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Abstract Efficient quasi-three-level laser operation requires the generation of the

highest possible pump rate from a given pump source. We derive the fundamental

scaling laws for the pump rate and we extract optimization criteria for pump con-

cepts from these laws. The analysis is then applied to the thin-disk laser. Based on

the results, a novel pump concept for thin-disk lasers is proposed, which allows for

several tens of pump beam passes and reduces the optical complexity of conventional

pump concepts. Furthermore, the beam quality of the pump source is preserved almost

completely, facilitating the highest possible pump rate.
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1 Introduction

Optically pumped solid state lasers are essentially brightness converters. They trans-

form the partially coherent radiation of lamps or diode lasers into highly coherent laser

beams of somewhat lower optical power but much higher brightness. The great im-

provement in the brightness of high-power solid state lasers over the past two decades

can mainly be attributed to improvements in the optical pump sources: switching from

lamps to diode lasers in the nineties provided a great leap in pump source brightness,

and the brightness of diode lasers has rapidly increased since then. These improvements

facilitated laser concepts such as the cladding-pumped fiber laser and the thin-disk

laser. Unlike the original lamp-pumped rod laser, these laser concepts can not convert

completely incoherent radiation into a fully coherent single-mode beam. However, they

are very efficient at converting partially coherent light into fully coherent or almost

fully coherent light. The solid state laser as a brightness converter generally becomes

more efficient if the brightness of the incoming radiation increases because less entropy

and energy must be expelled to the environment. Therefore, it is wise to conserve and

exploit the brightness of the pump source to the maximum possible extent.

In this paper we begin with some general thoughts about optimum pumping schemes

for quasi-three-level lasers, and then we analyze the traditional pump concept for thin-

disk lasers. Finally, we present a novel pump concept that better preserves and exploits

the brightness of diode lasers. The novel pump concept is advantageous for many solid

state laser media but particularly for quasi-three-level lasers and other laser media that

have a high laser threshold, such as the up-coming blue-diode-pumped Praseodymium-

doped lasers [1,2] or Ti:sapphire lasers [3].
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The advantage of quasi-three-level lasers, as opposed to four-level-lasers, is the low

quantum defect of the laser transition, enabling high efficiency and strongly reduced

heat generation. However, quasi-three-level lasers can only be efficient when trans-

parency at the lasing wavelength is achieved with as little pump power as possible.

This requires the absorption of as much pump light as possible in as small a volume

as possible. The most important design driver for the pump concept is therefore to

concentrate the pump light in the smallest possible volume. Two laser geometries excel

in this regard, namely the thin-disk laser [4,5] and the fiber laser [6,7]. Both concepts

have been developed to take maximum advantage of the brightness of the pump laser

diodes in order to maximize the pump light concentration.

In the following, we will analyze the physical and technical limits for the pump light

concentration. Based on this analysis, we propose a novel pumping scheme for thin

disk lasers. This novel pumping scheme has two advantages. First, it is using much

simpler optics than the conventional pumping scheme for thin disk lasers. Second, it

can achieve higher pump rates. This is especially important in quasi-three-level gain

media that need even higher pump rates for achieving transparency than Yb:YAG. For

such materials, a large fraction of the pump power has to be expended in order just to

make the gain medium transparent.

2 Efficient pumping of quasi-three-level lasers

The pump power density required to make a quasi-three level medium transparent de-

pends on the fractional thermal population density n1,thermal of the lower laser level.

n1,thermal =
n1,thermal

n is the ratio of the density n1,thermal of ions that are thermally
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excited into the lower laser level to the total active ion density n. Transparency is

achieved if the fractional population density of the upper laser level, n2 = n2
n , equals

n1. At transparency, we have n2,trans = n1,thermal. With a good pump concept,

n2,trans is achieved with very little pump power. The excess pump power can then be

used to operate the laser comparable to a four-level laser.

The process of populating the upper laser level is described by rate equations.

These rate equations incorporate a pump rate W , which is the rate at which ions are

excited into the upper laser level. The pump rate is opposed by loss processes such

as spontaneous emission losses, amplified spontaneous emission, or up-conversion. The

steady-state population density of the upper laser level is reached when the sum of

all rates is zero. In order to reach n2,trans with very little pump power, we have to

maximize the pump rate W . The minimization of the loss rates is equally important

but will not be considered within the scope of this analysis. A general equation for the

pump rate W is given by

W = σabs · n0 · P

hνA
(1)

σabs is the absorption cross-section, n0 is the total population density of the ground-

state multiplett, P is the pump power incident on the pumped area A, and hν is the

energy of the pump photons. The pump rate W states the number of pumping events

per second and per volume that occur at a certain point in the gain medium. We

do not consider the spectral overlap of the pump source and the active medium, the

thermal occupation of the exact level in the ground-state we are pumping from, the

transverse spatial distribution of the pump light, the temperature dependence of the

absorption cross-section, or any other more advanced effect. Even if all these effects were
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implemented, the pump rate is always increased by increasing the fraction P
A . Since

the pump power P is usually given by the available pump source, we will concentrate

on the minimization of the pumped area A. Assuming we have a stigmatic pump beam

and a pump spot diameter Dpump, the pumped area is given by A = π
D2

pump

4 . The

pump spot diameter scales with the full divergence angle θ of the focused pump beam,

the beam propagation factor M2, and the pump wavelength λ by Dpump = 4M2λ
πθ [8].

At the waist of the pump beam, the pump rate becomes:

W = σabs · n0 · π P θ2

4hν (M2)
2
λ2

(2)

For a given medium and a given pump source, optimizing the pump geometry therefore

requires that the pump-beam shaping optics preserves the pump power and the beam

quality of the pump light. At the same time, the pump beam shaping optics should

maximize the divergence angle θ of the focused pump beam in order to achieve the

smallest possible waist in the gain medium.

Equation 2 is only valid for a disk-shaped section of the gain medium, located at

the pump beam waist, whose thickness is small compared to the Rayleigh range of

the pump beam. To build an efficient laser, a considerable fraction of the total pump

power needs to be absorbed, requiring a certain absorption path length l. In almost

all gain media, the required absorption path length is much longer than the Rayleigh

range of the tightly focused pump beam. In this case, the spatially averaged pump

rate is much lower than the pump rate at the beam waist given by equation 2. In

end-pumped lasers, for instance, the beam waist is usually quite large, in order to

avoid a strongly divergent pump beam within the gain medium. However, the pump

beam diameter at the beam waist can in principle be maintained along the absorption
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Fig. 1 Caustics of three pump beams successively focused onto thin disks with thickness t at

different pump spot diameters Dpump.

path. One way to maintain the pump beam diameter is total internal reflection in a

fiber. Another option would be successive re-imaging of the pump spot onto thin disks

with a thickness t well below the Rayleigh range zR =
πD2

pump

4M2 λ
. The number of disks

would need to be chosen such that the accumulated thickness of all the disks equals

the length l, which is required for sufficient absorption. For illustrative purposes, this

optical arrangement is shown in Figure 1. Between the thin disks, an optical element

is used to refocus the pump spot onto the next thin disk. The graph shows the caustics

of three pump beams with different pump spot diameters. The radial coordinate r and

the propagation coordinate z are normalized to the Rayleigh range zR to eliminate

the caustic’s dependence on a specific beam propagation factor. Because zR ∼ D2
pump,

small pump spot diameters appear large in this graph. Both axes of the graph are plot-

ted on the same scale, so the well-known fact that the divergence angle of the pump

light approaches π for pump spot diameters less than Dpump = M2λ can be observed.

We do not consider that the paraxial approximation will no longer hold for very tight

focusing. In this ideal pumping configuration, the minimum pump beam waist can be
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Fig. 2 Local pump power P (z) and spatially averaged pump power 〈P (z)〉 for different prop-

agation distances z.

maintained throughout the whole pumped volume. Therefore, two dimensions of the

pumped volume are minimized without any further options for improvement. The third

dimension of the pumped volume depends on the properties of the active medium and

the required absorption efficiency, which will be analyzed in the following.

The local pump power P (z) passing through the medium varies along the propa-

gation distance z as illustrated by the curve P (z)/P (0) in Figure 2 for a single pass of

the pump light. The spatially averaged pump power 〈P (z)〉 passing through a pumped

volume of length z is given by

〈P (z)〉 = 1

z

∫ z

0

P (z) dz =
P (0)

σabs n0 z

(
1− e−σabs n0 z

)
(3)

It is decreasing with increasing length of the pumped volume. Put the other way round,

a demand for better pump light absorption leads to a decrease of the spatially averaged

pump power passing through the medium. The absorbed pump power Pabs can be

written as Pabs = ηabs P . We define the absorption efficiency ηabs as the fraction of

the pump light that is absorbed by the pumped medium, i. e., ηabs = 1− e−2σabs n0 l.
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We added a factor of 2 to the exponent to account for double-pass pumping. l is

the accumulated thickness of all disks with thickness t according to figure 1. Since

the optical configuration of figure 1 allows us to maintain the beam waist diameter

throughout the whole pumped volume, the equation for the pumped volume V is given

by

V = π
D2

pump

4
l =

4
(
M2

)2
λ2

πθ2
l (4)

The spatially averaged pump rate 〈W 〉 within the pumped volume V is then given by

〈W 〉 = σabs · n0 · 〈P (l)〉
hν A

= P
(
1− e−2σabs n0 l

)
π θ2

4hν (M2)
2
λ2 l

(5)

Equation 5 can be rewritten by expressing 1− e−2σabs n0 l and l in terms of ηabs:

〈W 〉 = − ηabs θ
2

ln (1− ηabs)
· σabs n0 · π P

2hν (M2)
2
λ2

(6)

Equation 6 has been separated into three characteristic fractions. The first fraction

depends only on the absorption efficiency ηabs and the solid angle of the focused pump

beam (approximately proportional to θ2), which are both determined by the pump

geometry. The second fraction depends only on the properties of the active medium.

The third fraction represents the properties of the pump source. As can be seen, the

average pump rate is not just proportional to ηabs because both the length of the

pumped volume and the spatial average of the pump power depend on ηabs, which is

illustrated in Figure 2. In the limit of ηabs → 0, we obtain − ηabs

ln(1−ηabs)
= 1 and equa-

tion 6 becomes equal to equation 2, apart from the factor of 2 for double-pass pumping.

An efficient laser requires the absorption of most of the pump light. According to the

Lambert-Beer law, the absorption efficiency ηabs can only approach the ideal value

of 1 in the limit of l → ∞. A realistic value for ηabs is 95 %, which requires a laser

medium of length l = 1
2

3
σabsn0

in the case of double-pass pumping. With such efficient
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pump light absorption we have a reduction of the average pump rate 〈W 〉 by a factor of

− ηabs

ln(1−ηabs)
≈ 1

3 compared to the case of ηabs → 0. For a practical laser, a compromise

between a high value of 〈W 〉 and a high value of ηabs must be made. The optimum com-

promise is determined not only by the thermal population of the lower laser level of the

particular gain medium but also by other parameters such as the available pump power.

According to the analysis above, the maximization of the pump light concentration

requires first of all to use the pump source with the highest available brightness, which

is proportional to P
(M2)2

. The brightness of the pump source needs to be conserved

by the pump beam shaping optics, which may be a complicated task, especially, if

very astigmatic diode laser bars are involved. In order to achieve the highest possible

spatially averaged pump rate, the pump geometry should focus the pump light to the

smallest possible diffraction-limited pump beam diameter and this diameter needs to

be maintained throughout the pumped volume. This task requires focussing at the

largest possible solid angle and a potentially complicated optical system to maintain

the beam diameter. The absorption cross-section of the medium should be as high as

possible within the spectral bandwidth of the pump source, in order to minimize the

length of the pumped volume. Within the scope of the analysis presented here, an

increase of the doping concentration n is not beneficial, since we are interested in the

fractional population density
n2,trans

n . When considering the temperature of the laser

medium, an increase in doping concentration may improve the laser, as it is true for

thin disk lasers.
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3 Optical pump concepts

One pump concept suitable for achieving a high spatially averaged pump rate 〈W 〉 of

the upper laser level and efficient pump absorption is the fiber laser. A pump beam

can be focused into a fiber with a diameter on the order of M2λ, if the solid angle of

the pump focusing optics approaches 2π, corresponding to a numerical aperture of 1.

The pumped volume will then be on the order of magnitude of
(
M2 λ

)2
l. A double-

clad fiber needs to be analyzed in a bit more detail. It needs to be longer than the

absorption length of l = 1
2

3
σabsn

, because the diameter of the pump cladding is larger

than the core diameter. On a single ”zig” of the pump light across the fiber, the pump

light is only absorbed within the core. The required number of ”zigs” through the fiber

core is equal to the required absorption path length divided by the average path length

through the core per ”zig”. The required length of the fiber is then given by the num-

ber of ”zigs” multiplied by the average length of the fiber per ”zig”. This can result

in quite long fibers. Nevertheless, the pumped fiber core volume is still of the order

of magnitude of
(
M2 λ

)2
l, just as for a single-clad fiber. The reason is that the core

diameter of a double-clad fiber is much smaller than
(
M2λ

)
, which is the diameter

of pump cladding. This is compensated by the larger length of the double-clad fiber

compared to a single-clad fiber. To create a stigmatic beam that can be matched to a

fiber, complex pump beam shaping for the astigmatic light emitted from diode bars is

necessary. This leads to some loss of power and an increased beam propagation factor.

Nevertheless, the fiber concept is currently the pump concept able to create the highest

spatially averaged pump rate. The pump light is guided by total internal reflection and

can thus exploit a very large solid angle by means of an extraordinary simple optical
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Fig. 3 Illustration of the solid angle Ωbeam occupied by a rotationally symmetric beam with

a full divergence angle θ.

system.

We now return to the multi-disk pump concept of figure 1. If we change the trans-

missive refocusing systems into reflective ones and use only one disk pumped from

many directions, then we arrive at the well-known thin-disk laser. This approach, of

course, is much more practical. However, it comes at the expense that one can not

use a large numerical aperture for focusing the beam. The reason for this inability

is that the solid angle of 2π above the disk must be used for arranging the different

beam paths. The lower numerical aperture leads to a larger pump spot compared to

the multi-disk laser. The disadvantage of the larger pump spot is cancelled out by the

possibility of reducing the disk’s thickness proportional to the number of pump beams,

resulting again in a very small pumped volume. Furthermore, the thin disk facilitates

cooling which reduces n1,thermal. In the following, we will derive the scaling laws for

the spatially averaged pump rate 〈W 〉 in a thin-disk laser.
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The solid angle Ωbeam of one single pump beam with a full divergence angle θ can

be calculated according to the drawing in Figure 3 by the following equation:

Ωbeam =

∫ 2π

0

∫ θ
2

0

sin θ dθ dφ = 2π
(
1− cos

θ

2

)
(7)

Using the beam parameter product, we can replace θ according to equation 8:

θ =
4M2λ

πDpump
(8)

The equation for the solid angle of one pump beam is then given by

Ωbeam = 2π

[
1− cos

(
2M2λ

πDpump

)]
(9)

If we arrange several pump beams in a cone with full divergence angle θcone, then the

maximum number Nmax of separate beams that theoretically fit into the cone is given

by

Nmax =
Ωcone

Ωbeam
=

1− cos
(
θcone

2

)
1− cos

(
2M2λ

πDpump

) (10)

Since we restricted the discussion to circular pump beams, the cone can not be covered

completely by pump beams, which is easily understood by visualizing the coverage of

only three pump beams (N = 3). We neglect such fill-factor limitations and calculate

only an upper limit for Nmax. Each of the Nmax pump beams double-passes the thin

disk with thickness t. The spatially averaged pump power 〈P 〉 inside the pumped

volume is then given by

〈P 〉 = P

σabs n0 t

(
1− e−2Nmaxσabs n0 t

)
(11)

Similar to equation 5, the equation for the spatially averaged pump rate 〈W 〉 is then

given by

〈W 〉 = σabs n0 · 4 〈P 〉
hν πD2

pump
=

4P
(
1− e−2Nmaxσabs n0 t

)
hν πD2

pump t
(12)
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Fig. 4 Denominator ξ = 2πD2
pump ·

[
1− cos

(
2M2λ

πDpump

)]
of equation 14 versus Dpump.

For the thin disk laser, the absorption efficiency is given by ηabs =
(
1− e−2Nmaxσabs n0 t

)
.

Expressing the terms
(
1− e−2Nmaxσabs n0 t

)
and t in terms of ηabs results in equa-

tion 13:

〈W 〉 = − 16ηabs
ln (1− ηabs)

· σabs n0 · P

hν
· Nmax

2πD2
pump

(13)

Substituting Nmax in equation 13 by equation 10 leads to:

〈W 〉 = − 16ηabs
ln (1− ηabs)

· σabs n0 · P

hν
· 1− cos

(
θcone

2

)
2πD2

pump

[
1− cos

(
2M2λ

πDpump

)] (14)

Figure 4 illustrates the behavior of the denominator ξ of the last term in equation 14:

ξ = 2πD2
pump ·

(
1− cos

(
2M2λ

πDpump

))
(15)

For physically meaningful pump spot diameters Dpump ≥ M2λ, the denominator

rapidly settles at its asymptotic value for Dpump → ∞:

lim
Dpump→∞

ξ =
4
(
M2λ

)2
π

(16)

Implementing this result into equation 14 results in

〈W 〉 = − ηabs
ln (1− ηabs)

· σabs n0 · 4πP ·
(
1− cos

(
θcone

2

))
hν (M2)

2
λ2

(17)
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The Taylor expansion of
[
1− cos

(
θcone

2

)]
up to the quadratic term is equal to

[
1
8 · θ2cone

]
.

Substituting this into equation 17 we obtain the final equation for the average pump

rate in a thin disk laser:

〈W 〉 = − ηabs θ
2
cone

ln (1− ηabs)
· σabs n0 · πP

2hν (M2)
2
λ2

(18)

Thus, the spatially averaged pump rate for multipass pumping is identical to the pump

rate given earlier by equation 6 for double-pass pumping. It is interesting to note that

the exploitation of the brightness of the pump source just requires to use the largest

possible solid angle to direct the pump light into the medium. Whether only a single

beam or many optically recycled beams are used has no influence on the result. The

pump concentration is simply proportional to the absolute solid angle. The pumped

volume of the thin disk laser is given by

V = π · D
2
pump

4
· t (19)

The thickness t of the disk has to equal the required absorption length l divided by

the number of pump beams Nmax:

t =
l

Nmax
(20)

As can be shown, the minimum pump spot area that can be achieved with Nmax beams

is Nmax times larger than the minimum pump spot area that can be achieved by a

single beam covering the same solid angle. Therefore, the smallest possible pumped

volume in the thin disk laser is of the order of Vmin = π
(M2λ)2

4 l, which is equal to the

smallest possible pumped volume of the multi disk pumping scheme from chapter 2 of

this paper.

The conventional thin disk setup [9,10] is shown in Figure 5. A pump beam is
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Fig. 5 Conventional thin disk pumping scheme.

guided four times back and forth through a thin disk and, afterwards, is reflected by

an end mirror to make four additional double passes through the disk. The resulting

absorption pathlength is 16 times the disk thickness t. In this configuration, however,

much of the solid angle above the thin disk remains unused because the beams are

arranged on the parabolic mirror in an annulus and neither the area inside nor outside

of the annulus is used. Consequently, the brightness of the pump source is not fully

exploited, and the pumped volume is larger than its theoretical minimum. Figure 6

shows a theoretical solution for better exploitation of the pump brightness. The pump

beams are arranged in multiple rings to fill up the solid angle. This, of course, would

require a very complex optical system. Therefore, the pumping scheme of thin disk

lasers is usually constrained to only one ring of circular pump beams.

In the following, an upper limit for the total solid angle Ω covered by all of the

combined pump beams is calculated for a given number N of stigmatic pump beams

arranged in a single ring. The total solid angle Ω is maximized if the solid angle Ωbeam
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Fig. 6 Thin-disk pumping scheme with multiple rings of stigmatic pump beams.

of each beam is as large as possible. This requires the beams to be arranged at the

maximum possible angle between their optical axis and the axis of the disk. We do

not consider the deformation of the pump spot at such extreme focusing angles. The

following calculation is based on the drawings shown in Figure 7. If θ denotes the full

divergence angle of each pump beam, then the maximum angle between the optical

axis of the beam and the axis of the thin disk (z-axis in figure 7) equals π/2− θ/2. As

shown in figure 7, all of the optical beam axes intersect the half sphere of radius R on

a circle of radius r = R · cos θ
2 . The maximum number of beams N in this arrangement

is then given by the circumference of the circle divided by the arc length Rθ covered

by each beam along the circle:

N =
2πR cos θ

2

Rθ
=

2π cos θ
2

θ
(21)
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Fig. 7 Illustration of the total solid angle Ω above the thin disk covered by a single ring of

N pump beams.

The accumulated solid angle Ω of all the pump beams is

Ω = N ·Ωbeam = N · 2π
(
1− cos

θ

2

)
(22)

Figure 8 shows the attainable relative coverage Ωfrac = Ω
2π of the half sphere above

the thin disk for a single ring of N pump beams. The value of Ω has been obtained

by numerically solving equation 21 for a given N and then using equation 22 with

the calculated value for θ. The maximum coverage is 100 % for a single beam, which

completely uses up the solid angle above the disk. The second-best coverage is an

arrangement of three beams with a full divergence angle of θ = 80◦. This arrangement

results in 80 % coverage of the solid angle above the disk. For a conventional thin-disk

laser with eight pump beams, the theoretical coverage for close-packed beams can be

as high as 50 %. In practice, only a somewhat lower fractional use of the solid angle is
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Fig. 8 Maximum pump light covering Ωfrac of the half sphere above a thin disk pumped by

a single ring of N pump beams.

possible.

To conclude, the highest efficiency of a quasi-three-level thin-disk laser can be ex-

pected when the disk is pumped from almost the complete solid angle of 2π because

this results in the highest spatially averaged pump rate. The brightness of the pump

source should be conserved by the pumping scheme, which is a great challenge because

the highly astigmatic beam of the diode laser has to be shaped into a stigmatic beam.

The temperature in the thin disk is proportional to the square of the disk’s thickness,

as long as the heating power and the pump spot diameter are kept constant. This

means that the disk should be made as thin as possible, resulting in a lower value

for n1,thermal. Thinner disks require more pump beam passes to achieve the required

absorption. An increase according to figure 7 would lead to a lower fractional coverage

of the solid angle above the disk and thus to a lower pump rate. Increasing the number

of pump beam passes according to Figure 6 would lead to very complex optical ar-
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rangements. The absorption could alternatively be increased by increasing the doping

concentration of the active laser ion. Unfortunately, the doping concentration of the

laser ions is often limited by a variety of detrimental effects, such as concentration

quenching or up-conversion.

In the following, we present a novel thin-disk pumping scheme that allows for

simple scaling of the number of pump beam passes. Furthermore, the brightness of the

pump diode laser is conserved almost completely because the pump beam is not made

stigmatic. Finally, the solid angle above the laser disk can be used almost completely,

which means that a very high pump light concentration can be achieved.

4 Novel pumping scheme

The proposed pumping scheme is intended to maximize the spatially averaged pump

rate 〈W 〉 for a thin disk pumped by a single laser diode bar, but the concept can be

adapted for diode-stacks as well. The motivation for using diode bars instead of fiber-

coupled pump sources is the conservation of the diode bar’s brightness. Due to the

asymmetric beam parameters of diode bars, mode-matching between diode bars and

circular fibers is a complicated task and results in brightness losses due to both coupling

losses and beam quality degradation. The beam quality of a typical fiber-coupled diode

laser is reduced by at least a factor of two compared to the naked bar and the optical

power loss is approximately 20 %. If fast-axis collimated bars without fiber coupling

are used instead, then both the beam quality and the output power of the naked bar

can be preserved. The proposed pumping scheme makes use of the asymmetry of the
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Fig. 9 Multiple focused diode laser beams folded along their fast-axis direction.

diode beam instead of trying to convert it into a circular beam.

According to the beam parameter product, focussing an astigmatic diode laser bar’s

beam into a symmetric pump spot with a spot diameter Dpump requires that the ratio

of the focusing angles of the slow-axis and fast-axis is M2
sa/M

2
fa. For typical pump spot

sizes in the mm-range, the necessary slow-axis divergence angle approaches 90◦, while

the fast-axis divergence angle is on the order of 1 mrad. The one-dimensional extent

of the halfsphere above the thin disk is equal to 1
2 rad. In the fast-axis direction, we

can therefore arrange several hundred beams inside the halfsphere. Figure 9 illustrates

such a pumping geometry with 12 exemplary pump beams. The propagation distance
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of the beams shown is well below the Rayleigh range of the fast-axis, such that the

maximum number of beams in this example is limited by the fast-axis near-field width

rather than by the fast-axis far-field angle. This can be understood by visualizing the

beams close to the disk, where they overlap and can not be separated by an optical

system. At a large enough distance from the thin disk, the beams separate spatially if

their far-field divergence angle is smaller than the angle between neighbouring beam

axes. The ultimate limit for the number of beams is their separability in the farfield of

the fast-axis. In Figure 9, the divergence angle of the slow axis is chosen not as large

as possible. With a good optical system such as a parabolic mirror, the divergence

angle can be increased without introducing aberrations up to a theoretical limit of π.

Therefore, almost the complete solid angle above the thin disk could be covered by

using more beams and larger focusing angles. This is different from the conventional

thin disk pumping scheme with a single ring of circular pump beams, which allows only

a partial coverage of the solid angle above the disk, as shown in figure 8.

To angle-multiplex a fast-axis collimated pump beam according to the pumping

scheme shown in Figure 9, the optical setup shown in Figure 10 can be used. The

parabolic mirror re-images the pump spot onto itself, while the necessary beam dis-

placement is achieved by two simple planar folding mirrors. The number of passes and

the displacement of the beams can simply be adjusted by translating the folding mir-

rors. The focal length f of the parabolic mirror should be greater than or equal to

the Rayleigh range of the fast-axis. Only in this case the number of beams can reach

the theoretical maximum because the spatial separation of the beams takes place in

the farfield of the fast-axis. For a symmetrical pump spot, the minimum pump spot

diameter is on the order of Dpump = M2
saλ. From the last two statements, we obtain
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Fig. 10 Optical pumping scheme for one-dimensional folding of fast-axis collimated diode

beams along their fast-axis direction.

an expression for the minimum focal length of the parabolic mirror:

f ≥ zfaR =
πD2

pump

4M2
faλ

≈
(
M2

sa

)2
M2

fa

λ (23)

For the typical high-power diode laser bars mentioned above, the required focal length

would be in the range of one meter, resulting in an extraordinarily large parabolic

mirror. One possible solution for using a mirror with a shorter focal length is to generate

an asymmetric pump spot by tighter focusing of the fast-axis. Another solution is to

use slow-axis collimated diode bars, which provide a slow-axis beam propagation factor

improvement by a factor of 2. However, even if the number of passes is limited by the

fast-axis near-field width, several tens of pump beams fit into the half sphere above

the disk. It is not shown in figure 10, but the pump beam can be reflected after its last

pass to retrace its path and double the number of passes through the disk.

A photograph of a first experimental realization of the novel pumping scheme is

shown in Figure 11. For illustrative purposes, the thin disk has been replaced by a

highly reflective mirror. A fast-axis collimated beam from a 40-W diode bar is directed
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Fig. 11 Experimental multipass setup. The thin disk has been replaced by a highly reflecting

mirror, and the invisible diode-laser input beam has been marked by the red line. The scattering

of the 16 elongated diode laser footprints on the parabolic mirror is clearly visible.

from the bottom side towards the upper folding mirror directly in front of the highly

reflective mirror. The beam is then angle-multiplexed according to the principle shown

in Figure 10. With this setup, an absorption path length of up to 64 times the disk

thickness has been realized. This means that an absorption path of 1 mm can be

achieved with a disk that is only 16 μm thick. The slow-axis of the diode laser bar

has not been magnified before entering the optical system. Therefore the coverage of

the solid angle is rather low. However, the angle-multiplexing of the pump beam can

clearly be realized with the proposed optical system. The measured pump spot on the

highly reflecting mirror was stripe-like with an aspect ratio of 1:7, which is also due to

the insufficient magnification of the slow axis. In the fast-axis direction, not all of the

beams hit exactly the same location on the mirror which leads to a broadening of the
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Fig. 12 Optical pumping scheme for one-dimensional folding of diode laser beams with max-

imum coverage of the solid angle.

pump spot and to the mentioned aspect ratio of 1:7. The aspect ratio would be even

more extreme without this re-imaging error.

It is important to mention that the pumping scheme shown in Figure 10 does not

allow coverage of the complete solid angle above the thin disk. Although the folding

principle is beneficial due to its simplicity, the two plane folding mirrors limit the solid

angle for the pump light because they form a 90◦ angle. With the slight modification

shown in Figure 12, it is possible to completely fill the solid angle and, therefore, to

exploit the brightness of the pump source to the maximum possible extent.

5 Conclusion

We have investigated the scaling laws for creating high pump rates in thin disk lasers.

The ideal pump concept makes use of the complete solid angle outside of the pumped

volume and conserves the brightness of the pump source to the maximum possible
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extent. The required absorption efficiency needs to be chosen with respect to the pa-

rameters of the laser to be built, e.-g., the thermal occupation of the lower laser level

of the active medium and the resonator roundtrip losses. We analyzed the conventional

pump concept for thin-disk lasers which relies on a stigmatic beam. With this pump-

ing geometry, it is both difficult to preserve the brightness of the pump source and to

cover a large fraction of the solid angle above the thin disk. Based on these results,

we proposed a novel thin-disk pumping geometry that preserves the beam quality of

commonly used laser diode bars with asymmetric beam properties. The concept the-

oretically allows for the complete coverage of the solid angle above the thin disk and

is optically very simple. There are two reasons for the higher pump rates that can be

achieved with our novel pump concept:

– There are no losses in power and beam quality by transforming the diode bar’s

astigmatic beam into a stigmatic, fiber-coupled beam

– The astigmatic, rectangular beam of a fast-axis collimated diode bar is much better

suited for multi-pass folding than a stigmatic beam. A large solid angle can be

covered without any large voids.

With a first prototype, we achieved 32 double passes of the pump beam through a thin

disk. Future work may concentrate on increasing the pump power density by spec-

trally combining multiple diode bars, which are wavelength stabilized and spectrally

narrowed by volume bragg gratings. In addition, the pump power can simply be dou-

bled by polarization-multiplexing of diode bars.

Even when only a limited number of pump-light passes is required, the novel pump

concept is very attractive since it relieves the laser designer from pump beam sym-
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metrization. The parabolic mirror could be replaced by a spherical mirror, if the solid

angle covered by the pump beams is not too large. For low-power lasers, it may even be

possible to implement the pumping scheme in a monolithic device made of transparent

plastic.
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