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Abstract. We discuss challenges arising from the quest for
high average powers from passively mode-locked diode-
pumped lasers. The recently obtained detailed understand-
ing of Q-switching instabilities in passively mode-locked
lasers turns out to be a crucial element on the way towards
higher powers. We give an overview on results achieved with
Nd:YAG (10.7 W, 16 psand27 W, 19 ps), Yb:YAG (8.1 W,
2.2 psand16 W, 0.7 ps) andNd:glass (1.4 W, 275 fs).

PACS: 42.60; 42.55.Xi

Picosecond and femtosecond mode-locked lasers with high
average output powers are required for many applications,
in particular for those involving nonlinear wavelength con-
version. With sufficiently high (multi-kW) peak powers we
can achieve very efficient (> 50%) wavelength conversion by
single-pass interactions in nonlinear crystals. This results in
mode-locked pulse trains with high average power in the vis-
ible, ultraviolet or infrared wavelength regime. Such sources
can be expected to find very widespread applications.

In principle, high average powers can be obtained by com-
bining a low-power laser oscillator with one or more am-
plification stages. However, particularly in thefs domain,
high-gain amplifiers usually rely on complicated multi-pass
arrangements. Thus it is clearly preferable to achieve high-
power performance directly with a laser oscillator, not using
amplification stages.

The most promising approach towards these goals is to
develop passively mode-locked diode-pumped high-power
solid-state lasers. Diode pumping is essential for efficient,
compact and reliable devices. Passive (rather than active)
mode locking using SESAMs (semiconductor saturable ab-
sorber mirrors [1–3]) leads to a simpler setup and also allows
for shorter pulse durations and higher peak powers. However,
until recently the average powers obtainable from passively
mode-locked lasers were much lower than those from some
continuous-wave lasers. Particularly in the pulse duration
regime below1 ps, average powers from diode-pumped lasers
were typically well below1 W. Sub-ps pulses with multi-
watt average power have been obtained only fromTi:sapphire
lasers, which however rely on a bulky, inefficient argon-ion

pump laser or on an expensive frequency-doubled diode-
pumped pump laser. In this paper we discuss the main chal-
lenges of high-power diode-pumped passively mode-locked
lasers. We show that different solutions are required depend-
ing on the desired pulse duration (which limits the choice of
gain media), and give an overview on recent achievements in
three different pulse duration regimes.

1 Challenges

Here we discuss the main issues encountered in the devel-
opment of high-power diode-pumped passively mode-locked
lasers. It will become apparent that the issues discussed in the
following subsections are interconnected in various ways, so
that the overall optimization of a pulsed laser system is a non-
trivial issue. In Sect. 2 we will show solutions in different
pulse duration regimes.

1.1 Choice of gain medium

For continuous-wave high-power lasers, the gain medium
should already meet quite a number of requirements. It should
have a laser transition at the required emission wavelength,
combined with a pump transition at a suitable wavelength
(where powerful pump diodes are available). A small quan-
tum defect as well as the absence of parasitic losses (re-
sulting for example from strong quenching or upconver-
sion processes) are important factors for good efficiency.
A large product of emission cross-section and fluorescence
lifetime is desirable as it allows us to achieve a low laser
threshold. Other requirements are a high thermal conductiv-
ity (which generally favors crystals over glasses), a weak
temperature dependence of the refractive index (to reduce
thermal lensing), and a weak tendency for thermally induced
stress fracture.

Mode locking, particularly in the sub-ps domain, intro-
duces additional constraints. The more obvious one is that
the amplification bandwidth must be sufficient to maintain
the wanted pulse duration. This definitely excludes otherwise
very favorable laser media (such asNd:YAG) for the gen-
eration of sub-ps pulses. Diode-pumpable gain media with
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much larger amplification bandwidth are available:Yb:YAG
is suitable for pulse durations around1 ps or even down
to 0.34 ps [4], and Nd:glass lasers [5] as well asYb:glass
lasers [6] have generated pulses as short as60 fs. However,
these gain media are typically less favorable in other respects.
The quasi-three-level nature ofYb:YAG leads to high laser
thresholds, whereasNd:glass suffers from a relatively poor
thermal conductivity. Both increases the tendency for thermal
distortions in the gain medium (see Sect. 1.2). However, in
Sects. 2.2–2.4 we show that special approaches still allow us
to achieve relatively high average output powers with these
gain media. Another challenge is that broadband gain me-
dia typically have low emission cross-sections which leads to
a strong tendency for Q-switching instabilities (see Sect. 1.3)
in passively mode-locked lasers [7]. (A notable exception is
Ti:sapphire, for which however a high-power green diode
laser as pump source is not yet available.) This shows that the
search for new laser materials with the combination of a broad
amplification bandwidth, large emission cross-sections and
good thermal properties is very important. The search for
such materials is under way, but in this paper we concentrate
on some well-established gain media and discuss options to
cope with their limitations.

1.2 Thermal effects in the gain medium

The power dissipated in the gain medium of a laser leads to
an inhomogeneous temperature distribution. The main con-
sequences of this are thermal lensing (possibly with strong
aberrations), losses induced by stress-induced birefringence,
and a tendency for stress fracture. Thermal lensing is a par-
ticular problem when a near-diffraction-limited output beam
is required. This is generally the case for mode-locked lasers
because the mode-locking process would be disturbed by the
presence of higher-order transverse modes with resonance
frequencies deviating from those of the fundamental longitu-
dinal modes.

As long as pulses with> 5 psduration are wanted, one
can resort to gain media such asNd:YAG or Nd:YVO4 which
have rather favorable thermal properties. Traditional rod ge-
ometries, used with either end pumping or side pumping,
can then be used to generate fairly high output powers (see
Sect. 2.1). Currently available diode-pumpable gain media
with larger amplification bandwidth, however, require special
solutions for high-power operation. Here we describe an ap-
proach which has been applied first toCr:LiSAF [8] and has
recently been proven to be successful withYb:YAG [9] and
Nd:glass [10] (see Sects. 2.2, 2.4). The spatial profile of the
output of typical high-power diode lasers (with tens of watts)
is very asymmetric in terms of beam size and mode qual-
ity: while M2 is < 10 in one direction, it can be� 1000 in
the other direction. Thus the generation of a focused circu-
lar spot without a significant loss of brightness requires the
use of some beam shaper [11] which symmetrizes the beam
quality in both directions. Our approach, however, involves
focusing the beam with cylindrical lenses so that the confocal
parameters for both directions are in the order of the absorp-
tion length of the crystal. The resulting strongly elliptical
beam can be used to pump a gain medium with only≈ 1 mm
thickness or less. Such a thin gain medium can be cooled effi-
ciently from the top and bottom sides (Fig. 1). This limits the

Fig. 1. Elliptical geometry for high-power lasers with thermally challeng-
ing materials.Ttan and Tsag denote the temperature variation in tangential
(horizontal) and sagittal (vertical) direction

maximum temperature rise. This is beneficial particularly for
gain media such asYb:YAG or Cr:LiSAF which are less ef-
ficient at elevated temperatures. Moreover, if the width of the
pump beam is larger than the crystal thickness, the resulting
heat flow is nearly one-dimensional, and the temperature pro-
file roughly resembles the intensity profile of the pump beam.
If the latter is relatively flat in the long direction, the focus-
ing power of the thermal lens in this direction (which is the
more critical one) is significantly reduced. Unlike cylindrical
rod geometries, this geometry is in principle power scalable:
doubling the power as well as the width of the pump beam
leads to a four times weaker thermal lens, whereas the two
times wider laser mode is four times more sensitive to thermal
lensing. (The width of a cavity stability zone in terms of fo-
cal power of the thermal lens is proportional to 1/w2, if w is
the beam radius in the laser medium [12].) Thus the width of
the stability range of the cavity in terms of pump power can
be increased together with the pump and output power.

A totally different approach which looks very promising
at least for a limited range of laser materials is the thin-disk
concept [13, 14]. Here a circular rod geometry is used, how-
ever with a very small dimension (< 1 mm) in the axial direc-
tion and cooling through one end face (rather than transverse
cooling). In this geometry, the temperature rise at a given dis-
tance from the symmetry axis is largely determined by the
local pump intensity and the distance from the cooled end-
surface. The pump intensity distribution can be controlled
so that thermal lensing is reduced well below the level that
is typical for conventional rod lasers. The pump absorption
in a single pass through the thin disk is weak, but efficient
pump absorption is achieved by 8 or more passes of the pump
radiation through the disk [13]. The probably most crucial
advantage of this laser head design is its power scalability:
doubling the mode area in the gain medium allows for doub-
ling of the pump and output power without making thermal
problems more severe. Applied toYb:YAG, this concept has
lead to lasers with near-diffraction-limited performance at up
to ≈ 100 W cw output power [15], and even higher powers
seem to be feasible. We have recently demonstrated passive
mode-locking of such a laser with16 W of average power in
0.7-pspulses [16–18] (see Sect. 2.3). In the near future, even
significantly higher mode-locked powers should be achiev-
able. Unfortunately, the thin-disk approach seems to be ap-
plicable only to gain media with good thermal conductivity,
a small quantum defect, a relatively large product of upper-
state lifetime and emission cross-section, and a potential for
high doping density, as otherwise the temperature rise and
temperature gradient are too strong. AlthoughNd:YAG has
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been used [19, 20] (though somewhat less successfully than
Yb:YAG), the application to broadband gain media such as
Nd:glass orTi:sapphire seems not to be feasible. Here we cur-
rently see the elliptical mode geometry (as discussed above)
as the best way to high powers.

1.3 Q-switching instabilities

In a passively mode-locked laser, the saturable absorber
needed for mode locking also introduces a tendency for
Q-switching instabilities. This can drive the laser into the
Q-switched mode-locked regime with mode-locked pulses
under a Q-switched envelope [21, 22]. Recently, we have
investigated in detail the transition between the regimes
of stable cw mode locking and Q-switched mode locking
(QML) [23]. Here we discuss the impact of this issue on
the development of passively mode-locked high-power lasers,
which turn out to be more affected by this problem than most
low-power lasers. Forps lasers, not operating in the soliton
mode-locked regime, we found the condition [23]

E2
p > EL,satEA,sat∆R, (1)

for stable cw mode locking. HereEp is the intracavity pulse
energy,EL,sat= hνL AL/NσL is the effective saturation energy
of the laser medium andAL is the mode area in the laser
medium.N is the number of passes through the gain medium
per cavity round-trip. We assumed a slow absorber with mod-
ulation depth∆R which is fully saturated by the intracavity
pulse (Ep > 3EA,sat). Here we rewrite this criterion by intro-
ducing the saturation parameter

S= Ep/EA,sat (2)

and obtain

Ep > EL,sat
∆R

S
. (3)

The pulse energyEp enters this equation both directly and
indirectly (via S), but this form of the equation is useful for
the following discussion. The problem with many high-power
lasers is that the ratioEp/EL,sat is relatively small, mainly be-
cause the poor beam quality of the diode pump laser and/or
the use of schemes such as side pumping tend to increase
the laser mode areaAL more than the pulse energy. To some
extent, QML can still be suppressed by using a small value
of ∆R, just enough for mode locking, although this typic-
ally leads to longer pulses. Another option is to saturate the
SESAM more strongly, i.e., to increaseS. This can also affect
the pulse duration, and eventually lead to SESAM damage
(normally for S> 100). Typically we useS≈ 3−5 in low-
power lasers, whereas the suppression of Q-switching insta-
bilities has made it necessary to use values of up toS≈ 27 in
high-power lasers [24]. Finally, for given values of∆R and
S we can increase the intracavity pulse energyEp by using
an output coupler with smaller transmission. This, however,
will eventually compromise the laser efficiency and increase
the dissipated power on the SESAM. An often better way of
increasingEp is to use a longer laser cavity with smaller rep-
etition rate.

A somewhat unexpected result of our discussion is that
the choice of laser material as well as the construction of the

laser head has an indirect (but strong) effect on the problem of
SESAM damage. This is because for a laser head with large
saturation energy (i.e., with small cross-sections and/or large
mode area) the need to avoid Q-switching instabilities can en-
force the operation with high intracavity power (weak output
coupling) and strong saturation of the SESAM. Partly for this
reason it was essential for the results presented in Sects. 2.2–
2.4 that we used optimized pumping geometries and laser
cavity designs. Particularly in the domain of high powers, not
every laser head is equally suitable for passive mode locking.

Another important finding is that operation in the soliton
mode-locked regime (with negative overall cavity dispersion)
substantially increases the stability against QML [23]. Basi-
cally this is because any increase in pulse energy of a soliton
increases the bandwidth and thus reduces the effective gain
because of the limited gain bandwidth. As most of the other
measures against QML (as discussed above) have unwanted
side effects, the additional option of reducing the QML ten-
dency by operation in the soliton mode-locked regime (i.e., by
adding appropriate level of negative dispersion to the cavity)
is very welcome. While we only have to tolerate a slight in-
crease of the intracavity losses (which can be rather small),
we can typically further reduce the pulse duration. This tech-
nique was essential for stable mode locking of theYb:YAG
andNd:glass lasers which we describe in Sects. 2.2–2.4.

1.4 Damage of the saturable absorber

In passively mode-locked high-power lasers, an important
issue is to avoid damage of the saturable absorber. One pos-
sible cause for damage is that the absorber may become too
hot. We note, however, that absorber damage can also be
caused by non-thermal effects, particularly in the presence
of Q-switching instabilities (see Sect. 1.3) which can lead to
the generation of very intense pulses. We can expect non-
thermal effects to be under control if we do not operate the
absorber with an excessively high saturation parameterSand
also manage to suppress Q-switching spikes. In Sect. 1 we
have shown how this can achieved. Thermal effects will re-
main, and in this section we briefly discuss how to limit them.
We do this discussion for semiconductor saturable absorber
mirrors (SESAMs) [1–3], which have so far been used most
successfully for mode locking of solid-state lasers, although
some results would apply to other absorbers as well.

Each SESAM has both some saturable loss, which is
needed for passive mode locking, as well as some unwanted
nonsaturable loss. The latter tends to be increased by low-
temperature semiconductor growth, which is often used to
reduce the recovery time of the absorber. It has been shown,
however, that the application of a suitable annealing proced-
ure [25] or doping the semiconductor with beryllium [26]
can help to obtain a fast time response and low nonsaturable
losses at the same time.

Here we discuss thermal effects on a phenomenological
level. If a pulse with energyEp hits a SESAM, the dissipated
part of the energy is

Edis≈ EA,sat∆R+ (1− Rns)Ep , (4)

provided that the SESAM is fully saturated:Ep > 3EA,sat
whereEA,sat is the saturation energy,∆R is the modulation
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depth, andRns is the reflectivity in the fully saturated regime.
Thus the heat dissipation is usually dominated by the nonsat-
urable loss if the SESAM is operated in the regime of strong
saturation, which is often needed to reduce Q-switching insta-
bilities (see Sect. 1.3). Particularly for high-power operation
it is therefore desirable to have SESAMs with a small ratio of
nonsaturable to saturable loss.

Of course, the maximum temperature on the SESAM also
depends on the size of the laser beam on the absorber. As long
as the Gaussian spot radiuswA is smaller than the thicknessd
of the absorber, the maximum temperature rise (in the center
of the laser beam) is

∆Tmax≈ Pdis

(
√

2π)KwA
, (5)

wherePdis is the dissipated average power andK is the ther-
mal conductivity, for example≈ 45 W/(K m) for GaAs. We
have assumed that the whole back side of the absorber is kept
at room temperature. Scaling up the output power of the laser
usually involves a proportional increase of mode areaπw2

A so
that effectively∆Tmax rises proportional to

√
Pdis. At some

stage, however,wA becomes larger thand, and the nearly one-
dimensional heat flow leads to

∆Tmax≈ dPdis

Kπw2
A

, (6)

where∆Tmax will no longer rise if the mode area is scaled
up proportional to the laser power. The most advanced high-
power mode-locked lasers just begin to get into this regime.

How large the mode radiuswA on the SESAM has to be
depends not only on the intracavity pulse energyEp but also
on the saturation energyEA,sat – in fact the mode-locking
performance depends only onEp/EA,sat. Therefore it is advis-
able to use SESAM designs with a small saturation fluence
– despite their typically lower damage fluence – and use an
accordingly larger mode radiuswA in order to limit the tem-
perature rise∆Tmax.

We see from this discussion that the problem of SESAM
heating (or SESAM damage, to be more general) will – in
contrast to a still widespread belief – not necessarily become
more severe as the output power is scaled up, provided that
suitable laser heads (with small gain saturation energy) and
SESAMs with low saturation fluence (for a large mode area
on the absorber) are employed. Therefore we expect SESAMs
to remain very suitable for passive mode locking even of
lasers with much higher average powers than demonstrated so
far.

2 Solutions in three different pulse duration regimes

In this section we briefly review our latest achievements in
high-power mode-locked lasers, discuss them in the context
of the issues investigated in Sect. 1, and try to evaluate their
potential for further improvements.

2.1 10-W and27-W Nd: YAG ps lasers

Nd:YAG is a popular solid-state gain medium which has good
thermal properties and is well suited for pumping with high-
power diode bars at808 nm. We decided on a side-pumping

approach because of its simplicity and the lower demands
on the pump beam quality. Potential disadvantages of side-
pumping are that the good efficiency and beam quality of end-
pumped lasers are usually not achieved. Also, it often leads to
a larger beam in the gain medium and thus increases the ten-
dency towards QML (see Sect. 1.3 and (3)). We have solved
both problems by using a direct coupled pump (DCPTM,
Lightwave Electronics) laser head [27], where the output of
two diode bars is directly side-coupled into the cylindrical
laser rod through slits in the crystal mount. The rod is later-
ally surrounded by a water-cooled metal block. A reflective
coating allows for multiple passes of the pump radiation and
thus for efficient pump absorption and a smooth profile of
the inversion. In this way the DCPTM concept leads to an ex-
cellent beam quality and good power efficiency while using
a relatively small crystal diameter (and laser mode size). This
reduces the tendency towards QML and thus makes the laser
head particularly suitable for passive mode locking.

The laser cavity (Fig. 2) [24] contained two curved mir-
rors defining the mode radii in the DCPTM head (300µm) and
on the SESAM (100µm). The output coupler had7% trans-
mission. The maximum average output power in the mode-
locked regime (for41.7 W pump power) was10.7 W (only
slightly less than in the cw regime), and the output beam
was diffraction-limited (M2 < 1.1). The overall optical-to-
optical efficiency of more than25% (and the electrical-to-
optical efficiency of8.2%) is high for a side-pumped system.
QML occurred only below≈ 3 W average output power. The
SESAM was operated with a relatively high saturation param-
eter S≈ 27; at this level, some (although not all) SESAMs
showed signs of degradation within hours. The pulse duration
was16 psand the repetition rate88 MHz, resulting in a pulse
energy of120 nJand a peak power of7.2 kW. Such high peak
powers and pulse energies are usually only obtained with am-
plifier systems and are for example high enough for efficient
frequency doubling in a single pass through a nonlinear crys-
tal.

A good alternative for the laser mediumNd:YAG might
beNd:YVO4. Whereas the thermal properties of this medium
are similar toNd:YAG, the larger amplification bandwidth
supports shorter pulses, and the≈ 9 times higher emission
cross-section would allow us to saturate the SESAM less
strongly. This would not only relax the operation conditions
of the SESAM, but also help to further decrease the pulse
duration.

With the DCPTM concept, applied either toNd:YAG or
Nd:YVO4, it is feasible to further increase the mode-locked
average power. Apart from developing DCPTM (or similar)
laser heads with somewhat more pump power, several of such
laser heads can be combined in one laser cavity. We recently
investigated this method of power scaling, using three DCPTM

Fig. 2. Cavity setup of the10-W ps Nd:YAG laser (ROC: radius of curva-
ture; SESAM: semiconductor saturable absorber mirror; OC: output cou-
pler)
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heads, and obtained27 W average power,0.5µJ pulse en-
ergy, and23 kWpeak power in19-pspulses [28]. The output
coupler transmission was increased so that the intracavity
average power was comparable to the laser with a single
laser head. An increased modulation depth of the absorber is
needed to maintain the short pulse duration and self-starting
behavior, while a decrease of repetition rate helps to suppress
Q-switching instabilities. SESAM damage was not observed.
Additional laser heads could be used for external single-pass
amplification because the obtained average output power is
already high enough to saturate the gain.

2.2 8-W Yb: YAG ps laser

Yb:YAG is a very promising gain medium for short-pulse
generation in the high-power regime. Its bandwidth allows for
sub-pspulses [7], and the small quantum defect makes it po-
tentially very efficient. High-power diode bars at940 nmare
available as pump sources. Problems arise from the quasi-
three-level nature, which leads to a high laser threshold
(which significantly rises with crystal temperature). More-
over, the small cross-sections cause a strong tendency for
QML. For these reasons, the concept used for the10-W
Nd:YAG laser (see Sect. 2.1) would not work withYb:YAG.
An end-pumped approach is necessary to keep the laser
threshold at a reasonable level, and efficient cooling is es-
sential. Note that despite the small quantum defect, thermal
effects are strong in such a laser due to the high laser thresh-
old.

We used the geometry with a strongly elliptical mode
in the gain medium (Fig. 1), as discussed in Sect. 1.2. The
laser cavity [9] is shown in Fig. 3. The mode area in the
laser medium was similar to that in the10-W Nd:YAG laser
(Sect. 2.1), but the mode radii in horizontal and vertical di-
rection were very different,≈ 900µm and≈ 90µm, respec-
tively. A 1-mm-thin and≈ 4 mm-long flat/Brewster-cut crys-
tal was used, pumped with two polarization-coupled40-W
diode bars at940 nm. A standing-wave laser cavity (with the
gain medium not being located very close to one end of the
cavity) has two stability zones, called zone I and zone II [12],
where zone I is substantially less sensitive to misalignment. It
turned out to be essential for our laser to be operated in zone I
(by using a suitable cavity design), as this turned out to be less
sensitive not only to misalignment but also to thermal lensing.
(Note that adjustment of the pump beam can cause asymme-
tries of the thermal lens which have a similar effect to tilts of
cavity mirrors.) The repetition rate of our laser was63 MHz.

Compared toNd:YAG, the cross-sections ofYb:YAG at
the laser wavelength are roughly 11 times smaller. As the
laser mode area was similar as for theNd:YAG laser, this
caused a strong tendency for QML. We could obtain sta-
ble mode-locked operation only by operation in the soli-
ton mode-locked regime, generating negative dispersion with
a Gires–Tournois interferometer (GTI). (A prism pair with
a reasonable prism spacing could not provide sufficient nega-
tive dispersion for operation in theps regime.) Apart from
this, we had to reduce the output coupler transmission which
significantly compromised the laser efficiency in the mode-
locked regime compared to the cw regime where a stronger
output coupler could be used. At full power (53 W incident
on the crystal) we obtained8.1 W of average output power

and52 kW peak power (in two beams). The pulse duration
was 2.2 ps, limited by the bandwidth of the GTI. We think
that around1 psshould be possible with a better GTI, because
a similar laser with one40-W pump diode and a prism pair in-
stead of the GTI generated a single beam with1.0-pspulses,
3.5 W average power and74 kWpeak power.

2.3 16-W thin-disk Yb: YAG laser

As we explained in the introduction, the thin-disk concept for
the construction of a laser head has the very significant ad-
vantage of power scalability: starting with an initial design,
we can double the output power by doubling the pump power
and the mode area in the gain medium. This scaling proced-
ure does not make thermal problems more severe: the stability
range of a laser cavity with the doubled mode size is reduced
by a factor of 4, but the focusing power of the thermal lens is
reduced by the same factor.

Recently we have demonstrated passive mode locking of
a thin-disk Yb:YAG laser [16–18]. We used a laser head
that had generated≈ 20 W of output power in a diffraction-
limited beam, when operated in a simple cavity for contin-
uous operation. This laser was passively mode-locked using
a SESAM which was actively cooled from the back side.
As the SESAM had a low-finesse design with a relatively
low saturation fluence of≈ 100µJ, it could be operated with
a relatively large spot radius of≈ 600µm, and thermal or
non-thermal damage was not observed. The laser cavity also
contained a GTI for operation in the soliton mode-locked
regime. A remarkable detail is that due to the small thickness
of the laser disk, spatial hole burning (SHB) led to a broad-
ening of the effective gain bandwidth. For this reason, near-
transform-limited soliton pulses as short as≈ 0.7 ps were
obtained despite the relatively small modulation depth of the
SESAM (≈ 0.5%). The average output power was15.8 W.

We emphasize that not only the thin-disk laser head con-
cept, but the whole concept of the passively mode-locked
thin-disk laser is power-scalable. For the laser head itself, we
have explained this above. Moreover, as the mode diameter
on the SESAM is significantly larger than the thickness of the
substrate (450µm), further power scaling (by increasing the
mode area also on the SESAM) will not significantly increase
the temperature rise on the SESAM. Finally, the tendency
for Q-switched mode locking or for thermal or non-thermal
SESAM damage will not be increased. (This relies on the
fact that the ratio of intracavity average power and mode
area on the thin-disk laser head is kept constant.) Therefore,
we expect that our concept will allow passive mode locking
of thin-disk lasers with even significantly higher powers, as
long as near-diffraction-limited performance is possible (as
demonstrated already for≈ 100 Waverage power [15]). This
demonstrates very clearly that SESAMs are suitable for lasers
with very high powers, provided that suitable laser head and
SESAM designs are used.

2.4 1.4-W Nd:glassfs laser

For pulse durations far below1 ps, evenYb:YAG does not
provide sufficient amplification bandwidth.Nd:glass allows
for pulse durations as short as60 fs [5], but suffers from
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Fig. 3. Cavity setup of the8-W ps Yb:YAG
laser (SESAM: semiconductor saturable ab-
sorber mirror; OC: output coupler)

poor thermal properties (thermal lensing and stress fracture)
which makes it difficult to obtain high powers. The elliptical
mode concept (as discussed in Sect. 1.2) helps to cope with
these problems. We used a cavity which was similar (in type
and dimensions) to the one in Fig. 3. To prevent stress frac-
ture, the output of a single20-W diode bar was split in two
beams and applied from opposite sides to theNd:glass gain
medium. As the emission cross-section ofNd:glass is around
1.7 times higher and the laser mode area was slightly smaller
than in theYb:YAG laser of Sect. 2.2, the QML tendency of
the Nd:glass laser was somewhat weaker. We operated the
laser in the soliton mode-locked regime, using a prism pair for
dispersion compensation; this helped to avoid QML and was
necessary anyway to obtainfs pulse durations. We obtained
nearly bandwidth-limited soliton pulses of275 fs duration
with 1.4 W average power and97 kW peak power. A similar
result with175 fspulse duration and1 W in two output beams
has previously been published [10].

Although the peak power of theseNd:glass lasers is quite
respectable, this concept can not compete in terms of average
output power, if compared with the thin-disk approach as ap-
plied to Yb:YAG (see Sect. 2.3). Still we have demonstrated
that power levels comparable to those fromTi:sapphire lasers
are possible. For even higher average powers (> 10 W) with
pulse durations far below1 ps, one will probably rely on the
development of new laser materials with a broad amplifica-
tion bandwidth, large laser cross-sections and good thermal
properties.

3 Conclusions

We have reviewed recent developments towards passively
mode-locked lasers with high average powers and discussed
the main challenges to be met on this route. In particular, the
tendency for Q-switching instabilities requires careful opti-
mization of such lasers. An important finding is that semi-
conductor saturable absorber mirrors (SESAMs) are suitable
for operation at very high average power levels, provided that

certain design guidelines, which involve properties not only
of the absorber but also of the laser head, are observed. Al-
though tens of watts of average power with pulse durations
of about10–20 pscan be obtained by passive mode lock-
ing of high-powerNd:YAG or Nd:YVO4 lasers with quite
conventional designs, different approaches are needed for
shorter pulses. For pulse durations far below1 ps we have
demonstrated aNd:glass laser with1.4 W average power.
Pulses with≈ 0.7 psduration andµJ pulse energies can now
be obtained with very high average powers from passively
mode-locked thin-disk lasers, and the scalability of this con-
cept promises for the near future to allow for even higher
average powers than previously possible in the domain of
much longer pulse durations. The use of such lasers as pump
sources for parametric oscillators should also lead to tunable
high-power sources in the pulse duration regime far below
1 ps.
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