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ABSTRACT

The optical properties of Yh:YAG ceramic doped with different Yb concentrations are presented. The absorption
coefficient at peak absorption wavelength of 940 nm increases linearly with Yb concentration in Yb:YAG ceramics.
Low-threshold and highly-efficient continuous-wave (cw) laser-diode end-pumped Yhb:YAG microchip ceramic laser
with near-diffraction-limited beam quality was demonstrated a room temperature. Sope efficiencies of 79%, 67% and
optical-to-optical efficiency of 60%, 53% at 1030 nm and 1049 nm, respectively were achieved for 1-mm-thick Yh:YAG
ceramic plate (Cyp = 9.8 at.%) under cw laser-diode pumping. Dual-wavel ength operation at 1030 nm and 1049 nm with
5% transmission of the output coupler was achieved by varying pump power intensity. 1049 nm laser operation was
automatically obtained by using 5% transmission output coupler when absorbed pump power is higher than 1 W. The
|asers operate in multi-longitudinal-mode; the effect of pump power on the laser emission spectra for both wavelengthsis
addressed. The laser wavelength around 1030 nm shifts to short wavelength at low pump power region and then to red
with increase of the absorbed pump power, while the laser wavelength around 1049 nm does not change with the pump
power. Excdlent laser performance indicates Yb:YAG ceramic laser materials could be potentially used in high-power
solid-state lasers operating a 1030 nm, 1049 nm, or both wavelengths simultaneoudy. Laser-diode pumped low-
threshold and highly-efficient passively Q-switched Yb:YAG ceramic microchip laser with Cr*:YAG ceramic as
saturable absorber has aso been demonstrated. The dope efficiency is as high as 37%, and the optical-to-optical
efficiency is as high as 29% for 89% initial transmission of Cr*:YAG ceramic. The pulse width of 380 ps and peak
power of over 82 kW a repetition rate of 12.4 kHz was obtained. Single-longitudinal-mode oscillation and wide-
separated multi-longitudinal-mode oscillation due to etalon effect of Cr**: Y AG thin plate was achieved depending on the
pump power level.

Keywords. Yb:YAG, ceramic lasers, microchip laser, dual-wavelength operation, laser-diode pumping, multi-
longitudinal -mode oscillation, Q-switched

1. INTRODUCTION

Ceramic laser materials [1-3] fabricated by the vacuum sintering technique and nanocrystalline technology [4] have
gained more attentions as potential solid-state laser materials in recent years because they have several remarkable
advantages compared with single crystal laser materials, such as high concentration and easy fabrication of large-size
ceramics samples, multilayer and multifunctional ceramics laser materias [5], low cost and mass production. Efficient
and high power laser operation in Nd** doped yttrium aluminum garnet (Y3AlsOp of YAG) and Yb* doped Y,Os
ceramic lasers has been demonstrated [1, 6]. The investigation of Yb** doped materials has gained a lot of attention
because ytterbium lasers have severa advantages over Nd** doped materialss, such as absence of the cross relaxation,
excited-state absorption, low thermal loading, broad absorption band, long fluorescence lifetime, high quantum
efficiency, and so on. YAG is an attractive laser host material because of its excelent thermal, chemical and mechanical
properties. Yb:YAG has been a promising candidate for high-power laser-diode (LD) pumped solid-state lasers [7, 8].
However, there are defects such as cores, light-scattering particles and concentration gradient along the growth axis in
Yh:YAG crystals grown from the melt by Czochralski (CZ) and other methods. Nanocrystalline ceramic technology will
be a more promising method to obtain large-size, high-optical-qudity Yb:YAG ceramic laser material. The fabrication
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and laser operation of Yh:YAG ceramics doped with 1 at.% Yb* ions have been reported [9], but the efficiency of such
Yh:YAG ceramic laser is low owing to the low ytterbium concentration. The quasi-four-level laser system of Yb:YAG
requires high pumping intensity to achieve highly efficient laser operation. Thin Yb:YAG gain medium with high doping
activator concentration will be more favorable for thermal management. Recently efficient Yb:YAG ceramic laser has
been reported [10]. Passively Q-switched Yb:YAG laser with Cr*":YAG as saturable absorber was first demonstrated by
using Ti:sapphire laser as pump source [11]. Passively Q-switched Yh:Y AG microchip laser with 530 ps pulse width has
been obtained by using SESAM [12]. Recently, laser-diode pumped Cr,Yb:Y AG microchip laser with pulse width of 440
ps, peak power over 53 kW has been demonstrated [13], however, owing to co-doping of chromium ions with Yb into
YAG host, the fluorescence lifetime decreases and there is absorption of pump power by Cr**, the efficiency of such
compact microchip laser is low (18.5% dope efficiency and 10% optical-to-optical efficiency). Sandwiched
configuration of gain medium and saturable absorber should be an aternative way to achieve highly efficient laser
operation with short pulse width. Short resonator cavity length will permit short pulse operation, separation of gain
medium and saturable absorber will eliminate the defects introducing in Cr,Yb:YAG, Cr**:YAG only act as a saturable
absorber, not an additional loss to pump power. The performance of passively Q-switched Yb:YAG ceramic laser with
Cr*:YAG ceramic as saturable absorber has been reported recently [14]. In this paper, we report on the spectral
properties of high ytterbium doped YAG ceramic and highly efficient laser performance of LD-pumped microchip
ceramic lasers at 1030 nm and 1049 nm, and passively Q-switched al ceramic Yb:YAG/Cr:Y AG microchip laser. The
dope efficiency is as high as 79% and the optica-to-optical efficiency is over 60%, even when the laser is working at
room temperature without active cooling system, just using conduction cooling through the copper sample holder. The
results show that YsAlsOp, ceramics doped with 9.8 at.% Yb® ions have excellent optical quaity. The laser
characteristics (output power and laser spectrum) under different output couplings are investigated as a function of the
pump power. We aso investigate the performance of al ceramics Yb:YAG/Cr:YAG microchip laser, the laser pulses
with pulse energy of 31.3 nJ, pulse width of 380 ps at repetition rate of 12.4 kHz were obtained when the absorbed pump
power was 1.3 W, the corresponding peak power of over 82 kW was obtained in this all-ceramics passively Q-switched
Yh:YAG laser with Cr:YAG ceramic as saturable absorber. The pulse characteristics of this all-ceramics passivey Q-
switched Yh:YAG/Cr:YAG microchip laser were investigated in details as a function of the pump power. Also the laser
radiation spectra were addressed as a function of the absorbed pump power.

Optical coupling ~ Output coupler

system
940 nm /«I
laser diode YbhYAG

Fig. 1 Schematic diagram of |aser-diode pumped microchip Yb:Y AG ceramic laser.

2. EXPERIMENTS

The absorption spectra of Yb:YAG ceramics doped with 9.8, 12 and 20 at.% Yb*" ions concentrations are measured by
using ANDO white light source and emission spectrum of these Yb:YAG ceramics are also measured by using 940 nm
|aser-diode as pump source and the emission signal was detected with an optical spectrum analyzer at room temperature.
The laser experiment was carried out with a plane-paralld, 1-mm-thick Yb:YAG ceramic plate (Cyp = 9.8 at.%) as gain
medium. The schematic diagram of experimental setup is shown in Fig. 1. One surface of the Yb:YAG ceramic plate is
anti-reflection-coated at 940 nm and highly reflecting at 1030 nm to act as a cavity mirror of the laser. The other surface
of the Yb:YAG is anti-reflection-coated at 1030 nm to reduce the cavity loss. Four plane-parallel mirrors were used as
output couplers with different transmissions of 5%, 10%, 15% and 20% at 1.03 um. The overall cavity length was about
1 mm. A 35-W fiber-coupled 940 nm LD with a core diameter of 100 #m and numerical aperture of 0.22 was used as the
pump source. Two lenses of 8 mm focal length were used to focus the pump beam on the ceramic rear surface and to
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produce a pump light footprint in the ceramics of about 100 #m in diameter. About 95% of the total pumping power is
incident on the Yh:YAG ceramic plate after the coupling optics. The Yh:YAG laser was operated at room temperature
without active cooling of the active element.

3. RESULTSAND DISCUSSIONS
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Fig. 2 Absorption coefficient (solid lines) and effective emission cross section (dotted line) of YAG ceramics doped with
different Yb* ion concentrations at room temperature. The inset shows the variation of the absorption coefficient asa
function of ytterbium doping concentration for Yb:Y AG ceramics.
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Fig. 3 Output power as afunction of the absorbed pump power for different transmissions of the output coupler. (a)
Transition from 1030 nm to 1049 nm oscillation with increase of pump power for Ty = 5%, |, 1030 nm oscillation, I,
dual-wavelength oscillation at 2030 nm and 1049 nm, I11, 1049 nm oscillation; (b) 1030 nm oscillation for T, = 10%,
15% and 20%, respectively. The solid lines are the linear fitting for T,. = 5% and 10%, respectively.
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Fig. 2 shows the room temperature absorption and emission spectra of Yh:YAG ceramics contain 9.8, 12 and 20 at.% of
ytterbium activators. The absorption and emission spectra of Yh:YAG ceramics are identical to those of Yb:YAG single
crystals [15]. The peak absorption coefficient at 940 nm increases linearly with Yb activator concentration, as shown in
inset of Fig. 1. Two main emission peaks are centered at 1030 nm and 1049 nm, the effective peak emission cross section
(2.2x10%° cm?) at 1030 nm is about 6 times of that at 1049 nm.

The laser output power of microchip Yb:YAG ceramic lasers as a function of the absorbed pump power for different
output couplersis shown in Fig. 3. The absorbed pump power threshold increases from 82 mwW to 240 mW when the
transmission of the output coupler (Too) increases from 5% to 20%. The output power increases linearly with the
absorbed pump power when the pump power is well above the pump power threshold, which isthe nature of quasi-four-
level system, the high efficiency can be achieved by using high pump power intensity. The maximum output power was
achieved with Ty, = 10%. Output power of 1.73 W was measured when the absorbed pump power was 2.87 W, and the
slope efficiency was about 79%, the optical-to-optical efficiency isas high as60% for T,. = 10%. To our best knowledge,
the slope efficiency of 79% and optical-to-optical efficiency of 60% are the highest dope efficiency and optical-to-
optical efficiency achieved even in LD-pumped Yb:YAG ceramic microchip laser a room temperature just cooling the
Yh:YAG sample by air. The measured dope efficiencies are 67%, 75% and 64% for T,. = 5%, 15% and 20%,
respectively. For T,. = 5%, the laser operates a 1030 nm when the absorbed pump power is above pump power
threshold and kept lower than 0.8 W; the laser oscillates at 1030 nm and 1049 nm simultaneously when the absorbed
pump power is from 0.8 W to 1 W. The intensity of laser at 1030 nm decreases and intendty of laser at 1049 nm
increases with absorbed pump power. The ceramic laser oscillates at 1049 nm when the absorbed pump power is higher
than 1 W. The cause of the change of laser wavelength and dual-wavel ength operation for Yb:YAG ceramic laser with
Toc = 5% is attributed to the quasi-four level nature of Yb:YAG material and the local temperature rise due to the hest
generated at high pump power. The local temperatureriseinside Yb:YAG gain medium has a great effect on the thermal
population distribution of terminated laser level for 1030 nm, therefore the reabsorption around the strong emission peak
of 1030 nm will increase, the threshold for 1030 nm oscillation will increase, however, the local temperature rise has
little effect on the reabsorption loss around the weak emission peak of 1049 nm for Yb:Y AG ceramics, there is a tradeoff
between 1030 nm and 1049 nm oscillations. With further increase of the local temperature, the laser prefers to oscillate
at 1049 nm than at 1030 nm with T,. = 5%. Thelasers oscillate at 1030 nm when the transmission of the output coupler
is 10% or higher. The round-trip cavity loss, L, was estimated to be less than 5% from the measured values of the pump

power threshold for different transmission of the output couplers according to the formula[16], —In R=2KPR,, — L,

where R is the reflectivity of the output coupler, Py, is the pump power threshold and K is the pumping coefficient
defined asthe product of all the coefficients that lead to the population of the upper laser date.

The laser output beam profile was monitored using a charge coupled device camera both in the near field and the far
field of the output coupler. The output laser transverse intendty profile was close to fundamenta transverse
electromagnetic mode in all the pump power range. The near-diffraction-limited beam quality M? of less than 1.1 for
microchip Yb:YAG ceramic lasers was achieved.

The microchip Yb:YAG ceramic laser spectrum was analyzed by using an ANDO AQ6317 optical spectrum anayzer.
The laser spectra of these lasers indicate several longitudina modes oscillate simultaneoudly (around 1049 nm for Ty =
5% when absorbed pump power is higher than 0.8 W and around 1030 nm when T is 10%, 15% and 20%, respectively).
For T, = 5%, four longitudinad modes oscillate at 1030 nm when the pump power is just over threshold, while six
longitudinal modes oscillate with further increase of the pump power when absorbed pump power is kept lower than 0.8
W, as shown in Fig. 4(a). Dua-wavelength oscillation of Yb:YAG ceramic laser was observed when the absorbed pump
power was kept between 0.8 W and 1 W, the intensity and number of longitudinad modes at 1030 nm decrease and
number of longitudinal modes around 1049 nm increases with increase of the pump intensity. Thelaser spectra show that
Ybh:YAG ceramic laser oscillates around 1049 nm when the absorbed pump power isabove 1 W. The longitudina modes
around 1049 nm increase with absorbed pump power (as shown in Fig. 4(a)). The separation of two close longitudina
modes is measured to be 0.3 nm. The longitudinal mode structures are different from those with equa spacing around
1030 nm (see Fig. 4(b)). The wide separation between longitudina modes clearly shows that there is strong mode hoping
and mode-competition between longitudina modes around 1049 nm. This may be caused by flatter emission spectra
around 1049 nm than around 1030 nm for Yh:YAG ceramics (as shown in Fig. 1) and the gain distribution aong the
Fabry-Perot resonator. For To. = 10%, the number of oscillating longitudinal modes was found to increase from three,
just above threshold, to seven at higher pump power, as shown in Fig. 4(b). The separation of each longitudina mode
under different pump power was about 0.29 nm. The separation of the longitudinal modes in alaser cavity was given by
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/12
[16] AA = ——, where L. isthe optica length of the resonator. For 1-mm-thick Yb:YAG planar-parallel gain medium

C

studied here, AL was calculated to be 0.2915 nm, 0.302 nm with the laser wavelength of 1030 nm and 1049 nm,
respectively, which were in good agreement with the experimental data. The linewidth at each mode was measured to be
less than 5.7 GHz, i.e. the resolution limit of the instrument. The laser wavelengths around 1049 nm laser emission
spectra nearly does not change with the absorbed pump power for T, = 5%, however, for T, is 10% or higher, the laser
emission spectrum (around 1030 nm) shifts to the shorter wavel ength when absorbed pump power islower than 1 W and
then shifts to the longer wave ength with the absorbed pump power when the absorbed pump power is higher than 1 W.
The short wavlength shift of the laser lines around 1030 nm is caused by the strong gain at short wavelength of Yb:YAG
ceramics, the effect of local temperaturerise on thered shift of emission spectrum of Yb:YAG ceramicsis not enough to
compete the gain at short wavelength at low pump power. The red shift of the laser lines around 1030 nm at high pump
power (> 1 W) is caused by the emission spectrum of Yb:YAG shifts to longer wavelength with increase of the
temperature [15, 17] due to more heat generated ins de the gain medium with the pump power. For 1049 nm oscillation,
although the emission spectrum of Yb:YAG gain medium at 1049 nm shifts to longer wavel ength with temperature, the
emission spectrum around 1049 nm is flatter than that around 1030 nm. The effect of the temperature on the gain at 1049
nm is smaller than that at 1030 nm, therefore, the laser wavel engths around 1049 nm are nearly independent on the pump
power.
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Fig. 4 Laser spectraof Yb:Y AG ceramic lasers under different pump power levelsfor (a) Toc = 5% and (b) Ty = 10%.

4. PASSIVELY Q-SWITCHED ALL CERAMIC YB:YAG/CR:YAG MICROCHIP LASER

Fig. 5 shows the absorption spectrum of Cr:YAG ceramic doped with 0.5 at% Cr at room temperature, the absorption
and emission spectra of Yb:YAG ceramics contain 9.8 at.% of ytterbium activators are aso included in this figure for
comparison. The absorption spectrum of Cr**:Y AG ceramic isidentical to those from Cr*":YAG single crystal previously
reported [18, 19]. The absorption band centered a 612 nm (from 570 nm to 750 nm) belongs to the *B;(*A,) —
3A,,°E(%T,) transitions of Cr**. The absorption band centered at 1030 nm (from 750 nm to 1200 nm) is due mainly to the
B1(PA,) — 2AL(°T,) transition and merely to the *B;(°A,) — °E(%T,) transition of Cr*". The absorption coefficients of
Cr*:YAG a 940 nm and 1030 nm are 4.2 cm™and 6 cm™, respectively. The main absorption peak of Yb:YAG is
centered at 940 nm, the main emission peak is centered at 1030 nm. There is a strong absorption a 940 nm of Cr**:YAG,
about 70% of that at 1030 nm, therefore, Cr** ions in YAG acts not only as saturable absorber at laser wavelength at
1030 nm, but also absorb the pump power, the waste of the pump power by Cr*" ions in Cr,Yb:YAG can not be
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neglected. The best way is to separate Yb:YAG and Cr:YAG, thus, composite Yb:Y AG/Cr**:Y AG ceramic will be better
than co-doped Cr,Yb:YAG self-Q-switched laser crystal or ceramic.
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Fig. 5 The absorption spectrum of Cr*":Y AG ceramic doped with 0.5 at.% Cr at room temperature and the absorption and
emission spectra of Yh:YAG ceramic doped with 9.8 a.% Yb.

Fig. 6 shows a schematic diagram of experimenta setup for passively Q-switched Yb:YAG ceramic microchip laser with
Cr*":YAG ceramic as saturable absorber. A plane-paralel, 1-mm-thick Yb:YAG ceramic doped with 9.8 at.% Yb as gain
medium. One surface of the ceramic was coated for anti-reflection at 940 nm and total reflection at 1.03 um acting as
one cavity mirror. The other surface was coated for high transmission a 1.03 um. A 0.2-mm-thick Cr*:YAG ceramic
with 89% initid transmission, acting as Q-switches, was sandwiched between Yh:YAG sample and a plane-paralld
output coupler with 20% transmission. Totd cavity length was 1.2 mm. A high-power fiber-coupled 940 nm laser diode
with a core diameter of 100 #m and numerical aperture of 0.22 was used as the pump source. Two lenses of 8-mm focal
length were used to focus the pump beam on the crystal rear surface and to produce a pump light footprint in the crystal
of about 100 um in diameter. The laser was operated a room temperature. The Q-switched pulse profiles were recorded
by using a fiber-coupled InGaAs photodiode with a bandwidth of 16 GHz, and a 7 GHz Tektronix TDS7704B digital
phosphor oscilloscope. The laser spectrum was analyzed by using an optica spectrum anayzer. The laser output beam
profile was monitored using a CCD camera both in the near-field and the far-field of the output coupler.

Optical coupling Output coupler
system

940 nm
laser diode YO:YAG cr**YAG

Fig. 6 A schematic diagram of | aser-diode pumped passively Q-switched Yb:Y AG ceramic microchip laser using Cr*":Y AG
ceramic as saturable absorber.

Average output power as a function of absorbed pump power and some laser spectra were shown in Fig. 7. The absorbed
pump power threshold is about 0.25 W. Single-longitudinal-mode oscillation at 1030.4 nm was obtained when the
absorbed pump power was kept below 0.6 W. Above this vaue, the laser exhibited two-mode oscillation and three-mode
oscillation as shown in theinset of Fig. 7. Average output power increases linearly with absorbed pump power, the slope
efficiency is about 37%. Maximum average output power of 390 mW was obtained when the absorbed pump power was
1.33 W, corresponding to optical-to-optical efficiency of 29%. There is coating damage occurrence with further increase
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of the pump power. The coating damage was caused by the high intracavity intensity and low damage threshold of the
coating, which can be avoided by improving the coating quality or increase of the transmission of the output coupler to
reduce the intracavity laser intensity. Single-longitudinal-mode oscillation at 1030.4 nm was obtained when the absorbed
pump power was kept below 0.6 W. Above this vaue, the laser exhibited two-mode oscillation when the absorbed pump
power was kept below 0.9 W. A third-mode appeared besides the first-mode when the absorbed pump power was higher
than 0.9 W. The separation between first-mode and second-mode was measured to be 1.24 nm, which is five times wider
than the separation between the longitudina modes (0.24 nm) in the laser cavity filled with gain medium predicted by

[16] A/ic = /12/ 2L, , where L. isthe optical length of the resonator, A islaser wavelength. The separation between first-

mode and third-mode was measured to be 0.24 nm, which isthe same value determined by the laser cavity. The cause of
wide separation between first-mode and second-mode is attributed to Cr**:YAG thin plate which acts as an intracavity
titled etalon to select longitudinal modes [16]. For 0.2-mm-thick Cr*":YAG thin plate, because the ratio of cavity length
to the thickness of Cr**:YAG thin plate is an integer, the resonant modes coinciding with the peak transmission of
Cr*":YAG thin plate will oscillate and other resonant modes will be suppressed to oscillate, therefore, the separation
between the output laser modes is determined the free spectral range of Cr**:YAG etalon to be 1.24 nm. The appearance
of the third-mode besides first mode was caused by the high laser intensity of the cavity mode besides the highest gain
and Cr*":YAG thin plate can not suppress the oscillation of this mode at high pump power. Of course, the possible
oscillating laser modes are governed by the gain profile and non-linear mode coupling effect between the possible output
modes. The linewidth of each mode was less than 0.02 nm, limited by the resolution of optical spectra analyzer. The
central wavelength of 1030.4 nm shifts to longer wavelength, which is caused by the temperature dependent emission
spectrum of Yb:YAG crystal [15]. The relative intensity of each mode changes with pump power, resulting the
fluctuation of the output pulse trains, which is caused by the cross-saturation mechanism due to the strong spatial hole
burning effect in Yb:YAG to couple the longitudinal modes via population gratings and nonlinear absorption of
Cr*":YAG saturable absorber [20]. The output laser transverse intensity profile was close to TEMg, and was near-
diffraction-limited with M? of less than 1.05. It should be noted that stable single-longitudinal-mode oscillation could be
obtained by increasing pump beam diameter incident on the laser ceramic at higher pump power.
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Fig. 7 Average output power as a function of the absorbed pump power for passively Q-switched Yb:Y AG/Cr*":Y AG
ceramic microchip laser. Inset shows the laser spectra under different pump power.
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Fig. 8 shows the output pulse with pulse duration of 380 ps and pulse energy of 31.3 uJ. Because the absorption cross
section of Cr*":YAG is much larger than the emission cross section of Yb:YAG ceramic, the result pulse width can be
estimated asfollows[11],

. _0.86t[55(1+ o } O

P Vaatr - ln(1+ 5)

where t, is cavity round-trip time, 7 is the energy extraction efficiency of the laser pulse given by the implicit
relationship 7(1+ &)= —In(l-7), and & = 7/%&’,/(7/%,’r + 7/op) is the ratio of saturable 10ss, ja,, to unsaturable

cavity 10ss, jar, IS the round-trip unsaturable intracavity parasitic 10ss, ¥, is the output coupling loss. By taking these
experimental data yp = 0.223, Yo, = 0.105, ¥, = 0.25 for To = 89%, into Eq. (1), the pulse widths of this kind of
passively Q-switched Yb:YAG ceramic microchip lasers were estimated to be 248 ps for To = 89%, which isin fair
agreement with the experimental pulse width. The discrepancy between measured pulse width and expected pul se width
is attributed to the thermal effects within the active medium and some uncertainties in the determination of unsaturable
parastic intracavity loss and saturable | oss.
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Fig. 8 Passively Q-switched laser pulse with 380 ps pulse width (FWHM) and 31.3 uJ pulse energy, corresponding to peak
power of over 82 kW.

Fig. 9 shows pulse energy, pulse repletion rate, pulse width and peak power as a function of the absorbed pump power.
Pulse energy increases from 16.5 pJto 31.3 pJ with the absorbed pump power and pulse energy tendsto saturation when
the absorbed pump power is greater than 0.4 W. Repetition rate increases linearly from 910 Hz to 12.4 kHz with
absorbed pump power. The error bars indicate the increase of in timing jitter at high repetition rate, and the timing jitter
is less than 5% even a high pump power. Pulse width (FWHM) decreases from 460 ps to 380 ps very slowly with the
absorbed pump power. Pulse width decreases faster at low pump power than at high pump power, and pulse width tends
to be a constant at high pump power. Peak power of passively Q-switched Yb:YAG microchip laser increases from 36
kW to 82 kW with absorbed pump power. The shortest pulse width of 380 ps was obtained when the absorbed pump
power of 1.33 W without coating damage, which is shorter than those obtained by using SESAM as saturable absorber
for passively Q-switched Yh:Y AG microchip laser [12] and Cr,Y b:YAG microchip laser [13]. Maximum peak power of
over 82 kW was obtained when the absorbed pump power is 1.33 W. In addition, Q-switched laser pulses with pulse
energy of 31 uJ and peak power over 82 kW at repetition rate of 12.4 kHz show this passively Q-switched Yh:YAG/
Cr*":YAG ceramic microchip laser more potential compact source to generate laser pulses with high pulse energy and
high peak power.
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Fig. 9 Pulse energy, pulse repetition rate, pulse width (FWHM) and peak power of passively Q-switched al ceramic
Yb:Y AG/Cr*:Y AG microchip laser as afunction of the absorbed pump power.

5. CONCLUSIONS

In conclusion, efficient laser operation of LD end-pumped microchip Yh:YAG ceramics was demonstrated both at 1030
nm and 1049 nm. The laser was operated at room temperature just cooling by the air. The dope efficiency of as high as
79%, 67% and optical-to-optical efficiency of over 60% and 53% was achieved for 1030 nm and 1049 nm laser
operations, respectively. The beam quality factor (M?) at full pump power range was measured to be less than 1.1. The
laser oscillation wavelength can be changed with 5% transmission of output coupler by varying pump power intensity
incident on Yb:YAG ceramics. 1049 nm laser operation was automatically obtained by using 5% transmission output
coupler when absorbed pump power is higher than 1 W. The laser wavelength around 1030 nm shifts to short wavel ength
at low pump power region and then to red with increase of the absorbed pump power, while the laser wavelength around
1049 nm does not change with the pump power. The laser experiments show that Yb:Y AG ceramics doped with 9.8 at.%
Yb have very good optical quality and can be a very good materia for high-power laser operating at 1030 nm and 1049
nm. Also efficient passively Q-switched Yb:YAG ceramic microchip laser with Cr**:Y AG ceramic as saturable absorber
has been achieved, dope efficiency as high as 37% and optical-to-optical efficiency of 29% have been obtained by using
89% initial transmission of Cr*":YAG saturable absorber. Laser pulses with 380 ps pulse duration and 31.3 pJ pulse
energy has been achieved, peak power of over 82 kW was obtained. Cr**:Y AG thin plate also acts as an etalon to select
longitudina modes. Stable single-longitudinal-mode oscillation could be obtained a high pump power by increasing
pump beam diameter. Laser performance of microchip Yb:YAG/Cr*:YAG ceramic lasers can be further improved by
controlling concentrations in composite Yb:YAG/Cr*":YAG ceramic with the help of the vacuum sintering technique
and nanocrystalline technology [4].
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