
@-switched laser has smaller interpulse time jittering and
more stable pulse repetition frequency (PRF)[M. There-
fore, actively @-switched pulse laser is more suitable for
several applications. Er3* and Yb3*t co-doped phosphate
glass, which at present is the most well-known 1.5-1.6-pm
gain medium[>~%, is limited by its low thermal conduc-
tivity. Thus, it is rendered ineffective in attaining the Q-
switched pulse laser with high performance. Crystalline
materials with higher thermal conductivity are appropri-
ate alternatives for the Q-switched laser operation!®.
Numerous investigations have shown that Er3*/Yb3*
co-doped borate crystals with high effective phonon
energy of approximately 1400 cm™' are one of the
ideal gain media for the 1.5-1.6-pm laser(6=12, Im-
portant spectroscopic parameters and thermal conduc-
tivities of Er®t/Yb?t co-doped LuAl3(BO3)s (LuAB),
YA13(B03)4 (YAB), YC&40(BO3)3 (YCOB), and

GdCasO(BO3)s (GACOB) crystals are listed in Table 1.
The spectroscopic parameters of Er:Yb:LuAB crystal are
similar to those of Er:Yb:YAB crystal. Except for the
shorter fluorescence lifetime of *Iy5 /2 upper lasing state
of Er®* ions, the other parameters of Er:Yb:LuAB crys-
tal are superior to those of Er3*/Yb3* co-doped YCOB
and GdCOB crystals. Furthermore, related investigation
has determined that the thermal performance of LuAB
crystal should be similar to that of YAB crystall’3l and
thus, superior to those of YCOB and GdCOB crys-
tals. At present, continuous-wave (CW) laser with
slope efficiency of up to 35% and passively mode-locked
laser with pulse duration of 3.8 ps have been realized
in Er:Yb:YAB crystals!®'.  Er:Yb:LuAB crystal has
higher optical quality and better CW laser performance
than those of the Er:Yb:YAB crystal because the radius
and mass of Lu?T ion are closest to those of Yb3* ionl7.
In this letter, actively Q-switched laser performances in
an Er:Yb:LuAB crystal are reported. Furthermore, the
relation between output laser wavelength and pulse char-
acteristic is investigated in detail.

Table 1. Important Spectroscopic Parameters and Thermal Conductivities of Er*" /Yb*" Co-doped LuAB,
YAB, YCOB, and GdCOB Crystals

Parameter LuAB!" YAB®#! YCcoBHot GdCOB!*?!

Absorption Wavelength A 976 976 976 976

FWHM at A, 19 19 3 3

Absorption Cross Section at 33 31 0.9 11

Ap (x107%0 cm?)

Gain Cross Section at Laser 0.23 0.2 0.1

Wavelength (3=0.5) (x1072° ¢cm?) (nm) 1598 1598 1545

Lifetime of I3/, Upper Lasing State 0.31 (1.1 0.32 (1.5 1.26 (2.0 1.2 (2.5

of Er*" (ms) at.-% Er*T) at.-% Er’T) at.-% Er*T) at.-% Er’T)

Thermal Conductivity (W-m™'- K1) 4.7 2.65 2.4
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Fig. 1. Experimental setup of the quasi-CW diode-pumped
acousto-optic @-switched Er:Yb:LuAB laser.

A c-cut, 0.7-mm-thick Er (1.1 at.-%):Yb (24.1 at.-
%):LuAB microchip was used as gain medium and an
end-pumped linear resonator was adopted in the exper-
iment. The experimental setup is shown in Fig. 1. A
970-nm fiber-coupled laser diode (LD) (800-pm-diameter
core) (Coherent Inc.) was used as pump source. After
passing a simple coupling lens system, the pump beam
was focused to a spot in the microchip which has a waist
diameter of approximately 290 ym. The uncoated sample
was attached to an aluminum slab with heat-conducting
adhesive. A hole at the center of the slab permits the
passing of the pump and fundamental laser beams. No
other device was used to control the cooling of the mi-
crochip. Thus, the LD was operated in the quasi-CW
mode to reduce the influence of the pump-induced ther-
mal load on the laser performance and prevent fracture
of the microchip at high pump power. The pump pulse
width was 2 ms and the pulse period was 100ms. The
o-polarized absorption coefficient of the Er:Yb:LuAB
crystal is approximately 29 cm™! at the pump wave-
length of 970 nm[”. Subsequently, approximately 85%
of incident pump power is absorbed by the microchip.
The flat input mirror (IM) achieves 90% transmission at
970 nm and 99.8% reflectivity at 1.5-1.6 ym. The trans-
mission of the output coupler (OC) with 50-mm radius
of curvature (RoC) is 1.5% at 1.5-1.6 um. The cavity
length was set near to the RoC of the OC. In order to
realize actively @-switched operation, an acousto-optic
modulator (AOM) (Gooch & Housego Co.) with an-
tireflection coated at 1.5-1.6 um and driven at 80 MHz
center frequency with 10 W of radio-frequency power
was inserted between the microchip and OC. With good
alignment of AOM, lasing can be effectively prohib-
ited when the radio-frequency signal is supplied and
Q-switching takes place when the radio-frequency signal
is switched off. The pulse profile was measured by a
2-GHz InGaAs photodiode connected to a digital oscil-
loscope with bandwidth of 1 GHz (DSO6102A, Agilent).
The laser spectrum was recorded with a monochromator
(Triax550, Jobin-Yvon) in combination with a TE-cooled
Ge detector (DSS-G025T, Jobin-Yvon).

Previous experiment has shown that higher peak power
and narrower pulse width of Q-switched laser can be
obtained when the modulator has a lower duty cycle
(DC)!9] which is defined as the ratio of the cavity open-
ing time to the cavity modulation period. Therefore,
the necessity of exploring a suitable DC of modulator
for enhancing the pulse laser performance should be the
primary consideration. The average output powers of the
Q-switched Er:Yb:LuAB laser were measured for various
DCs and PRFs of AOM. For brevity, Fig.2 only shows

the experimental result when PRF is 20 kHz. For both
the average absorbed pump powers of 314 and 196 mW,
average output power increases rapidly under low DC.
Subsequently, a tendency toward saturation is shown
with the increment of DC. Furthermore, when a high
DC was used, the cavity opening required a long period
of time such that the laser system operated in both CW
and @-switched modes. Therefore, to achieve pulse laser
with higher performance, the DC indicated by the dashed
line in Fig. 2 was adopted. The inset in Fig.2 shows
the adopted DCs at various PRFs. The values are 0.6%,
1.2%, 4%, 7%, 12%, and 15% when the PRF's are 3, 5, 10,
20, 40, and 60 kHz, respectively. For these adopted DCs,
the cavity opening time is short enough (approximately
2-4 ps). This can facilitate generation of highly efficient
@-switched pulse within the short time. In addition,
the effect of the CW-background can be neglected!!].
The PRF's used are higher than 3 kHz. This shows that
the pump durations between adjacent output pulses are
shorter than the lifetime (0.3 ms) of *I;3/5 upper las-

ing state of Er®>* ions. Under this situation, wasting of
pump energy is prevented. Furthermore, the short upper
lasing state lifetime of Er:Yb:LuAB crystal may decrease
the energy storage capability, as well as the extraction
efficiency and output pulse energy('%).

Figure 3 shows the spectra and pulse profiles of the
@-switched Er:Yb:LuAB laser for different PRFs at an
average absorbed pump power of 314 mW and corre-
sponding adopted DC. When PRF is lower than 20 kHz,
the output laser is multi-wavelength and the profile is
pulse-bunch. At PRF of 3 kHz, the width of the first
spike of the pulse-bunch is only 35 ns. When PRF is
higher than 20 kHz, the output laser is single-wavelength
and the profile is single-pulse. Furthermore, with the re-
duction of PRF, the laser output power gradually flows
from the long wavelength to the short one and the width
of the first spike becomes narrower. When PRF de-
creases, the initial population inversion density and the
gain of Q-switched laser increase'®! which causes the
blue shift of laser wavelength[™®l and the narrowing of
pulse width['”). At the same time, higher initial popula-
tion inversion density of the Q)-switched laser with lower
PRF enhances the populations on higher crystal field
levels of the *I;4 s2 multiplet. These levels correspond
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Fig. 2. Average output powers of the @Q-switched Er:Yb:Lu-
AB laser at different DCs and average absorbed pump powers
when the PRFs is 20 kHz. The inset shows the adopted DCs
in the experiment at different PRFs.
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Fig. 3. Spectra and pulse profiles of the Q-switched Er:Yb-
:LuAB laser for different PRFs at average absorbed pump
power of 314 mW and corresponding adopted DC.

to the upper sub-levels of the transitions with shorter
wavelengths['®19 Consequently, the increase of the gain
at these transitions leads to the multi-wavelength laser
oscillation!™®! where the different transition character-
istics of these lasers may cause the generation of the
pulse-bunch profilel2%,

For different PRFs at the corresponding adopted DC,
average output powers of the @-switched Er:Yb:LuAB
laser were measured. The results are shown in Fig.
4. When PRF decreases from 60 to 3 kHz at the

maximum average absorbed pump power of 314 mW, the
average output power and the slope efficiency decreases
from 29 to 10 mW and from 15.5% to 4.8%, respec-
tively. The laser threshold is approximately 100 mW.
When the quasi-CW pump light with pulse width of 2
ms and period of 100ms was taken into account, the
calculated pulse energy increases from 24.2 to 167 uJ.
At this particular phase of the pulse-bunch opera-
tion, the pulse energy is the total energy of a pulse-
bunch profilel?!. The obtained maximum energy of the
acousto-optic Q-switched Er:Yb:LuAB laser is relatively
higher than those reported previously for the acousto-
optic Q-switched Er:Yb:YAB crystal (91 1J)?%, acousto-
optic Q-switched Er:Yb:phosphate glass (12 pJ)!, and
passively Q-switched Er:Yb:GdCOB crystal (approxi-
mately 3 uJ) lasers®!. The value is comparable to that
of mechanical @-switched Er:Yb:YVO, (approximately
0.2 mJ) laser?3l. Because of the pulse-bunch operation
of @-switched Er:Yb:LuAB laser for PRF lower than
20 kHz, the peak power cannot be estimated. For the
single-pulse operation at PRF of 20 kHz, the pulse en-
ergy is 67 uJ and the peak power is approximately 362 W
according to the pulse width of 185 ns as shown in Fig. 3.
The experimental results of the acousto-optic @Q-switched
Er:Yb:LuAB laser are summarized in Table 2. It must
be pointed out that the Er:Yb:LuAB microchip used in
this work was not antireflection coated. Thus, in future
studies, antireflection coating should be deposited on the
Er:Yb:LuAB microchip. Coupled with the optimized
transmission of the OC, this can possibly achieve the
pulse with the higher output energy and efficiency.

Table 2. Experimental Results of the Acousto-optic Q-switched Er:Yb:LuAB Laser

PRF Adopted N Maxmgum Eff.lolpe Pulse EPulse Vf;u(lisil Pf’eal«:
(kHz) DC (%) verage Output iciency Profile nergy idt ower
Power (mW) (%) (ud) (ns) (W)
0.6 10 4.8 Pulse-bunch 167
1.2 15 7 Pulse-bunch 150
10 4 23 114 Pulse-bunch 115
20 7 26.6 14 Single-pulse 67 185 362
40 12 28.5 15.3 Single-pulse 36 260 138
60 15 29 15.5 Single-pulse 24.2 270 90
The effects of different absorbed pump powers and 35
DCs on the pulse characteristics of the @-switched 2 g9 SDRE=60KHz 7=155%
Er:Yb:LuAB laser were also investigated. In Fig. 5, the g :gggz;g igi zjiozé
spectra and pulse profiles of the Q-switched Er:Yb:LuAB £ 25 wPRF=10kHz #=11.4%
laser for different average absorbed pump powers at DC é 90 1 :PRF=5 kHz 77=7%O
of 0.6% when PRF is 3 kHz are shown. Figure 6 presents = PRE=31dlz  7=4.8%
the different DCs at the average absorbed pump power g 15r
of 314 mW. Figure 5 demonstrates that with the re- S 10k
duction of average absorbed pump power, the output &
power gradually flows from the short wavelength to the :>; 5¢
long one and pulse profile changes from pulse-bunch to 0 S A4 . . .
single-pulse. At the average absorbed pump power of 0 50 100 150 200 250 300 350

158 mW, single-wavelength oscillation around 1600 nm
and a single-pulse profile with width of 155 ns are ob-
tained. The same trend is also observed in the increase
of DC, as shown in Fig. 6. When DC is 80%, single-
wavelength oscillation around 1600 nm and single-pulse

Average absorbed pump power (mW)

Fig. 4. Average output power versus average absorbed pump
power of the @Q-switched Er:Yb:LuAB laser for different PRF's
at the corresponding adopted DC.
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Fig. 5. Spectra and pulse profiles of the @Q-switched

Er:Yb:LuAB laser for different average absorbed pump pow-
ers when PRFs is 3 kHz and DC is 0.6%.
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Fig. 6. Spectra and pulse profiles of the @Q-switched

Er:Yb:LuAB laser for different DCs when PRF is 3 kHz and
average absorbed pump power is 314 mW.

profile with width of 105 ns are obtained. However,
both CW and @Q-switched modes were observed in this
case. For the lower absorbed pump power and larger
DC, which implies longer cavity opening time, the real-
ization of single-wavelength laser with single-pulse profile
can also be explained by the reduction of initial popula-
tion inversion density.

In conclusion, acousto-optic @-switched pulse laser per-
formances are investigated for a c-cut, 0.7-mm-thick
Er:Yb:LuAB microchip in a diode end-pumped hemi-
spherical cavity. At the average absorbed pump power of
314 mW and PRF of 20 kHz, single-pulse laser operation
with slope efficiency of 14% and threshold of approxi-
mately 100 mW is realized with the corresponding pulse
energy of 67 uJ, pulse width of 185 ns, and peak power
of 362 W, respectively. When PRF and DC decrease and
absorbed pump power increases, the output power grad-
ually flows from the long wavelength to the short one
and pulse width decreases. Meanwhile, the generation of

pulse-bunch accompanied by the multi-wavelength oscil-
lation is observed in the @-switched laser with low PRF.
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