Passively Q-switched Yb:YAG laser with Cr**:YAG

as the saturable absorber
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By using a continuous-wave Ti:sapphire laser as a pumping source, we demonstrated a passively
Q-switched Yb:YAG laser at room temperature with Cr**:YAG as the saturable absorber. We achieved
an average output power of as much as 55 mW at 1.03 pm with a pulse width (FWHM) as short as 350
ns. The initial transmission of the Cr*":YAG has an effect on the pulse duration (FWHM) and the
repetition rate of the Yb:YAG passively @-switched laser. The Yb:YAG crystal can be a most promising
passively @-switched laser crystal for compact, efficient, solid-state lasers. © 2001 Optical Society of

America
OCIS codes:

1. Introduction

Passively @ switching of solid-state lasers is usually
accomplished with organic dyes or color centers as
saturable absorbers. Dyes,! however, have poor
thermal stability and tend to degrade rapidly. To
operate in cw-pumped lasers, dyes require a circula-
tion system. Color centers, such as the color-center
LiF crystal,2 exhibit a fading phenomenon. Re-
cently, chromium-doped host crystals, such as YAG,3
GSGG,* and forsterite,> have been used as passive @
switches for Nd3"-doped crystal solid-state lasers.
Compared with Nd ions in laser crystals, the Yb ion
is ideally suited for diode pumping because it has a
simple energy-level scheme with the necessary prop-
erties for a laser system. Furthermore, diode-
pumped Yb:YAG lasers have several advantages
relative to Nd:YAG lasers, such as a long storage
lifetime (951 ws), a very low quantum defect (8.6%)
that results in three times less heat generation dur-
ing lasing than comparable Nd-based laser systems,?
large absorption width around the InGaAs laser
emission range, a relatively large emission cross sec-
tion, easy growth of high quality and moderate con-
centration crystal without concentration quenching,
and strong energy-storing capacity. Another advan-
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tage of using Yb:YAG is that the 940-nm absorption
feature is approximately five times broader than the
808-nm absorption feature in Nd:YAG, and, there-
fore, the Yb:YAG system is less sensitive to diode
wavelength specifications.® Several researchers
have reported on @-switched Yb:YAG lasers by use of
the electro-optic @ switch® and a semiconductor sat-
urable absorber mirror (SESAM).11 Fan et al.l° re-
ported an output energy of as much as 72 p.J/pulse at
1.03 wm with a pulse length as short as 11 ns FWHM.
To our knowledge Spiihler et al. reported the first
Yb:YAG microchip laser that was passively @
switched with a SESAM. Pulses of 1.1-uJ energy
with a pulse width of 530 ps and a peak power of 2.1
kW at a repetition rate of 12 kHz were obtained.
We present a passively @-switched operation using
Cr*":YAG as the saturable absorber in a Ti:sapphire
laser-pumped Yb:YAG laser. In comparison with a
SESAM, doped bulk crystals as saturable absorbers
have several advantages such as high damage
threshold, low cost, and simplicity. Absorbers with
such advantages can lead to the development of more
efficient, compact @-switched solid-state lasers.

2. Experiments

The experimental setup of the Ti:sapphire laser-
pumped Yb:YAG passively @-switched laser with
Cr*":YAG as the saturable absorber is shown in Fig.
1. The Mira 900 tunable Ti:sapphire laser with an
output power of as much as 1 W was used as the
pump source. The optical pump system was com-
posed of a spherical lens (/= 75 mm) for focusing the
pump beam to an approximately 50-pm-diameter cir-
cular spot. After the addition of the focusing sys-
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Fig. 1. Schematic of a Ti:sapphire laser-pumped Yb:YAG pas-
sively @-switched laser: M1, M2, cavity mirrors; M, monochro-
mator, CCD, charge-coupled device array; SA, saturable absorber.

tem, the pump power was measured to be as much as
920 mW. The laser cavity was configured to be
semispherical and was formed by the 50-mm radius
of curvature mirror M1 and flat mirror M2. Mirror
M1, with one face coated for high transmission at 940
nm and the other face coated for high transmission at
940 nm and total reflection at 1.03 wm, was placed on
the front of the input facet of the Yb:YAG crystal.
The Yb:YAG gain medium was doped with 20-at. %
Yb3*; the material properties of Yb:YAG are summa-
rized in Table 1. The 0.5-mm-thick Yb:YAG gain
element is polished flat and parallel, is coated on one
face of the crystal for high transmission at 940 nm
and at 1030 nm, and the other surface of the crystal
is coated for total reflection at 940 nm and at 1030
nm. Mirror M2, coated for total reflection at 940 nm
and reflectivity of 97% at 1.03 wm, acted as an output
coupler. The overall cavity length is 23 cm. More
than 90% of the laser pump power was absorbed by
the Yb:YAG crystal. We performed the laser opera-
tion at 278 K by using the constant-temperature
water-cooled circulation with a copper surface. We
recorded the @-switched pulses by using a fast Si
P-I-N detector with a 1.5-ns rise time and a Tektronix
TDS 380 digitizing oscilloscope with a 400-MHz sam-
pling rate in the single-shot mode. The output
power was measured with a laser powermeter.

Table 1. Material Properties of Yb3*:YAG Crystal

Yb3":YAG

Parameters

Doping concentration 26.6 X 10*° cm ™3

Pump wavelength 940 nm

Laser wavelength 1030 nm
Absorption bandwidth 19 nm
Emission bandwidth 9 nm

Upper-state lifetime 951 nm

2.0 X 1072° cm?
0.8 X 1072° cm?

Emission cross section
Absorption cross section

Saturation intensity 28 kW/cm?
Thermal conductivity 0.13 W/emK
dn/d¢ 89 X 107 ¢K?
Refractive index 1.823
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Fig. 2. Energy levels of Yb®" and Cr** and relaxation mecha-
nisms. 7 represents the lifetime of the B, level.
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3. Results and Discussion

Figure 2 shows the energy-level schemes of Cr** and
Yb?* and the involved relaxation mechanisms.
Without the Cr**:YAG crystal in the laser cavity, a
maximum cw output power of 138 mW was obtained
at 1.03 wm with a slope efficiency of 35% with respect
to an absorbed pump power of 738 mW. The pas-
sively @-switched Yb:YAG operation was achieved
with the insertion of Cr**:YAG crystals into the laser
cavity. In our experiments, three 0.5-mm-thick
Cr*":YAG crystals with small-signal transmission of
85%, 90%, and 95% were used as saturable absorbers.
The Cr*":YAG saturable absorber was attached
tightly to the Yb:YAG sample. The average output
power, repetition rate, and pulse width in a
Q-switched mode were measured as functions of ab-
sorbed pump power. The pulse energy was deter-
mined from the average output power and repetition
rate. The peak power was determined from the
pulse energy and pulse width. Figure 3 shows the
average output power, pulse energy, and peak power
as functions of the absorbed pump power for satura-
ble absorbers with three small-signal transmissions.
From Fig. 3 we can see that the average output power
depends linearly on the absorbed pump power for
three initial transmissions of Cr*":YAG crystals with
the exception of the 95% transmission when the
pump power is greater than 600 mW. From the lin-
ear relationship of absorbed pump power and average
output power, the pump threshold can be extrapo-
lated. The pumping threshold powers are approxi-
mately 350, 410, and 390 mW with a decrease in the
initial transmission of Cr**:YAG from 95% to 85%.
The actual pumping threshold for the saturable ab-
sorber with T\, = 85% should be higher than that for
Ty = 90% because the insertion loss of T\, = 85% is
greater than that of T, = 90%. This phenomenon
could be the error that exists in the experiment for
which the actual cause is unknown. The slope effi-
ciencies for three T, are nearly the same at approx-
imately 15%, and the highest optical efficiency (the
ratio of output power and pump power) of the pas-
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Fig. 3. Average output power, pulse energy, and peak power ver-
sus absorbed pump power for three Cr**:YAG saturable absorbers
with different small-signal transmissions.

sively @-switched lasers is approximately 7%. The
highest average output power is obtained with a T, =
90% Cr**:YAG crystal at a maximum pump power of
738 mW and the Yb:YAG laser generates an average
output power of 55 mW. And the average output
power is unchanged for 95% initial transmission of
Cr*":YAG with an increase in the pump power when
the input power is greater than 600 mW, which could
be the result of higher initial transmission of the sat-
urable absorber although the actual reasons are not
clear. We obtained 3.2-pJ @-switched pulses with a
pulse width of 350 ns, resulting in a peak power of
approximately 9 W at a repetition rate of 17 kHz with
T, = 85% at 720-mW absorbed pump power (Fig. 3).
Figure 4 shows the pulse repetition rate and the
pulse width as functions of the absorbed pump power
for three small-signal transmissions of Cr*":YAG
crystals. For the T, = 95% Cr*":YAG crystal, we
obtained 400-ns pulses with a repetition rate of 30
kHz at a maximum absorbed pump power of 730 mW.
The corresponding pulse energy and peak power were
approximately 1.3 wd and 3 W, respectively. As the
saturable absorbers with a lower initial transmission
were used, we obtained pulses with higher peak
power, a shorter pulse width, and lower repetition
rates. We generated a pulse width of 350 ns with a
repetition rate of 20 kHz by using a T, = 90% Cr*":
YAG laser, which corresponds to a pulse energy of
2.75 nd and a peak power of 8 W at the maximum
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Fig. 4. Repetition rate and pulse width versus absorbed pump
power for different Cr**:YAG saturable absorbers with different
small-signal transmissions.

absorbed pump power of 738 mW. The highest
pulse energy and peak power were generated when
we used the saturable absorber with initial transmis-
sion of 85%. At a maximum absorbed pump power
of 720 mW, we detected pulses of 350-ns duration
with a repetition rate of 17 kHz. The highest pulse
energy and peak power are 3.2 nJ and 9 W. From
Fig. 4 we can see that the pulse width and the pulse
repetition rates of each @-switched pulse correlate
with the absorbed pump power and the saturable ab-
sorber initial transmission T, when the output coupler
reflectivity remains the same. With a saturable ab-
sorber of high initial transmission, the @-switched la-
ser has a high repetition rate and a broad pulse width;
with a saturable absorber of low initial transmission,
the @-switched laser has a short pulse width and a low
repetition rate. Figure 5 shows a typical oscilloscope
trace of a train of pulses with a pulse repetition of
approximately 14 kHz. From Fig. 5 we can see that
the pulses are stable. Figure 6 shows a typical single
@-switched laser pulse with 3.2-uJ energy and a
0.35-p.s pulse duration (FWHM) at a pulse repetition
rate of 17 kHz for 85% small-signal transmission at the
maximum absorbed pump power of 720 mW. The
corresponding peak power is approximately 9 W.

When the absorption cross section of the saturable
absorber (6.2 X 107! ¢cm? for Cr**:YAG) is much
greater than the cross section of the lasing transition
(2.0 X 10°2° cm? for Yb%:YAG), the resulting pulse
width is12.13
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Fig. 5. Oscilloscope trace of a train of passively @-switched pulses
of Yb:YAG crystal with a repetition rate of approximately 14 kHz.

where ¢, is the round-trip time of light within the
laser cavity, n is the energy extraction efficiency of
the laser pulse given by the relationship n(1 + §) =
—In(1 — m), and 8 = yeuq i/ Vparst T Vop) is the ratio of
saturable-to-unsaturable cavity losses, where g, .
is the round-trip saturable loss constant, v,,, . is the
round-trip unsaturable intracavity parasitic loss con-
stant, and 1, is the output coupling loss constant.
For our Cr*":YAG passively @Q-switched Yb:YAG la-
ser experiments, we estimated the parasitic loss
Yparxt = 0.03 by taking into account the reflectivity of
tﬁe Cr**:YAG surface, the upper limit for the satu-
rable loss vg,¢, = 0.02. By taking into account the
output loss vy, = 0.03 and ¢,, = 1.53 ns, we calculated
that ¢, = 320 ns, which is in good agreement with the
experimental result of 350 ns. Some disparity exists
between the measured and the calculated pulse
widths because of the inaccurate determination of the
unsaturated intracavity parasitic loss constant.
From this point of view, higher peak power can be

W DU
Fig. 6. Oscilloscope trace of a single @-switched pulse with a
350-ns pulse duration at 17-kHz repetition rate when the pump

power is 720 mW for T\, = 85% Cr*":YAG.
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generated by use of a shorter cavity length and a
more powerful diode pumping source.

The relatively higher pumping threshold compara-
ble to Nd:YAG is due to the reabsorption of Yb®" and
absorption of Cr** at 1.03 pm. A lower slope effi-
ciency comparable with Nd:YAG could be the result of
thermal lensing and the oscillation cavity design that
we used for the experiment. In theory, thermal
lensing in laser materials is usually caused by the
quantum defect between the energies of the absorbed
pump photon and the output laser photon. Thus
laser materials with a minimal difference between
the pump wavelength and the laser output wave-
length could be expected to have lower heating as
long as nonradiative sites, concentration quenching,
excited-state absorption, and upconversion are weak.
The Yb:YAG lasers are pumped at either 941 or 968
nm and oscillate at 1.03 pm. The quantum defect of
Yb:YAG is lower than that of Nd:YAG and heat gen-
eration is three times lower than that of Nd:YAG.”
However, there are other absorption processes that
can heat the Yb:YAG without contributing to pump-
ing the 2F, /2 level of the Yb ions: (1) UV absorption
of color centers, (2) IR absorption of hydroxyl groups,
and (3) absorption by impurity atoms such as Ho and
Er. The results reported in Ref. 14 show that the
color centers, hydroxyl groups, and impurities exist
in Yb:YAG crystal although the dislocation density is
low. Theoretically, the doping concentration of Yb®*
in YAG can be very high; in practice, a high doping
level of Yb®" in YAG crystal introduces additional
Ho®* and Er®* ions. The increased concentration of
Ho®" and Er®* reduced the fluorescence lifetime of
Yb3" and lowered laser efficiency to n = T4/To-1> Be-
cause energy transfer from the laser upper level 2Fy /2
of Yb?" to *I;;, of Er’* and °I of Ho?* can take place
directly or assisted by phonons, the energy transfer
efficiency is high.1617 Sumida and Fan® investi-
gated the dependence of the Yb®" lifetime on doping
concentration in Yb:YAG crystals and found that the
lifetime was shortened when the Yb®* doping concen-
tration increased (>15 at. %) and was reduced to ap-
proximately 15% when the doping concentration was
25 at. %. For the Yb:YAG crystal of 20-at. % Yb®*
doping concentration that we used in our experi-
ments, these defects have a significant effect on the
higher thermal loading in Yb:YAG and lower the la-
ser efficiency. The laser cavity that we used was not
optimized. At the same time, the shortest pulse du-
ration can be obtained by use of the shortest laser
cavity, so the higher peak power can be obtained.

4. Conclusions

The operation of a Ti:sapphire laser-pumped Yb:YAG
passively @-switched laser has been demonstrated at
room temperature. We achieved a passively
@-switched pulse with energy of 3.2 ud and a pulse
duration of 350 ns. The highest average output
power of 55 mW was obtained with a slope efficiency
of approximately 15% and an optical efficiency of ap-
proximately 7%. Although the slope efficiency is
low, by improving the Yb:YAG crystal quality to re-



duce defects, redesigning the oscillator cavity to
shorten the cavity length, and adopting the more
powerful diode laser to pump Yb:YAG crystal, we
expect to increase the output power, peak power, and
the conversion efficiency. Because of its high ther-
mal, chemical, and optical stability, the Yb:YAG crys-
tal can be considered to be useful as a passively
@-switched laser crystal for compact, efficient, and
solid-state lasers.
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