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Abstract. The fundamental principles of the operation of a
solid-state laser are presented for the case when the active
element is a thin disk. An analytical model of this laser is
developed. The model is used to calculate the influence of
the various parameters on the operational efficiency of the
laser. A detailed model is also developed for calculations
relating to a specific laser design and this model takes
account of the geometry of the active medium, of the diode
pump configuration, and of the operating conditions.
Experiments yielded a cw output power up to 350 W and
an optical pumping efficiency of � 50% (the corresponding
values obtained in this single-mode regime were approxi-
mately 100 W and 440%). These results were obtained
below 0 8C for eight passes of the pump radiation through
the active medium. At room temperature and for 16 passes
the same parameters were several tens of watts and an effi-
ciency up to 58%. These experimental results were in good
agreement with the predictions of the theoretical model.

1. Lasers for material processing
Good-quality output radiation beams are needed in many
applications of high-power lasers. A state-of-the-art review
of this topic shows that solid-state lasers are significantly
inferior to CO2 lasers. Efficient utilisation of high-power
lasers in industry requires a high quality of the radiation
beam, efficient pumping, concentration of the energy on
the workpiece, realibility, a long service life, and a compact
size. Lasers emitting at l � 1 mm or at shorter wavelengths
are of considerable interest because of the stronger absorp-
tion of the laser radiation with these wavelengths by a
majority of the materials of technical importance, and also
because the undesirable effect of the laser plasma on indus-
trial processes is less at these wavelengths.

Flashlamp- and diode-pumped Nd :YAG lasers are
becoming increasingly popular in industry. In many of these
lasers the flashlamps are simply replaced with laser diodes.
However, this procedure fails to utilise all the advantages
of diode pumping (see, for example, Ref. [1] ). For example,
optimisation of diode pumping and of the technique of cool-

ing the active element was reported [2]. This has made it
possible to use also quasi-three-level active media [3]. Studies
have also been made of weakening the thermal lens effect in
slab lasers.

As regards the beam quality, however, the principal
advantages provided by diode pumping of solid state media,
that is high efficiency and high beam quality, have not yet
been fully exploited. Fig. 1 shows the beam quality parameter
M 2 (the factor by which the beam divergence exceeds the
diffraction limit), as a function of the cw output power. In
the case of CO2 lasers this parameter is close to one, whereas
diode-pumped solid state lasers offer a potential improve-
ment of almost 2 orders of magnitude even at high power
levels.

A high beam quality can be obtained by appropriate res-
onator design and a rigorous reduction of the thermal effects
inside the active medium.This means that the thermal lensing
effects have to be avoided or controlled in such a way that no
detrimental effects will occur. One possibility is to orient the
heat flux collinearly with the direction of laser propagation,
i.e., HT jjk. Consequently, the active medium has to be short
compared with its diameter. Examples of this approach are
active-mirror lasers [6], disk amplifiers [7], or thin-disk lasers
which are cooled on one or both sides.Another possibility is to
allow the propagation of only the fundamental transverse
mode, defined by the condition (d=l)An < 0:766, where An
is the numerical aperture of the beam.

Owing to the higher possible output power per module,
the thin-disk laser approach was studied in cooperation
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Figure 1. Dependences of the beam quality parameter M 2 on the output
power Pout, obtained for various laboratory (open symbols) and commer-
cially available (black symbols) lasers, including disk lasers (circles), fibre
lasers (squares), solid-state lasers with diode (~, ~) and flashlamp (!)
pumping, and also CO2 lasers (^).



with IFSW, University of Stuttgart, and DLR, and this led
to the development of the first thin-disk Yb :YAG laser in
1993 [8].

2. The concept of the thin-disk laser
A crystal disk with a thickness smaller than the diameter of
the disk is mounted with one of its faces, which is high-
reflectivity (HR) coated for both the laser and the pump
wavelength, on a heat sink (Fig. 2). Therefore the excess
heat is removed via this face. If we assume a large heat-
transfer coefficient over the whole area, a temperature field
will be established in the crystal with the isotherms essen-
tially normal to the axis. The disk can be pumped by laser
diodes either in a quasi-longitudinal scheme or radially. To
increase the absorption of the pump radiation for a given
thickness of the crystal, multiple passes of pump radiation
through the disk can be used. This disk fits into the resonator
as an end mirror (see Fig. 2) or as a folding mirror. The
design is suitable for lasers in the power range of several
watts to kilowatts, as demonstrated below. The power can
be scaled by increasing the pumped diameter of the disk at
constant pump power density and/or by using more than one
disk. By employing the appropriate resonators and efficient
cooling technologies, it is possible to achieve a high beam
quality and a high efficiency simultaneously.

This design is particularly well suited for quasi-three-level
systems such as Yb :YAG, because a low mean temperature
of the crystal and a high pump power density are necessary
for efficient operation. Therefore Yb :YAG was chosen as
the preferred active medium. The properties of Yb :YAG
have been discussed in detail elsewhere [9 ^11]. The thin-
disk concept is also suitable for a variety of other laser mate-
rials. Operation with Nd :YAG, Nd :YVO4, and Tm :YAG
has been demonstrated [12 ^14].

3. Modelling
An analytical and numerical model of the thin-disk laser,
developed to describe the basic features of the quasi-three-
level active mediumYb :YAG, is presented. The main results
will be discussed by comparison with experimental data.

3.1 Analytical model
A quasi-three-level laser active medium, which is sometimes
also termed a quasi-four-level medium, is characterised by a
significant thermal population of the lower laser level. This
means that the lasing properties change with temperature

from those of a four-level system, where the lower laser
level has no population at thermal equilibrium, to those of
a three-level system, where the lower laser level is fully popu-
lated at thermal equilibrium. The main difference in the
lasing properties between a true four-level system and a
quasi-three-level system result from reabsorption losses at
the laser wavelength, which increase the internal losses in
the resonator and hence increase the lasing threshold.

The energy level system of Yb :YAG consists of the Stark-
split 2F7=2 ground state and the 2F5=2 excited state [15].
Because of small energy splitting of each manifold, the relax-
ation times for energy levels within a manifold are assumed to
be very small, of the order of picoseconds [16]. This justifies
the use of a two-manifold model, where the cross sections
sabs(l, T ) and sem(l, T ) for absorption and stimulated emis-
sion are related at any given wavelength l and temperature T
by a detailed balance relation [17]:

sabs�l, T� � f �l, T�sem�l, T� . (1)

The factor f (l, T ), which relates the emission cross section
to the absorption cross section, is given by

f �l, T� � Zup�T�
Zlow�T�

exp
�
hc=lÿ Ezpl

kBT

�
: (2)

Here, Zup(T ) and Zlow(T ) denote the partition functions of
the upper and lower manifold, respectively; Ezpl is the energy
of the zero-phonon line and is equal to the energy difference
between the lowest level in the upper manifold and the lowest
level in the lower manifold. The partition functions for each
manifold m are given by

Zm�T� �
Xnmÿ1
i�0

gmi exp
�
ÿ Emi ÿ Em0

kBT

�
, (3)

where nm is the number of energy levels Emi within manifold
m, and gmi is the degeneracy of each energy level. Note that
sabs(l, T ) and sem(l, T ) are not spectroscopic cross sections
for transitions between specific energy levels, but describe
transitions at arbitrary wavelengths between the two mani-
folds and depend on the population distribution within each
manifold. The advantage of this description is that sabs(l, T )
is readily available from measured spectra without further
calculation and that this model can easily be used in the
calculation of laser tuning curves. At the same time, it is
fully equivalent to a description where only transitions
between specific energy levels are considered. In this case f
would be given by the ratio flow=fup where flow is the frac-
tional population of the level chosen in the lower manifold,
and fup is the fractional population of the level chosen in the
upper manifold.

Expressions for the laser threshold and efficiency are
derived below for a simple model of the laser, where the tem-
perature inside the crystal is constant and the crystal is
pumped homogeneously. The rate equations for the two-
manifold system are then given by

dnup
dt
� Eplp

hc
Zabs
Niond

ÿ nup
t

ÿMr
Eresllas

hc
�nupsem�llas� ÿ nlowsabs�llas�� , (4)

Heat sink

Output
coupler

Laser beam

Crystal Pump beam

Figure 2. Optical scheme of the investigated thin-disk laser with quasi-lon-
gitudinal pumping of the crystal.
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and

dEres

dt
�MrEresNion�nupsem�llas� ÿ nlowsabs�llas��

cd
2lres

ÿEres
c

2lres
�ÿ ln�1ÿ Toc� ÿ ln�1ÿ L�� : (5)

Here nup denotes the fraction of laser ions that are excited
into the upper manifold, and nlow is the fraction of laser ions
in the lower manifold; Nion is the bulk density of laser ions;
Ep is the power density of the pump radiation; hc=lp is the
energy of a pump photon; Zabs is the absorption efficiency of
the pump radiation; d is the crystal thickness; t is the fluo-
rescence lifetime of the upper manifold; Eres is the power
density of the circulating laser radiation inside the resonator;
Mr is the number of passes of the laser radiation through the
crystal per resonator round trip; sem(llas) and sabs(llas) are
the emission and absorption cross sections, respectively, at
the transmission of the output coupler; lres is the optical
length of the resonator; L is the factor for the integrated
losses per round trip.

Solving Eqn (5) for the steady-state conditions
(dEres=dt � 0) we obtain the required population of the upper
manifold for laser operation nrequp :

nrequp � ntransup
ÿ ln�1ÿ Toc� ÿ ln�1ÿ L�
MrdNion f �llas�sem�llas�

� ntransup , (6)

where

ntransup � f �llas�
1� f �llas�

(7)

defines the fraction of excited laser ions at which the laser
material becomes transparent at the laser wavelength (here,
Toc is the transmission of the output coupler). ForYb :YAGat
roomtemperature,ntransup is about 6.2%.Using expression (6) in
Eqn (4)andsolvingfortheoutputpowerdensityEout,weobtain

Eout � TocEres �
Toc

ÿ ln�1ÿ Toc� ÿ ln�1ÿ L�

� ZabsZst�Ep ÿ Eth� , (8)

where Zst denotes the Stokes efficiency Zst � lp=llas, and the
threshold pump power density Eth is given by

Eth �
hcdNion

lpZabst
nrequp �

hc
lpZabst

ntransup

�
�ÿ ln�1ÿ Toc� ÿ ln�1ÿ L�

Mr f �llas�sem�llas�
� dNion

�
. (9)

Eqns (8) and (9) clearly show the contradictory requirements
concerning the crystal thickness of end-pumped quasi-three-
level systems. On the one hand, the slope efficiency is propor-
tional to the absorption efficiency of the pump radiation,
which increases with crystal thickness. On the other hand,
the laser threshold also increases with the crystal thickness,
owing to reabsorption at the laserwavelength.The conceptofa
thin-disk laser is an elegant way to solve the dilemma.The use
of multiple passes of the pump radiation through the crystal
helps to reduce the crystal thickness while maintaining high
absorption efficiency. The absorption efficiency is given by

Zabs � 1ÿ exp�ÿMpdsabs �lp�Nion fb� , (10)

where Mp is the number of pump beam passes through the

crystal, and fb is a bleaching factor which describes the
bleaching of absorption due to inversion:

fb � 1ÿ nrequp
f �lp� ÿ 1
f �lp�

� 1ÿ nrequp . (11)

Since the absorption cross section sabs(lp) as well as the
emission cross section sem(llas) and the factor f (llas) depend
on crystal temperature, the optimum crystal thickness and
the optical efficiency that can be achieved are temperature-
dependent. Fig. 3 shows the optical efficiency versus the
pump power density at different crystal temperatures. The
values were calculated for Mp � 8, and the crystal thickness
was optimised for every data point. It clearly shows the det-
rimental effect of elevated crystal temperatures on efficiency,
which means that effective removal of excess heat is essential
for efficient operation. It also shows a considerable increase
in the efficiency with the pump power density, owing to the
relatively high threshold of the quasi-three-level material.
This means that the brightness of the pump source is an
important parameter in the laser design.

Fig. 4 shows the dependence of the optical efficiency on
the crystal temperature for different numbers of pump
beam passes. It clearly demonstrates the advantage of the
thin-disk laser concept with multiple pump beam passes,
especially at high crystal temperatures.
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Figure 3. Dependences of the optical efficiency Z on the pump power den-
sity Ep, obtained at the following effective crystal temperatures (K):
1 ) 100; 2 ) 150; 3 ) 200; 4 ) 250; 5 ) 300; 6 ) 350; 7 ) 400; 8 ) 450; 9 ) 500.
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Figure 4. Dependences of the optical efficiency Z on the crystal tempera-
ture T for various numbers of the pump-beam passes: 1 ) 2; 2 ) 4; 3 ) 8;
4 ) 16; 5 ) 32.
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3.2 Numerical model
The analytical model gives a general insight into the require-
ments concerning the pump power density, operational
temperature, and crystal thickness for the design of a thin-
disk laser. So far, however, the distribution of temperature
inside the crystal has been neglected. A inhomogeneous tem-
perature distribution leads to different pump absorption and
different reabsorption of the laser radiation across the thick-
ness of the crystal. Other analytical models for longitudinally
pumped quasi-three-level systems that have been developed
[18, 19, 20] do not account for this effect either.

Inareal laser system,there isadiscreteheatresistanceatthe
boundarybetween lasercrystalandcoolingsystem,whichmust
alsobetakenintoaccount.AscanbeseenfromFig. 3,theoptical
efficiencydependsstronglyontheincidentpumppowerdensity,
whichmeans that the distribution of pumppower has an effect
ontheoverall efficiencyof the laser.For these reasons anumer-
ical model [21] is used to calculate the optimum design
parameters of the thin-disk laser used in our experiments.

The numerical model consists of three main steps. In the
first step, the distribution of the absorbed pump radiation
inside the crystal is calculated by Monte Carlo ray-tracing
of the pump photons through the optical system. In the sec-
ond step, the temperature distribution inside the crystal is
calculated, according to the results of the ray-tracing calcu-
lation. In the third step of the model, the output power is
calculated, taking into account the distributions of the
pump radiation and of the temperature. These three steps
are repeated iteratively until a steady state is reached. The
three steps are described in more detail below.

3.2.1 Calculation of absorption
In calculation of the distribution of absorbed pump radiation
within the crystal, a Monte Carlo is employed. The paths
through the optical systems of a large number of photons
are traced, with absorption being considered as a statistical
process. Because of the high beam quality parameter of the
pump diodes, geometric ray-tracing can be used. The starting
position and the propagation direction of every single photon
are chosen at random, according to the spatial dimensions of
the pump source and the angular distribution of the pump
radiation (i.e., the measured distribution of the pump radia-
tion within the numerical aperture). The wavelength of the
pump photons is determined randomly, according to an
assumed Gaussian profile with the measured spectral
width of the pump diodes. The path of every photon is traced
through the system until it is lost at one of the optical com-
ponents (i.e., it has missed the component), is absorbed
within the crystal, or has exited the system after the desig-
nated number of passes through the crystal.

The transmission of the crystal along the photon path is
calculated taking into account the photon wavelength, the
temperature dependence of absorption, and the bleaching
due to inversion. Whether or not the photon is absorbed is
determined by comparison of a random number r, generated
in the interval (0,1),with the calculated valueTof the transmis-
sion. For r > T, the photon is absorbed and the distance l at
which the photon is absorbed is r � T (l ).The crystal is divided
into a mesh of finite elements with typically 60 elements in the
radial direction, 20 elements in the axial direction, and 40
angular elements. The absorbed photons are counted in the
corresponding element of the mesh. In order to minimise
the computation time, parameters for the transmission of
every element of the mesh are precomputed.

3.2.2 Calculation of temperature
As the distribution of the absorbed energy is usually sym-
metric around the axis of the crystal, the temperature is
calculated for a rotational symmetry. Generation of heat is
assumed to result from two mechanisms. The first is the
Stokes effect of 8.7% between the energy of the pump and
laser photon. The second source of heat is the absorption of
the pump and laser radiation as well as fluorescence by the
high-reflectivity coating of the crystal, and has been meas-
ured by calorimetry to amount to about 6% of the absorbed
pump power. The heat load is calculated according to the
distribution of the absorbed pump radiation and is applied to
a two-dimensional mesh of elements. The temperature of
every element of the mesh is adjusted by an iterative process
until the heat flow to the neighbouring elements equals the
generation of heat. A finite heat resistance between the crys-
tal and the cooling medium is included in the calculations.
The value of the heat resistance is determined from finite
element calculations performed for a complete model of the
crystal, including the reflective coating and the heat sink.

3.2.3 Calculation of the output power
In calculation of the output power, the symmetry of the
pump radiation distribution is assumed to be rotational.
The resonator is taken to be plane-parallel and infinitesi-
mally short, so that the laser rate equations can be solved
independently for every radial segment of the crystal. This
approximation is valid for resonators with a high ratio of the
pump beam diameter to the fundamental mode diameter,
because in this case the laser mode profile adjusts to the
gain profile of the crystal. Eqn (4) is solved for every element
of the crystal in the steady state (dnup=dt � 0), with the
temperature dependence of the parameters taken into
account and the factor Mr, introduced as the number of
laser beam passes through the crystal, replaced by the factor
Mr(z), which describes the local intensity enhancement at the
axial position z because of amplification:

Mr�z� �
Xm=2
i�1

ÿ
expfg��2iÿ 1�d ÿ z�g

� expfg��2iÿ 1�d � z�g� . (12)

In Eqn (12)m is the number of laser beam passes through the
crystal and g is the gain coefficient at the radial position,
averaged over crystal thickness. The internal power density
Eres in the resonator is adjusted iteratively, until the gain
and losses are balanced and Eqn (5) is satisfied with
dEres=dt � 0.

3.2.4 Numerical results
Fig. 5 shows the calculated dependence of the optical effi-
ciency (defined as the quotient of the laser output power and
the incident pump power) on the crystal thickness for differ-
ent numbers of pump beam passes. The calculations were
performed for a crystal with 10% atomic dopant concentra-
tion, a cooling temperature of Tc � ÿ30 8C, and an incident
pump power of 250 W,with a maximum pump power density
of 6.5 kW cmÿ2. The results show that the optical efficiency
can be increased from 29% to 52% when 8 instead of 2 pump
beam passes are used, and even to 62% with 16 passes. This
advantage of multiple pump beam passes, which is even
greater at higher cooling temperatures, led us to increase
the number of pump beam passes from 8 to 16.
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Another way to reduce the crystal thickness, and hence
increase the optical efficiency, is to increase the dopant con-
centration. Fig. 6 shows the corresponding results of the
numerical model. These calculations were made for 8
pump beam passes and the same parameters that were
used for the calculations shown in Fig. 5. The material
parameters were assumed to be independent of the dopant
concentration. The results show that the optical efficiency
increases only slightly when the optimum crystal thickness
decreases. This is due to the fact that with the higher dopant
concentration at reduced crystal thicknesses the total number
of laser active ions in the pumped volume remains almost
constant. This means that the reabsorption loss at the laser
wavelength remains unchanged, in contrast to a reduction
in the crystal thickness achieved by using multiple pump
beam passes. In this case, the total number of the pumped
laser active ions is reduced, which leads to a lower laser
threshold and a higher slope efficiency.

4. Experimental results
The results obtained by using two different setups of the
pump optics, allowing for 8 and 16 pump passes, respec-
tively, are reported below. The scalability of the thin-disk
concept and the dependence of the optical efficiency on
the operational temperature and the beam quality are dis-
cussed in detail below.

4.1 Setup
Thin Yb :YAG disks with atomic dopant concentrations
between 8% and 11% are used. A typical thickness is
between 200 mm and 300 mm, according to the optimum
values obtained by numerical calculations. A crystal is
mounted with its back side on a cooled copper heat sink.
The temperatures of the cooling fluid Tc was equal to room
temperature, when water is used, and ÿ70 8C, when alcohol
is used. The crystal is HR-coated on its back side and Ar-
coated on its front side for a pump wavelength of 941 nm and
a laser wavelength of 1030 nm.

The first pumping scheme is the well-known setup [8] in
which several mirrors are used to pass the pump radiation
through the crystal (see Fig. 7). The disk is pumped with
nearly constant and maximum pump power density at
pumped diameters between 1.2 mm and 4.7 mm.The incident
pump power densities are approximately 6.5 and
4.0 kW cmÿ2, respectively.

Owing to the 8 absorption passes this results in an effec-
tive pump power density of approximately 18 kW cmÿ2,
which is about 10 times above the threshold and should result
in high efficiencies, according to the calculations presented in
Fig. 5. Fibre-coupled InGaAs diode lasers (Opto Power
Corp.) are used. The fibres are grouped into bundles of up
to 19 fibres.

In a recently developed scheme, 16 absorption passes are
achieved (Fig. 8). The pump radiation emerging from a single
fibre-coupled diode laser is collimated by a spherical lens. A
parabolic mirror with a crystal placed in its focal plane
images the end of the fibre onto the crystal. The collimated
beam uses only a 458 segment of a parabolic mirror. The
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Figure 5. Numerically calculated dependences of the optical efficiency Z
on the crystal thickness d for various numbers of the pump-beam passes
through the crystal: 2 (&), 4 (*), 8 (~), 16 (!).
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Figure 6. Numerically calculated dependences of the optical efficiency Z
on the crystal thickness d for various dopant concentrations (%): 1 ) 6;
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Figure 7. Schematic view of the investigated thin-disk laser with quasi-
longitudinal pumping.
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Figure 8. Schematic view of the second (new) pump design, which ensures
16 passes of the pump radiation through the crystal. The segments of the
parabolic mirror are used as indicated by their numbers (shown on the
right).
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pump radiation emerging from the crystal after the first dou-
ble pass through the crystal is collected by the adjacent
segment of the mirror. The mirror collimates this beam. By
use of a prism, the beam is reflected back onto the third seg-
ment of the mirror, imaged on the crystal, and so on, until the
8 segments of the parabolic mirror are used. This results in 8
absorption passes through the crystal. The remaining radia-
tion emerging from the last segmentis reflected by a plane
mirror so that the entire beam path is traversed in the oppo-
site direction, giving a total of 16 passes.

4.2 Scalability of the output power
The output power of a thin-disk laser can be scaled by
increasing the pumped diameter at a constant pump power
density. In this way, several hundred watts of the output
power can be obtained. Higher powers can be realised by
using several disks in one resonator [14, 22].

Fig. 9 shows the results for 8 absorption passes and
pumped diameters dp of approximately 1.2 mm, 2.5 mm,
3.4 mm, and 4.7 mm, corresponding to approximately 60 W,
250 W, 500 W, and 700 W of the pump power, respectively.
The resonator is formed by a coated crystal and a concave out-
put coupler with a radius of curvature of 50 cm and with a
transmission of 4%.The resonator is made as short as possible
to achieve the highest efficiency. As expected, when the
pumped diameter is increased the threshold pump power
increases, but the threshold pump power density remains
nearly constant. However, the slope efficiency Zsl decreases
from 64% for dp � 1:2 mm to 56% for dp � 4:7 mm. This
behaviour is confirmed by the numerical results. The calcu-
lations were made taking into account the shift of the
wavelength of the pump diodes with the pump power and
are included in Fig. 9. These calculations indicate an increas-
ing contribution of three-dimensional heat conduction within
the crystal with decreasing pumped diameter, which helps to
lower the crystal temperature. Furthermore, the heat dissipat-
ing effect of the copper heat sink is reduced at larger pumped

diameters and some material properties, e.g. the thermal con-
ductivity, emissivity, and absorption cross section decrease
with increasing temperature [23].

4.3 Efficiency
The temperature dependence of the optical efficiency is
shown in Fig. 10.With 8 passes of the pump radiation through
the crystal and a pump power of 251 W (dp � 2:5 mm) an
optical efficiency of 52% is obtained at ÿ28 8C. When a
pump power of 58 W is used (dp � 1:2 mm), the same effi-
ciency is reached at 0 8C. This again indicates a higher mean
temperature of the crystal for larger pumped diameters. The
crystal used in these experiments had a thickness of 320 mm
and an atomic dopant concentration of 11%.

With the new pumping design, thinner crystals can be
used. A crystal with a thickness of 240 mm and a dopant con-
centration of 10 at.% gives an optical efficiency of 58% at a
temperature of the cooling fluid of 15 8C. As can be seen in
Fig. 10, with 16 passes of the pump radiation at room temper-
ature the same efficiency can be obtained as with 8 passes at
ÿ25 8C.This confirms that the mean temperature of the crys-
tal is reduced by 40 8C in the case of the thinner crystal. An
important consequence of the new pumping scheme is that it
allows highly efficient room-remperature operation. The
results of the numerical calculations are shown as straight
lines in Fig. 10.

4.4 Beam quality
According to detailed investigations, the thermal lens of a
thin-disk laser ranges from approximately 1 m to several
meters. Using an appropriate resonator design, it is possible
to achieve the best beam quality with M 2 as low as 1. In
general, the resonator length and the radius of curvature of
the output coupler should be chosen so that the desired M 2

value is obtained independently of the thermal lens. The
aspherical contribution to the thermal lens is very low, so
that TEM00-mode operation can be highly efficient.

Fig. 11 shows the results obtained so far. With a pumped
diameter of 1.2 mm and a pump power of 65 W, the M 2 val-
ues of between 8 and 1.0 were obtained at efficiencies greater
than 50% (all the M 2 values were measured with a Coherent
Modemaster meter). In these experiments, several resonator
lengths between 10 cm and 50 cm, and output couplers with a
radius of curvature of 0.5 m, 1.0 m, and 2.0 m,were used.The
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Figure 9. Scaling of the dependence of the output power Pout on the pump
power Pp for eight passes of the pump radiation through the crystal, obtai-
ned for various diameters of the pumped region dp � 1:2 mm (^), 2.5 mm
(!), 3.4 mm (~), and 4.7 mm (&), various temperatures of the cooling
liquid Tc � ÿ28 8C (^, !), ÿ67 8C (~), and ÿ52 8C (&), various values of
Zsl � 55% (~), 56% (&), 59% (!), and 64% (^), and comparison of the cal-
culated (continuous curves for dp � 2:5 mm, Tc � ÿ28 8C, Zsl � 59%,
and dotted line for dp � 4:7 mm, Tc � ÿ52 8C, Zsl � 56%) and experi-
mental (black symbols) results.
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Figure 10. Experimental (black symbols) and calculated (continuous lines)
dependences of the optical efficiency Z on the temperature of the cooling
liquid Tc for 8 (!, ^) and 16 (&) passes, through the crystal, of the pump
radiation of 58 W (^), 65 W (&), and 247 W (!) power.
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measured output power, and hence the efficiency, was nearly
independent of the resonator, indicating very low diffraction
losses and a very small aspherical contribution to the thermal
lens of the thin-disks. Obviously the spherical contribution to
the thermal lens can easily be compensated by use of an
appropriate resonator design. With a typical electrical-to-
optical (`plug') efficiency of the fibre-coupled diode laser
of 35%, an electrical-to-optical efficiency of the thin-disk
laser of more than 17% was achieved.

With a maximum pump power of 247 W, the dependence
of the efficiency on the beam quality was also investigated
(Fig. 11) [24]. The temperature of the cooling fluid was
ÿ9 8C, and there were 8 passes of the pump radiation
through the crystal. Once again, the efficiency was nearly
independent of the beam quality. Using a resonator with a
length of 185 cm, an output coupler with a curvature of
2 m, and a transmission of 4%, a value of M 2 � 1:22 was
obtained. The output power of 97 W corresponds to the
39% optical efficiency and more than the 13% plug efficiency,
when the measured electrical efficiency of 34% of the fibre-
coupled diode lasers is taken into account. With the shortest
possible resonator used, without an emphasis on the beam
quality a maximum output power of 110 W was achieved
(M 2 � 8:4).

5. Summary
Both an analytical model and a numerical model of an
Yb :YAG thin-disk laser have been presented. These were
used to assess the main design parameters of the laser
system. They demonstrate the advantage of the thin-disk
laser concept in which multiple pump beam passes are
used: a reduced crystal thickness leads to low temperatures
inside the crystal, a low lasing threshold, and hence increases
the optical efficiency of a quasi-three-level laser active
medium. The scalability of the thin-disk laser concept was
shown experimentally with cw output powers up to 350 W at
an optical efficiency of 50%. Using 16 pump beam passes, an
optical efficiency of 58% at room temperature was achieved.
Experimental results show that, because of the weak thermal
lens with the thin-disk laser concept, a high efficiency and a
good beam quality can be attained nearly independently of
the power level.
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Figure 11. Dependences of the optical efficiency on the beam quality para-
meter M 2 for 8 (!, ^) and 16 (&) passes, Tc � 15 8C (&), ÿ9 8C (!), and
ÿ40 8C (^), Pp � 65 W (&), 66 W (^) and 247 W (!), demonstrating that
the optical efficiency (and, consequently, of the output power of investiga-
ted disk laser) is practically independent of the beam quality.
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