
Quantum Electronics 50 (4) 414 – 418 (2020) © 2020 Kvantovaya Elektronika and IOP Publishing Limited

Abstract. Amplification and thermally induced phase distortions in 
a cw pumped laser head with an active element in the form of a thin 
Yb : YAG slab are experimentally studied. Lasing characteristics of 
an emitter based on this laser head are examined. Laser radiation is 
obtained with an average power of 32 W and a slope efficiency with 
respect to the absorbed pump power h = 68 %.

Keywords: slab active element, Yb : YAG, thermal effects, thermal 
lens, high average power.

1. Introduction

Solid-state diode-pumped lasers based on Yb : YAG slabs are 
rather promising for application in various technologies. Com-
pact high-power lasers are required in many fields of science 
and engineering. Among most widely used laser heads with 
average powers of tens and hundreds of watts, we should 
point out several extensively developed laser head types dif-
fering by the geometry of the active elements (AEs), which 
can have the form of thin rods, thin discs, and thin slabs.

At present, laser heads based on thin Yb : YAG rods with 
a simple double-pass optical scheme can operate with gains 
exceeding 100 [1] and a pulse energy of up to 2.5 mJ [2, 3]. 
However, further scaling of gain and pulse energy of thin-rod 
amplifiers is limited by the breakdown threshold. The thin-
disk geometry is easily scalable and most appropriate for gen-
eration of short pulses. At the same time, the low pump abs-
orption coefficients and low gains make it necessary to design 
rather complex multipass schemes [4, 5]. Today, the kilowatt 
level of the average output power is achieved for single-disk 
lasers with near-diffraction-limited beam quality [4, 5].

Active elements in the form of a thin slab, as well thin-rod 
AEs, are intermediate between fibre and traditional solid-
state AEs. Thin slabs are characterised by a high ratio of the 
cooled area to the AE volume and, at a thickness below 1 mm, 
by an almost one-dimensional temperature gradient, which 
decreases parasitic thermal effects [6, 7]. In contrast to thin-
rod AEs [8], slab AEs allow scaling by increasing their trans-
verse dimensions, which makes it possible to achieve a consid-
erably higher power [9].

On the one hand, thin slabs allow one to achieve a high 
gain and, hence, to develop simple optical schemes of ampli-

fiers; on the other hand, they allow scaling of sizes. Owing to 
a large active medium volume and a cooling scheme that con-
siderably decreases thermally induced effects, such as thermal 
lens [10, 11], thin-slab AEs provide the possibility of achieving 
high output powers. To date, a number of laser schemes with 
slab AEs and different types of cooling, pumping, and laser 
beam propagation have been developed. Slab AEs can be 
pumped in both longitudinal [12 – 14] and transverse [15 – 17] 
directions, including pumping with the use of zigzag rereflec-
tions from the AE boundaries [17, 18]. Cooling is mainly ful-
filled due to mounting the slab AE on a cooled copper plate 
by soldering [19, 20] or by using a mechanical contact [12, 21].

We proposed to use AEs in the form of a sandwich struc-
ture based on thin Yb : YAG plates with silicon carbide heat 
sinks directly cooled with water. We used longitudinal pump-
ing by radiation propagating along the AE without rereflec-
tions, because this scheme provides the best overlap of the 
amplified radiation and the pump region. In the present work, 
we experimentally study amplification and thermally induced 
phase distortions in a laser head based on the developed AE, 
as well as the lasing characteristics of the source based on this 
laser head.

2. Laser head scheme

The active element is a plate made of an YAG crystal doped 
with Yb ions (2 %) with transverse dimensions of 1 ́  6 mm and 
a length of 11 mm. Silicon carbide (SiC) plates 2.5 ́  6 ́  11 mm 
in size serving as heat sinks were glued to the two sides of the 
AE using an UV-curable polymer adhesive. Pumping and las-
ing are performed through the optical faces antireflection 
coated for wavelengths of 969 and 1030 nm. The sandwich 
structure is directly cooled by a water flow from both sides. 
The sandwich structure scheme is presented in Fig. 1.

We used pumping by a fibre-coupled diode with a wave-
length of 969 nm and the maximum power Pmax = 240 W. The 
fibre core diameter was 200 mm; an aspherical collimator with 
the focal length f = 3 cm was placed at the end of the fibre. 
The diode radiation was directed to the optical surface of the 
AE using a lens system ( 2 ) (Fig. 2), which contained either 
one spherical lens with f = 10 cm, which formed a pump beam 
spot 0.6 mm in diameter; or two cylindrical lenses confocally 
positioned in the sagittal (  f = 20 cm) and meridional (  f = 
75 mm) planes, which formed an elliptical pump beam with 
the principal axes 1.3 and 0.5 mm long; or a combination of a 
spherical (  f = 20 cm) and a cylindrical (  f = 20 cm) lenses, 
which formed an elliptical pump beam with the principal axes 
3.5 and 0.5 mm long. We used single-pass pumping, 68 % of 
which was absorbed for all pump intensity distribution pro-
files. In contrast to the zigzag geometry [19], the pump and 
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laser beams propagated linearly (like in traditional solid-state 
AEs) without internal reflections from the lateral surfaces, 
which provided a good spatial coincidence of these beams [9].

3. Experimental results

Small-signal gain G per pass through the AE in the case of cw 
pumping with beam spot dimensions of 1.3 ́  0.5 was measu-
red by the probe-beam method (Fig. 2). The probe beam was 
coupled in through a dichroic mirror ( 3 ) (Fig. 2), which was 
transparent at a wavelength of 969 nm and highly reflecting 
(R = 99.5 %) at a wavelength of 1030 nm and placed directly 
in front of the laser head. The probe beam was modulated 
with a period of ~20 s by an optomechanical chopper. The 
beam size exceeded the AE size. A 1-mm diaph ragm, which 
cut off the unamplified part of the probe beam, was placed in 
front of an FD-24 photodiode ( 5 ) recording the radiation. 
We measured the maximum gain corresponding to the maxi-
mum population inversion and, hence, to the maximum 
absorbed pump power density. The diaphragm position was 
chosen so that the amplified signal was maximum. The gain 
was measured upon cw pumping after reaching a steady ther-
mal state in the system. This state was reached for a time not 
exceeding 30 s and was determined by the flow rate and tem-
perature of cooling water. The measured dependence of gain 
G on the absorbed pump power density is given in Fig. 3.

The maximum gain achieved at the available pump power 
was G = 7. The absence of a bend in the upper part of the 
curve in Fig. 3 allows us to hope that it is possible to achieve 
a higher gain by increasing the pump power density.

The thermally induced phase distortions of radiation in the 
developed laser head were measured using phase-shift inter-
ferometry. For this purpose, the laser head was placed in one 
of the Michelson interferometer arms. The phase incursions 
in the interferometer shoulder were measured in the pre sence 

and absence of pumping. The thermally induced phase distor-
tions, i. e., the difference between these two phase incursions, 
were approximated by a parabola, whose parameters were 
used to calculate the focal length of the thermal lens.

Figure 4 shows the dependences of the thermal lens power 
components Dx and Dy appearing along the x and y axes (Fig. 1) 
on the absorbed pump power for a circular pump spot 0.6 mm 
in diameter and for an elliptical spot 3.5 ́  0.5 mm in size.

At the circular pump spot, component Dy is considerably 
(more than twofold) higher than Dx. As the pump spot size 
increases to 3.5 mm, this difference even increases due to an 
increase in the transverse temperature gradient, and the ther-
mal lens along the x axis almost disappears.

To verify the obtained data, we constructed a simplified 
numerical model for calculating the thermal lens for a slab 
AE. The main, polarisation-independent phase incursion part 
d(x, y) caused by inhomogeneous heating of the AE, can be 
calculated by the formula [22, 23]
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Figure 1. Scheme of the sandwich structure: 
( 1 ) silicon carbide plates; ( 2 ) Yb : YAG plate; ( 3 ) pump diode beam; 
( 4 ) laser beam; ( 5 ) heat removal directions.
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Figure 2. Scheme of pump radiation coupling and gain measurement: 
( 1 ) pump beam collimator; ( 2 ) lens system; ( 3 ) dichroic mirrors; ( 4 ) 
laser head; ( 5 ) photodiode; ( 6 ) probe beam.
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Figure 3. Dependence of the small-signal gain on the absorbed pump 
power density.
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Figure 4. Dependences of the absorbed pump power on the thermal 
lens optical powers Dx ( open symbols ) and Dy ( filled symbols ) for a 
circular pump spot 0.6 mm in diameter ( triangles ) and an elliptical spot 
3.5 ́  0.5 mm in size ( rhombs ).



 A.V. Starobor, I.I. Kuznetsov, I.B. Mukhin, O.V. Palashov416

d(x, y) = 
d
d
T
n

conste=
áT (x, y, z) – T0ñ

 +
jd

dn

, , constTj x y z e ==

/ áej (x, y, z)ñ

 + (n –1)(1 + n) aT  áT (x, y, z) – T0ñ + const, (1)

where n is the refractive index, e is the deformation, aT is the 
temperature expansion coefficient, n is the Poisson coeffici-
ent, and the angular brackets indicate integration over the ele-
ment length L:

á…ñ = ...dz
L

0
y .

In the plane-stress approximation and under the condi-
tion that the beam propagation along the crystal length can 
be described by geometric optics laws, the phase incursion, as 
was shown in [22, 23], can be represented in the form

d(x, y) = P áT (x, y, z) – T0ñ, (2)

where P is the thermooptical constant responsible for the 
thermal lens [23]. The main contribution to the thermal lens in 
Yb : YAG crystals is made by the temperature dependence of 
the refractive index. For the thermal lens, we assume that

P » 
d
d
T
n . (3)

Heating of a sample to temperature T (x, y, z) can be cal-
culated from the Poisson equation

D^T + 
¶
¶
z
T
2

2

 = – 
( , , )q x y z

k , (4)

where k is the thermal conductivity and q is the heat release 
power density. We assume that the heat release power profile 
in the transverse direction replicates the pump intensity pro-
file and the heat release power is proportional to the pump 
power.

Averaging Eqn (4) over z and considering the heat rel ease 
dependence on the transverse coordinates x and y, we obtain

D^áT ñ = – 
( , )P x yheat

k , (5)

where Pheat(x, y) is the heat release power. Then, we numeri-
cally solved the linear Poisson equation (5) with the boundary 
conditions corresponding to the thermally isolated optical and 
lateral surfaces of the AE. Heat removal from the surfaces 
bordering the SiC plate was taken to be ideal with a prescribed 
temperature over the entire interface. In the calculation, the 
AE cross section was 1´ 6 mm and the pump spot had an 
elliptical shape with dimensions varying from 0.5 ́  0.5 mm to 
0.5 ́  6 mm. After this, we calculated the focal power D of the 
thermal lens formed in the sample. The calculated phase inc-
ursions and focal powers Dx and Dy of the thermal lens are 
shown in Figs 5 and 6. Figure 6 also presents the experimental 
data determined by the slopes of the measured dependences 
of the thermal lens powers on the absorbed pump power.

For the circular beam, Dx is approximately 30 % lower 
than Dy, which qualitatively agrees with the experimental res-
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Figure 5. Calculated profiles of thermally induced phases along the ( a ) 
x and ( b ) y axes for beams with identical powers and dimensions of ( 1 ) 
0.5, ( 2 ) 3.6, and ( 3 ) 6 mm along the x axis.
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Figure 6. Calculated dependences of the thermal lens powers ( a ) Dx 
and ( b ) Dy on the beam width at identical pump powers. Points indicate 
the experimental values of Dx and Dy for a circular pump beam with a 
diameter of 0.6 mm ( triangles ) and an elliptical beam with dimensions 
of 3.5 ́  0.5 mm ( rhombs ).
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ults (50 % decrease). The focal power Dx decreases by an order 
of magnitude as the pump spot width increases to 3 mm, while 
Dy in this case decreases only approximately by three times, 
which also agrees with the experimental results. Calculations 
show that the sharp decrease in Dx takes place even when the 
pump power density does not change with increasing the 
pump spot width.

The developed laser head was used to develop a highly eff-
icient cw multimode laser. We used a simplest cavity formed 
by two plane mirrors spaced from each other by 47 mm (Fig. 7).

The dependences of the output laser power on the abs-
orbed pump power are show in Fig. 8 for a circular pump spot 
0.6 mm in diameter and an elliptical pump spot with dimen-
sions of 3.5 ́  0.5 and 1.3 ́  0.5 mm at different transmittances 
of the output mirror.

The slope efficiency h of the laser was determined as the 
derivative of the laser power with respect to the absorbed 
pump power. In the case of a circular pump spot, the slope 
efficiencies for output mirrors with transmittances of 10 and 
20 % are almost identical, i. e., h = 45 and 48 %, respectively. 
With increasing the pump spot to an ellipse 3.5 ́  0.5 mm in 
size, the mirror with a transmittance of 10 % becomes most 
efficient, while the slope efficiency in this case decreases to h = 
27 %.

Figure 9 shows the dependences of the laser power on the 
absorbed pump power density for different elliptical pump 
beams and different output mirrors with the optimal trans-
mittance in each case.

Analysis of the dependences in Fig. 9 shows that the use of 
the pump spot with dimensions of 3.5 ́  0.5 mm is most effi-
cient with respect to the absorbed pump power, which is most 
probably related to a lower focal power of the thermal lens.

Pumping with a spot 1.3 ́  0.5 mm in size allowed us to 
achieve an average output power of 32 W at h = 68 % and an 
absorbed pump power of 82 W (Fig. 8c). Today, the output 
laser power is limited only by the pump power.

4. Conclusions

A laser head based on a thin Yb : YAG slab is developed. The 
small-signal gain G = 7 is achieved at cw pumping after reach-
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Figure 7. Laser scheme: 
( 1 ) pump beam collimator; ( 2 ) lens system; ( 3 ) dichroic mirror; ( 4 ) 
laser head; ( 5 ) output mirror.
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Figure 8. Dependences of the output laser power on the absorbed 
pump power at output mirror transmittances of 5 % ( triangles ), 10 % 
( rhombs ), and 20 % ( circles ) for ( a ) a circular pump spot 0.6 mm in 
diameter and ( b, c ) elliptical spots with dimensions of ( b ) 3.5 ́  0.5 and 
( c ) 1.3 ́  0.5 mm.
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Figure 9. Dependences of the output laser power on the absorbed 
pump power density at the optimal output mirror transmittance for a 
circular pump spot 0.6 mm in diameter ( triangles ) and elliptical spots 
with dimensions of 3.5 ́  0.5 ( rhombs ) and 1.3 ́  0.5 mm ( circles ).
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ing a steady thermal state in the system. A cw laser with an 
average output power of 32 W at a slope efficiency h = 68 % is 
developed based on the proposed laser head. Thermally ind-
uced phase distortions in the laser head are experimentally 
studied. It is shown that the thermal lens has a strong astig-
matism. Nevertheless, the developed laser head can be succes-
sfully used to develop cw and repetitively pulsed lasers with a 
high average output power and different output radiation 
parameters.

The high gain and the possibility of scaling the AE dimen-
sions and, therefore, the stored energy, make this laser head 
especially attractive for application in pulsed laser amplifiers 
with high-power diode pumping, which operate with high (exc-
eeding 1 kHz) pulse repetition rates and high output powers.
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