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ABSTRACT We have demonstrated a high-power laser oscillator with end-cooling
using a sapphire-sandwiched Yb:YAG disk at near liquid nitrogen temperature. An
output power of 75 W with a near-diffraction-limited beam was obtained from a
0.6-mm thick active medium. The slope efficiency and the maximum optical—optical
efficiency were 80 and 70%, respectively, with respect to absorbed pump power.

PACS 42.55.Rz; 42.55.Xi

1 Introduction

The average power and the
beam quality in solid-state lasers are
limited by thermally induced effects
such as thermal distortion, birefrin-
gence, or stress fracture in the solid-
state laser medium. As one of the appro-
aches to exceed the power limitation,
operating the laser medium at cryo-
genic temperatures (<100 K) have been
demonstrated in Yb:YAG lasers [1, 2]
and Ti:sapphire lasers [3, 4]. This ap-
proach takes advantage of significant
improvement of the material’s thermal
properties at low temperatures such as
higher thermal conductivity, lower tem-
perature coefficients of refractive index
(dn/dT), and lower thermal expansion
[5-8]. In the case of Yb-doped lasers,
the cryo-cooling provides further ad-
vantages. In the lower temperature than
about 100 K, the Yb-doped lasers such
as Yb:YAG or Yb: YLF become the four-
level lasers, and consequently the laser
threshold is greatly reduced [9, 10]. In
addition, the emission cross section in-
creases because of fluorescence line nar-
rowing [9, 11]. As the other approaches,
cooling configurations to avoid the

thermally induced effects have been
demonstrated such as zigzag slab lasers
and thin-disk lasers. The thin-disk laser
concept introduced by Giesen et al. [12]
allows one-dimensional heat flow in lon-
gitudinal direction and very high pump
power densities without significant tem-
perature rises, and provides good scala-
bility. High power thin-disk lasers have
been demonstrated with Yb:YAG and
Yb:KYW oscillators [13—15]. Due to the
thin-disk configuration which requires
very thin active medium (typically 100—
300 wm), multipass pumping scheme
with complicated optics has been em-
ployed in many cases, where one face of
the disk is used for pumping and lasing,
and cooling is performed only from the
other face.

Conduction cooling at both faces of
thin-disk laser medium will enable to
keep a lower temperature. Such cooling
can be achieved by applying a highly
thermal-conductive optical-transparent
material as cooling media. Longitudinal
cooling with transparent media has been
demonstrated in end-pumped Nd:YAG
lasers with undoped ends [16, 17]. Sap-
phire crystals had been adopted for
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Nd:YVO,; and Nd:YAG lasers due to
their higher thermal conductivity than
the active media [18, 19]. Cryo-cooled
sapphire crystal has an extremely high
thermal conductivity and excellent op-
tical properties. At 77 K, for example,
sapphire’s thermal conductivity is about
1000 W/m K, which is one order of mag-
nitude higher than that of YAG crys-
tals [5, 6]. A combination of thin-disk
material and sapphire cooling media at
cryogenic temperatures will extremely
reduce the thermal effects. That enables
one not only to increase the power limi-
tation but also to employ a simple pump
scheme without large pass numbers by
using a thicker active media.

In this paper, we present a diode-
end-pumped Yb:YAG disk laser with
the conduction cooling from both faces
using sapphire crystals operating in
near liquid nitrogen temperature. High
cw output power of 75 W with near-
diffraction-limited beam was obtained
from a 25-at.% doped 0.6-mm thick ac-
tive medium. The peak temperature in
the active medium was estimated by nu-
merical simulations.

2 Experimental setup

A schematic diagram of our
diode-pumped oscillator with a liquid-
nitrogen-cooled Yb:YAG crystal is
shown in Fig. 1. The plano-concave cav-
ity consisted of a flat output coupler, a
flat dichroic mirror and a concave high
reflector with 5-m curvature. The total
cavity length was 91 cm. The distance
between the laser crystal and the out-
put coupler was 75 cm. The laser crys-
tal was 25-at.% Yb:YAG (Scientific Ma-
terials Corp.) with a 0.6-mm thickness
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FIGURE 1 Schematic of a diode-pumped cryogenic Yb:YAG laser oscillator

and a 6 mm x 6 mm cross section. The
Yb:YAG crystal was sandwiched with
two sapphire crystals with a 1.6-mm
thickness. The c-axes of the sapphire
crystals were parallel to the laser propa-
gation. The sapphire crystals were not
bonded but optically contacted. Both
contact surfaces of the Yb:YAG and the
sapphire crystals were polished to a flat-
ness of 1/4 wave or better (at a wave-
length of 633 nm), and carefully cleaned
before contacting. Since a difference
of the refractive index between YAG
and sapphire is small, Fresnel reflection
loss at the contact surface is negligible.
The reflectivity on the contact surface
was measured to be approximately 0.2%
with no optical coatings. The crystal
sandwich was held between two copper
blocks with an aperture of a 4-mm diam-
eter in a liquid-nitrogen-cooled dewer.
Indium sheets with a 100-pum thickness
were squeezed between the sapphire and
the copper blocks providing a good ther-
mal contact. The side faces of Yb:YAG
and sapphire crystals have no thermal
contact with the copper block. Two thin
thermocouples were inserted with in-
dium sheets for measuring the tempera-
ture of the two sapphires. The two tem-
perature measuring points are shown in
Fig. 1 as T and Tg. The outer surfaces of
the two sapphire crystals have an antire-
flection coating for both the pump and
lasing wavelength. The copper block in
one side was cooled directly by liquid ni-
trogen. Two fused-silica windows with
antireflection coating provided the vac-
uum seal on the liquid-nitrogen-cooled
dewer. A 600-pum-core fiber coupled
laser diode was used as the cw pump
source. The central wavelength of the
laser diode emission was 938 nm at
the maximum output power. The pump
beam was focused into the Yb:YAG
crystal through the dichroic mirror by
two doublet lenses of focal lengths 30
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FIGURE 2 Output power as a function of ab-
sorbed pump power

and 75 mm. The spatial profile of pump
beam on the Yb:YAG crystal was cir-
cular and nearly flat-top with 1.5-mm
diameter. A maximum pump power was
135 W after passing the dichroic mirror.
The incident pump intensity was calcu-
lated to be 7.6 kW/cm?.

3 Experimental results and
thermal analysis

Figure 2 shows the output
power as a function of absorbed pump
power. The maximum output power
was 75 W at an absorbed pump power
of 106 W with an output coupler of 72%
reflectivity. The slope efficiency and
the maximum optical-optical efficiency

(@)

(b)

were 80 and 70%, respectively, with
respect to the absorbed pump power.
With 135 W of incident pump power,
the Yb:YAG crystal had an absorption
coefficient of 25 cm™!, resulting in a
single-pass absorption of 78% under
lasing condition. The average pump
power density was calculated to be
100 kw/cm?. The emission wavelength
was always 1029 nm. The beam quality
was close to the diffraction limit, with
an M? factor measured to be <I.1
at the maximum output. An image of
the output beam measured by a CCD
camera and a horizontal profile is shown
in Fig. 3. The output beam fits well to
a Gaussian profile. In a condition with
the insertion of an intracavity Brewster
plate, the output power was measured
as a function of the pump power for a
polarized laser cavity. The differences
in output power between the unpolar-
ized and the polarized laser cavity were
negligible even in the maximum pump
power. These results show that the
thermally induced birefringence in the
laser crystal was very small. Figure 4
shows the temperatures T4 and Ty of
the two measuring points as a function
of the absorbed pump power under
lasing and non-lasing conditions. The
temperatures increased with increasing
the pump power. The temperature of Tg
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FIGURE 3 a Beam profile
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FIGURE 4 The temperatures T4 and T of the two measuring points as a function of absorbed pump

power

was obviously higher than T due to the
difference in the heat transference of the
two copper blocks to the liquid nitro-
gen. Under the non-lasing condition, T
and Tp were significantly higher than
those under the lasing condition due to
the heating of copper blocks induced by
much stronger fluorescence.

In order to estimate the temperature
in the laser active region under the lasing
condition, we have numerically simu-
lated the temperature distribution for the
Yb:YAG and the sapphire crystals based
on the steady-state heat diffusion equa-
tion. Using an axisymmetric approxima-
tion, the two-dimensional temperature
profile for half of the axial cross section
(rz plane) was calculated by the finite
difference method. The thermal conduc-
tivities of Yb:YAG and sapphire crystal
greatly decreased along with the temper-
ature increase in cryogenic region. The
thermal conductivities from YbAG’s
data in Ref. [5] and Sapphire’s data in
Ref. [6] were applied to the calculations
as a function of temperature. The sur-
faces contacting to the copper block of
the two sapphire crystals were assumed
to be at fixed temperature as boundary
conditions. The measured temperatures
T and Ty were given as the boundary
temperature. Poor thermal contact or
vacuum gaps between the Yb:YAG and
the sapphire may cause further temper-
ature rises of the laser active region.
The mean heat transfer coefficient of
the contact surfaces was measured to be
about 4 x 10* W/m? K by the steady-
state heat-flow method. This coefficient
was applied to the calculations. It was
assumed that the heating source has a
flat-top radial distribution and an expo-
nentially decreasing profile along the
thickness of the Yb:YAG crystal, and
that 10% of the absorbed pump power

was converted to heat in the pumping
region.

To confirm experimentally the va-
lidity of the numerical simulation, we
measured the thermal lensing and the
fluorescence spectra depending on the
pump power under the non-lasing con-
dition. The thermal lens focal lengths
were measured by observing a 633-nm
He—Ne probe beam transmitted through
the laser active region using a CCD
camera. The measured and calculated
thermal lens power (reciprocal of fo-
cal length) as a function of the absorbed
pump power is shown in Fig. 5. The ther-
mal lens power nonlinearly increased
with the absorbed pump power due to
the decreasing thermal conductivity and
the increasing dn/dT. With the maxi-
mum pump power, the thermal lens fo-
cal length was measured to be about
2 m. The calculated results show good
agreement with the experimental results.
The calculation of the thermal lensing
was performed based on the change of
the refractive index with temperature in
the sapphire and Yb:YAG crystals. The
optical path difference along the beam
radius calculated from the temperature
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FIGURE 5 The measured and calculated ther-
mal lens power as a function of absorbed pump
power

profile was fitted to a parabolic function,
and was approximated as a positive lens.
The dn/dT as a function of temperature
in the Refs. [7, 8] were applied to the
calculations.

The fluorescence spectra from the
Yb:YAG crystal were measured by a
multi-channel spectrometer under the
non-lasing condition. Since the flores-
cence spectrum of Yb:YAG changes
with temperature [11], the observed
spectrum under high power pumping de-
pends on the temperature profile and
the fluorescence emission profile in the
active medium. We simulated the ob-
servable spectral intensity ratio at wave-
lengths 1022 and 1027 nm from the fol-
lowing expression:

Iop(2) O(/// IeA, T (r, 2))pe(r, z) AV,
\%
(D)

where T is the temperature profile in
the pumping region, /., is the measured
spectrum with uniform temperature pro-
file, pe is the density of excited ions. The
I.., was measured under the controlled
temperature and the weak pumping con-
ditions at 78-300 K. It was assumed
that the p. is similar to the pumping
profile that has an exponential profile
along the z-axis. Because, in the mea-
sured spectra, the spontaneous amplifi-
cation was clearly observed at the strong
fluorescence peak of 1029 or 1025 nm,
we chose the peak at 1022 nm and the
valley at 1027 nm. The measured and
calculated spectral intensity ratio as a
function of the absorbed pump power is
shown in Fig. 6. The calculated results
show good agreement with the experi-
mental results. In this case the sensitivity
of the peak temperature to the spectral
intensity ratio was —0.02 to —0.06 par
10 K. The discrepancy of the intensity
ratio between the measurement and the
calculation resulted in the difference of
the estimated peak temperature of about
<8 and <25 K in lower and higher than
70-W absorbed pump power region,
respectively.

Figure 7 shows the calculated peak
temperature as a function of the ab-
sorbed pump power. The peak temper-
atures under the lasing and the non-
lasing conditions with the maximum
pump power were estimated to be about
170 and 250 K, respectively. In an ideal
condition, that is, with no temperature



proportional to the heat transfer coeffi-
cient of the contact surfaces. If the heat
transfer coefficient is improved by one
order of magnitude, the near-best per-
formance will be obtained. Higher de-
gree of flatness of the contact surfaces
with 1/10th wave or better may lead to
the improvement of the heat transfer.
The sapphire crystals, however, played
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FIGURE 6 The measured and calculated spec-
tral intensity ratio between 1022 and 1027 nm as
a function of absorbed pump power

- Lasing condition
—O- Non-lasing condition

n
a1
o

Peak temperature [K]

& 1 1 1 1 1
0 20 40 60 80 100

Absorbed pump power [W]

FIGURE 7 The calculated peak temperature as
a function of absorbed pump power

increase in the copper blocks (fixed
78 K) and the perfect thermal contacts
between the Yb:YAG and the sapphire
crystals, the peak temperature with the
maximum pump power was calculated
to be only about 90 K. In a condition
only with no temperature increase in
the copper blocks, the peak temperature
was calculated to be about 145 K. It
is inferred that the non-perfect thermal
contacts was the main cause of the con-
siderable temperature increase in our
experiments. It was calculated that the
peak temperature was almost inversely

a key role in this experiment. It is noted
that a 25 at.% Yb:YAG crystal with 0.8-
mm thickness was thermally fractured
by about 60-W absorbed pump power
when not employing the sapphire cool-
ing. In this fatal condition, it was cal-
culated that the peak temperature was
reached room temperature or higher.

4 Conclusion

We have demonstrated a
high-power cryo-cooled Yb:YAG disk
laser based on conduction cooling at
both faces with sapphire crystals. We
obtained 75-W output power with a
near-diffraction-limited beam quality
without any compensation for the
thermal induced effects. The peak
temperature of the active medium was
estimated by numerical simulations.
It was apparent that the non-perfect
thermal contacts between the crystals
caused the considerable temperature
increase. Nonetheless, the high-power
operation with a high pump density was
achieved using a highly doped Yb:YAG
crystal. A good absorption efficiency
was obtained with a single path pump-
ing by allowing to use a relatively thick
active medium as compared to typical
thin-disk lasers. The presented configu-
ration would provide a good scalability
for larger pump beam diameter.
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