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Improvement of 2.79-µm laser performance on laser diode
side-pumped GYSGG/Er,Pr:GYSGG bonding rod

with concave end-faces∗
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A comparative study on the laser performance between bonding and non-bonding Er,Pr:GYSGG rods side-pumped
by 970-nm laser diodes (LDs) is conducted for the thermal lensing compensation. The analyses of the thermal distribution
and thermal focal length show that the bonding rod possesses a high cooling efficiency and weak thermal lensing effect
compared with the conventional Er,Pr:GYSGG rod. Moreover, the laser characteristics of maximum output power, slope
efficiency, and laser beam quality of the bonding rod with concave end-faces operated at 2.79 µm are improved under
the high-repetition-rate operation. A maximum output power of 13.96 W is achieved at 150-Hz and 200-µs pulse width,
corresponding to a slope efficiency of 17.7% and an electrical-to-optical efficiency of 12.9%. All results suggest that the
combination of thermal bonding and concave end-face is a suitable structure for thermal lensing compensation.

Keywords: laser performance, GYSGG/Er,Pr:GYSGG bonding rod, thermal lensing compensation, concave
end-faces

PACS: 42.62.Fi, 42.70.Hj, 68.60.Dv, 81.65.Ps DOI: 10.1088/1674-1056/ab4ce0

1. Introduction

Compact and reliable Er-doped solid-state lasers in a
strong water absorption range of 2.7 µm–3 µm enable their
potential operation in medicine, atmospheric sounding, rang-
ing (lidar), etc. Now, it is of particular significance to uti-
lize this wavelength laser with a high repetition rate in the
fields of laser surgery and optoelectronic countermeasure.
Moreover, the 2.7-µm–3-µm lasers can be used as a suitable
pumping source for an optical parametric oscillator (OPO)
to generate 3.8-µm–12.4-µm mid-infrared lasers.[1] An Er3+-
doped garnet-host Gd1.17Y1.83Sc2Ga3O12 (GYSGG) crystal
has advantages in 2.79-µm laser operation due to its relatively
high thermal conductivity, excellent mechanical strength, and
radiation-resistant ability,[2] but the unfavorable lifetime ra-
tio between the upper 4I11/2 and lower 4I13/2 level has a se-
rious effect on the laser threshold and efficiency. Based on
highly Er-doped laser system, although energy recycling by
energy transfer upconversion (ETU) can allow continuous-
wave (CW) laser to operate, the multiphoton relaxation fol-
lowing the ETU processes leads large heat to produce.[3]

Therefore, thermal stress and strain appear inside the gain
medium, which in turn influence the laser output characteris-
tic. As an alternative, an Er:GYSGG crystal depopulated with

Pr3+ has exhibited a better laser performance by deactivating
the lower level.[4,5] The high average power of 8.86 W at 125-
Hz and 200-µs pulse width has already been achieved by using
a laser diode (LD) side-pumped scheme.[6]

However, the main problem that limits the pulse energy
scaling up to an even higher level for Er,Pr:GYSGG crystal,
is the generation of heat inside the crystal under high pump
power. Steep temperature gradient inside the crystal results
in serious thermal distortion and surface bending, which lim-
its the further improvement of the high-repetition-rate laser at
the 2.79-µm wavelength. Since thermal lensing effect can-
not be avoided under high pump power, many efforts have
already been devoted to compensating for reducing the ther-
mal lensing effect, such as incorporating additional intracavity
elements,[7] designing resonant cavity structures,[8] etc. How-
ever, the most common approaches to direct compensation
in an active medium are thermal bonding on the end-face of
the crystal[9] and grinding negative curvatures on the crystal
ends.[10] A composite formation of bonding rod with undoped
crystal as the end-cap offers a suitable cooling structure to re-
duce the temperature in an active segment and thermally in-
duced stress. The improvement effect of thermal diffusion is
significant to compensate for the thermal lens magnitude and
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improve the laser performance. In another approach, grinding
the crystal end-faces with negative curvature can increase laser
beam mode volume and negate the positive lensing of the crys-
tal without inserting any optical element. There are only a few
reports on the extension of concave end-face to the bonding
rod and the detailed analysis of its lasing characteristics. In
this work, the thermal bonding and concave end-face are com-
bined on the Er,Pr:GYSGG rod to depress the thermal lensing
effect and further improve the laser performance.

Here in this work we demonstrate a comparative study
on the laser performance between bonding and non-bonding
Er,Pr:GYSGG rods side-pumped by 970-nm LDs. The ther-
mal induced temperature distribution of the bonding rod is
theoretically simulated in comparison with the conventional
Er,Pr:GYSGG rod, and the thermal focal length and laser char-
acteristics are measured to analyze the effects of thermal bond-
ing and concave end-faces on thermal lensing compensation.

2. Experimental setup
An Er,Pr:GYSGG crystal with dopant containing 18-at.%

Er3+ and 0.2-at.% Pr3+ was grown by the Cz method.[6]

The dimensions of Er,Pr:GYSGG crystal rods were pro-
cessed into Φ3 mm×85 mm and Φ3 mm×55 mm, respec-
tively. Pure GYSGG crystal rods (Φ3 mm×15 mm) were
bonded thermally together with Er,Pr:GYSGG rod (Φ3 mm
×55 mm) at 1200 ◦C for 10 h. Both end-faces of the
crystal rods were optically polished and coated with an an-
tireflection film near 2.79 µm. The flat-flat Er,Pr:GYSGG
and GYSGG/Er,Pr:GYSGG bonding rods were marked as a-
GYSGG and b-GYSGG for simplicity, respectively, and the
concave–concave GYSGG/Er,Pr:GYSGG bonding rod with
a negative curvature of 500 mm was denoted as c-GYSGG.
The experimental setup with a plane-parallel resonator cavity
was designed as schematically shown in Fig. 1. The side-
pumped source (CEO-RBAT35-3P200) utilizes three radial
LD arrays to directly excite the solid-state laser medium at
a central wavelength of 970 nm (full wavelength at half max-
imum (FWHM) value = 4.6 nm). The effective pump length
and water-cooling length of rod were about 50 mm and 70 mm,
respectively. Compared with the LD end-pumped and flash
pumped configurations, the side-pump geometry has excellent
gain uniformity. The available maximum current and pulse
width were 150 A and 200 µs, respectively. The laser system
was maintained at a temperature of 22 ±0.1 ◦C by cooling
water circulation. The input mirror (M1) was high-reflection
coated at 2.79 µm, and the output coupler mirrors (M2) with
transmissions of 10%, 15%, and 20% at 2.79 µm were used.
The positions of the M1 and M2 were carefully adjusted to be-
ing strictly symmetrical for the crystal rods. The laser output
power was measured by a power meter (OPHIR 30 A-BB-18).

The laser beam profile and M2 factor were recorded with a
pyroelectric array camera (Ophir-Spiricon PY-III-HR).

flat flat plane
a GYSGG

b GYSGG

c GYSGG
concave concave

plane

M1 M2

Er, Pr:GYSGG

GYSGG/Er, Pr:GYSGG/GYSGG

Fig. 1. Schematic diagram of GYSGG/Er,Pr:GYSGG bonding rod with con-
cave end-faces pumped by 970-nm LD arrays.

3. Results and discussion
3.1. Temperature distribution

When the pump power is very high, a significant portion
of the pump light is converted into heat inside the laser ma-
terial. Apart from concentration quenching, excited state ab-
sorption and upconversion, it originates mainly from the quan-
tum defect and inherent optical absorption of the laser gain
medium.[11] By conduction through the coolant, heat extrac-
tion from rod center to rod surface leads to a nonuniform tem-
perature distribution in the crystal rod, which in turn causes
thermal lensing effect and thus affects the laser output. Conse-
quently, it is significant to discuss the temperature distribution
inside the crystal rod. Under the assumption of uniform in-
ternal heat generation and the small variation of coolant tem-
perature at the axial direction, the analytical treatment of heat
conduction in an isotropic medium can be described by[12]

ρcP
∂T
∂ t

= ∇ · (k (T ) ·∇T )+Q, (1)

where Q is the heat intensity, ρ is the density, cP is the spe-
cific heat at constant pressure, k is the thermal conductivity,
and ∇ denotes the gradient operator. Under the steady-state
condition, if we assume k to be constant and the heat flow is
regarded as being strictly radial and axial, then the tempera-
ture is a function of radial (r) and longitudinal (z), so the heat
conduction equation (1) becomes

∇
2T =

∂ 2T
∂ r2 +

1
r

∂T
∂ r

+
∂ 2T
∂ z2 =−Q

k
. (2)

The boundary condition of the cylindrical rod surface and the
coolant is set below, according to Newton’s law of heat trans-
fer

k · ∂T
∂n

∣∣∣∣
Surf

= h · (TC− T |Surf) , (3)

where h is the heat transfer coefficient, TC is the coolant tem-
perature, and n is the normal to the surface.
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Figure 2 shows the simulated relative temperature distri-
bution and center temperature at the cross-section of the bond-
ing surfaces in the two crystal rods. The temperature distribu-
tions of the LD homogeneously side-pumped two crystal rods
are simulated by using the COMSOL Multiphysics software.
With the use of trigonal symmetric LD arrays, the pumping
intensity distribution on the effective pumped portion of the
crystal rod (50 mm) is approximately uniform. The optimal
total length of the laser rod is about 85 mm, so the 55-mm-
long Er,Pr:GYSGG crystal is chosen for fully being pumped
and the two 15-mm-long pure GYSGG crystal rods are se-
lected for compensating for the thermal effect. In this cal-
culation, 85 W of pump power at 125-Hz and 200-µs pulse
width is assumed to be fully converted into the heat density
of 200 W/cm3 in active segment. The relevant parameters
used for numerically calculating the temperature profile of the
crystal rod are listed in Table 1.[13] At the cross-section of
the bonding surface and corresponding position, the maximum
center temperature and radial temperature gradient for each of
the GYSGG/Er,Pr:GYSGG bonding rods (312.5 K) are lower
than those of conventional a-GYSGG (314.7 K), and their dif-
ference value rises with the increase of heat density. This phe-
nomenon indicates that the heat generated in a-GYSGG can be
effectively transfer to the undoped GYSGG end caps, which
displays a better cooling efficiency due to the higher thermal
conductivity of GYSGG crystal. Therefore, the bonding rod
will weaken thermal lensing effect by attenuating the temper-
ature gradient. In the following subsections, a detailed analy-
sis is performed on the laser properties by use of the bonding
rods.

Table 1. Parameters used in numerical simulation.

Parameter Value Parameter Value

Q 200 W/cm3 TC 295.15 K
h1 (in water) 1 W/cm2·K h2 (in air) 0.05 W/cm2·K
k1 (Er,Pr:GYSGG) 4.663 W/(m·K) k2 (GYSGG) 6 W/(m·K)
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Fig. 2. Relative temperature distribution and center temperature at cross-
section of bonding surfaces in two crystal rods.

3.2. Thermal focal length

The thermal lensing effect mainly results from the refrac-
tive index and stress-dependent variations and end-surface ex-
pansion by the temperature gradient that is often expressed
by thermal focal length.[14] Complete compensation for this
effect is difficult, because the rod acts as a convergent lens
with variable focal lengths under the different values of pump
power. In order to investigate the effects of the thermal bond-
ing and concave end-faces on the thermal lensing effect, the
thermal focal length for each of the three laser rods at 125-Hz
and 200-µs pulse width is measured by a simple technique,
which was described in our previous work.[6] The thermal fo-
cal lengths grow in inverse proportion to LD input power as
shown in Fig. 3. The thermal focal lengths of the bonding
rods are all larger than that of a-GYSGG at the same input
power. When the pump power is increased up to a maximum
input power of 85 W, the focal length of a-GYSGG is almost
200 mm, while those of b-GYSGG and c-GYSGG are close to
240 mm and 280 mm, respectively. And the maximum focal
lengths of 500 mm are achieved to be about 67.9 W, 71.8 W,
and 74.9 W for a-GYSGG, b-GYSGG, and c-GYSGG, respec-
tively. In comparison of the thermal focal lengths of the three
crystal rods, it turns out that the thermal bonding with undoped
GYSGG crystals is impactful for compensating for the thermal
lensing, which can be attributed to the reduction of the tem-
perature gradient. Furthermore, the combination of the ther-
mal bonding and concave end-faces in c-GYSGG has more
advantage in offsetting the thermal lensing than the flat-flat b-
GYSGG, because the concave surfaces service as a diverging
optical component to negate the positive lensing of the rods.

67.5 70.0 72.5 75.0 77.5 80.0 82.5 85.0

200
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500 a GYSGG
b GYSGG
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Incident pump power/W

Fig. 3. Thermal focal lengths versus input power for three different crystals.

3.3. Lasing characteristics

As mentioned in Subsections 3.1 and 3.2, the bonding rod
is beneficial for compensating for the thermal lensing effect.
Then the improvement of laser performance of the bonding
rod is expected to be effective under the same experimental
condition in contrast with the conventional a-GYSGG. Here
we analyze the characteristics of the maximum output power,
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slope efficiency, and laser beam quality (M2 factor) by taking
into account the different structures of the bonding rods. In
order to achieve the optimal laser outputs for the three laser
rods, the effects of the cavity length on the average output
power under different frequencies and pulse widths with the
same M2 (T = 10%, 15%, and 20%) and current (150 A) are
further explored as shown in Fig. 4. It can be noted that the
laser characteristics are significantly different from those of
the different types of laser crystal rods though they are in the
same pump mode.

It can be observed in Fig. 4 that the average output power
strongly depends on the cavity length, and the optimal cavity
length of a-GYSGG significantly differs from that of the bond-
ing rods. In the low-frequency pump mode, the laser rod has
a weaker thermal lensing effect. The average output power
increases with the decrease of cavity length at 50-Hz repeti-
tion rate for each of all three laser rods, because the diffrac-
tion loss decreases in shorter cavity. As the frequency in-

creases, there exists a growing thermal lensing effect in the
active segment of the laser rod, which will result in the mis-
matching of pump light to cavity mode and the instability of
plane parallel resonator.[15] This means that the optimal cavity
length dynamically changes with the pump power because of
the thermal lensing effect. The largest average output power
values in the cases of a cavity length of 170 nm for a-GYSGG
and 150 mm for b-GYSGG in the high-frequency pump mode
are obtained, and the obtained largest average output power
values of c-GYSGG are achieved with the cavity lengths of
less than 150 mm. The shorter optimal cavity lengths in the
bonding rods are attributed to the lower thermal lensing effect,
which is beneficial to the increase of the resonator stability
and the improvement of the maximum output power. There-
fore, the average output power of a-GYSGG decreases in the
high-frequency pump mode after reaching saturation, but that
of the bonding rods almost maintains the same level as the
maximum.
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Fig. 4. Plots of average output power versus frequency for different pulse widths, different output coupler mirror transmissions, and cavity lengths.

Figure 5 presents the maximum output powers of three

laser rods with the different cavity lengths and M2 (T = 10%,

15%, and 20%), which are all operated at 150-Hz and 200-µs

pulse width. The behaviors of maximum output powers are

almost identical in all three laser rods. The M2 with a 15%

transmission generates larger average output power than other

M2s with transmission values of 10% and 20%, respectively,

under the same experimental condition, which is independent

of the type of laser crystal rod and cavity length. With a cav-

ity length of 170 mm and 15% M2, a maximum output power

value of 10.72 W is obtained in a-GYSGG at a pump power

value of 115 W. In contrast, maximum output power values of
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13.35 W and 13.96 W correspond to those of the bonding rods
of b-GYSGG and c-GYSGG with a cavity length of 150 mm,
which are approximately 24.5% and 30.1% higher than that of
a-GYSGG. Meanwhile, the E–O efficiency can be calculated
from the following equation:

η =
Poutput

Ppump
, (4)

where η is the E–O efficiency, Poutput is the average output
power, and Ppump is the pump power. The E–O efficiency of
a-GYSGG, b-GYSGG, and c-GYSGG at 150 Hz are 9.9%,
12.4%, and 12.9%, respectively. The maximum output power

with a cavity length of 170 mm is far less than that with an
optimal cavity length of 150 mm for the bonding rods. The
comparative results clearly indicate that the bonding rods can
significantly improve the output performance at high pump
power, and the concave end-faces can further compensate for
thermal lensing effect by reducing the diffraction loss. In our
previous work,[6] a maximum output power value of 8.86 W
at 125-Hz and 200-µs pulse width was achieved in a-GYSGG.
The increasing of maximum output power is due to the fact
that the 970-nm LD in this work matches the absorption peak
of Er,Pr:GYSGG crystal better than 966-nm LD in previous
work.
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Figure 6 shows the input–output characteristics of three

laser rods at a pulse width of 200 µs, which are obtained with

the 15% M2 and optimal cavity length. The average output

power increases approximately linearly with input power in-

creasing, but the actual maximum output power at low repe-

tition rate cannot reach the saturation value for the limitation

of maximum working current (150 A). Notably, the slope ef-

ficiency decreases with repetition rate increasing, which is at-

tributed to the fact that the increase of pump energy in a high-

frequency mode leads to more heat generation and stronger

thermal lensing effect. The slope efficiency of a-GYSGG, b-

GYSGG, and c-GYSGG at 50 Hz are linearly fitted by 23.4%,
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26.9%, and 31.6%, respectively, and these of three laser rods
at 150 Hz are reduced by 13.1%, 16.8%, and 17.7%. With
the exception of the improvement of maximum output power
in bonding rods mentioned above, the slope efficiencies of b-
GYSGG and c-GYSGG at different frequencies each have an
obvious increase compared with that of a-GYSGG due to low
thermal lensing effect. In contrast, the slope efficiencies of
b-GYSGG at different frequencies are about 3% higher than
that of a-GYSGG. But the slope efficiency of c-GYSGG in
a low-frequency mode increases more than in high-frequency
mode, which contributes to the increase of threshold caused
by concave end-faces of c-GYSGG. This is believed to be due
to the fact that the thermal lensing effect is weaker under low
pump power, so concave end-faces do not fulfil the function
of thermal lensing compensation. Then concave end-face will
act as a concave lens to increase the diffraction losses of laser
oscillation, which results in a higher threshold.

The M2 factor of the output laser beams, operated at 150-
Hz and 200-µs pulse width, at the pump power up to 108 W
are determined by the camera with a 400-mm focal length K9

lens. The laser beam radius at the maximum output power is
recorded at the position around the K9 lens focus point, and
a hyperbolic shape is adopted to fit the experimental data as
shown in Fig. 7. The quality factor M2 is calculated from the
following equation:[16]

M2 =
ωΘπ

4λ
, (5)

where ω is the beam waist diameter, Θ is the far-field diver-
gence, and λ is the wavelength. The value of laser beam qual-
ity factor M2 of a-GYSGG, b-GYSGG, and c-GYSGG in the
x and y direction are extracted to be 3.96/3.99, 3.74/3.76, and
3.41/3.39, respectively. The reduction in M2 factor means the
reduction of laser mode. The two bonding rods show a smaller
M2 factor than a-GYSGG, which means that the bonding rods
can acquire a better laser beam quality besides the improve-
ment of maximum output power and slope efficiency. In ad-
dition, c-GYSGG gives a smaller M2 factor than b-GYSGG,
because the concave end-faces can increase laser beam mode
volume.
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Fig. 7. Plots of laser beam diameter versus propagation distance, with insert showing beam profiles under pump power of 108 W.

A comparative study of the laser characteristics among a-

GYSGG, b-GYSGG, and c-GYSGG shows that the improve-

ment of the laser characteristics is essentially in agreement

with the behavior of thermal focal lengths measured in Fig. 3.

The undoped end-caps of bonding rods conduce to the de-

crease of the thermal distortion in the active segment of laser

rods, and the concave end-faces can further suppress thermal

lensing effect at high pump power. Therefore, the c-GYSGG

exhibits a 2.79-µm mid-infrared laser with high power, high

efficiency, and good beam quality by compensating for ther-

mal lensing effect. The combination of thermal bonding and

concave end-faces brings an extraordinary improvement in the

laser performance of the LD side-pumped Er,Pr:GYSGG rod.

4. Conclusions

In this work, we demonstrate the compensation for
strong thermal lensing effect for the LD side-pumped
GYSGG/Er,Pr:GYSGG bonding rod in order to improve the
laser performance operated at the 2.79 µm. Comparative stud-
ies on the basic laser characteristics between bonding and
non-bonding Er,Pr:GYSGG rods are performed. The sim-
ulated temperature distributions reveal a better cooling effi-
ciency of the undoped GYSGG end-caps, which is benefi-
cial to the decrease of the temperature gradient and compen-
sating for the thermal lensing effect. Meanwhile, the con-
cave end-faces have also advantage in inhibiting the thermal
lensing to obtain 2.79-µm laser with higher maximum out-
put power and slope efficiency. At 150-Hz and 200-µs pulse
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width, a maximum output power of 13.96 W is achieved in the
GYSGG/Er,Pr:GYSGG bonding rod with concave end-faces,
corresponding to the slope efficiency of 17.7% and E–O effi-
ciency of 12.9%, and is approximately 30% higher than that in
a conventional non-bonding rod. The reduction of M2 factor
further indicates that the bonding rods can enhance the laser
beam quality under the high pump power. All results con-
firm that the GYSGG/Er,Pr:GYSGG bonding rod with con-
cave end-faces possesses an effective compensation for the
thermal lensing effect, which is suitable to the operation at
high power and high repetition rate.
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