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1. Introduction     

The wavelength range around 2 µm which is covered by the laser systems described in this 
chapter is part of the so called “eye safe” wavelength region which begins at about 1.4 µm. 
Laser systems that operate in this region offer exceptional advantages for free space 
applications compared to conventional systems that operate at shorter wavelengths. This 
gives them a great market potential for the use in LIDAR and gas sensing systems and for 
direct optical communication applications. The favourable absorption in water makes such 
lasers also very useful for medical applications. As it can be seen in figure 1, there is a strong 
absorption peak near 2 µm which reduces the penetration depth of this wavelength in tissue 
to a few hundred µm.  
 

 

Fig. 1. Absorption and penetration depth in water and other biological tissue constituents 
for different wavelengths 

Due to the strong absorption in water, the main constituent of biological tissue, substantial 
heating of small areas is achieved. This allows for very precise cutting of biological tissue. 
Additionally the bleeding during laser cutting is suppressed by coagulation, this makes 
2 µm lasers ideal for many surgical procedures.   
Furthermore 2 µm lasers are well suited to measure the health of planet earth. They can be 
used directly for measuring the wind velocity and for the detection of both water vapour 
and carbon dioxide concentration. Wind sensing is very important for weather forecasting, 
storm tracking, and airline safety. Water vapour and carbon dioxide detection is useful for 
weather and climate prediction and for the analysis of the green house effect. 
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2. Solid state laser systems around 2 µm 

In the wavelength range around 2 µm the most interesting transitions for high power 
continuous wave (cw) and pulsed laser operation exist in the trivalent rare earth ions Tm3+ 
and Ho3+. Using these ions laser emission was achieved in many different host crystals and 
glass fibres. For cw operation the thulium lasers are most interesting; however for pulsed 
and q-switched operation holmium lasers are more attractive due to the higher gain of the 
holmium doped crystals. The first experiments with Tm3+ and Ho3+ doped crystals were 
already carried out in the 1960s (Johnson, 1963). For both ions the relevant laser transition 
for the 2 µm emission ends in the upper Stark levels of the ground state. Therefore both 
lasers can be described as quasi three level lasers with a thermally populated ground state 
(Svelto, 1998; Koechner, 2006). Thulium lasers have the great advantage that the Tm3+ ions 
can be directly excited with commercially available laser diodes around 800 nm. To achieve 
efficient laser operation at 2.1 µm holmium can only be excited directly around 1.9 µm or by 
exploiting an energy transfer process from thulium or ytterbium. 

2.1 Thulium lasers systems 
With thulium doped crystals laser emission on many different transitions was reached so 
far. The laser emission around 2.0 µm is resulting from a transition that starts in the 3F4 
manifold and ends in a thermally populated Stark level of the 3H6 ground state. The first 
Tm:YAG laser at 2 µm using this transition was realised in 1965 (Johnson et al., 1965). It was 
a flash lamp pumped laser which operated at 77 K. It took some years until the first pulsed 
laser operation at room temperature was realised in 1975 using Cr,Tm:YAG (Caird et al., 
1975). Shortly after the development of the first laser diodes in the wavelength range around 
800 nm continuous wave diode pumped laser operation at room temperature was shown 
(Huber et al., 1988; Becker et al., 1989). Until now thulium laser emission around 2 µm was 
demonstrated in many different host materials and there are some thulium based laser 
systems commercially available (LISA laser products OHG; IPG Photonics Corp.).  
The energy level scheme of Tm3+ with the relevant energy transfer processes for this laser 

transition is shown in figure 2. The scheme of Tm:YAG is shown, as YAG is the most 

commonly used host material for thulium lasers. The figure also shows the Stark splitting of 

the ground state, which is important for the thermal population of the lower laser level of 

the 2 µm laser transition. In the figure one can see that the thulium ions can be excited 

around 800 nm from the ground state to the 3H4 energy level. The upper laser level 3F4 is 

then populated by a cross relaxation process (CR) that occurs between two thulium ions. In 

this non-radiative process for one ion an electron relaxes from the 3H4 level to the 3F4 level 

and for a second ion an electron is excited from the ground state to the 3F4 level (French et 

al., 1992; Becker et al., 1989). This excitation process yields two excited ions for each 

absorbed pump photon. Therefore the quantum efficiency is nearly two when the cross 

relaxation process is highly efficient. Thus, instead of a maximum efficiency of 41 %, one can 

obtain an efficiency of 82 %, in theory. The efficiency of the cross relaxation process depends 

on the doping concentration of the thulium ions since the involved dipole-dipole interaction 

depends on the ion spacing. It is also possible to pump the 3F4 energy level directly between 

1700 nm and 1800 nm, but there are no well developed pump sources commercially 

available. A comparison between this direct excitation and the excitation exploiting the cross 

relaxation process was made by Peterson et al. (Peterson et al., 1995). 
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The efficiency of the laser process can be lowered by some energy transfer processes and by 
excited state absorption (ESA). Both possible upconversion processes that start from the 
upper laser level are phonon assisted. Barely any losses result from the upconversion 
process UC 1 which starts from the upper laser level, because this is the reverse process of 
the cross relaxation. More losses result from the upconversion process UC 2, because in this 
case the excitation of one ion is lost and another ion is excited into the 3H5 level. The 3H5 
energy level has a very short lifetime and it is mostly depopulated by a non radiative 
process (3H5 å 3F4) which generates heat inside the crystal. Also excited state absorption 
which can start from the upper laser level 3F4 or the upper level of the cross relaxation 
process (3H4) causes losses for the laser. The influence of these processes is usually low, due 
to the required phonon assistance. Only at high pump powers a slight blue fluorescence can 
be observed that starts from the 1G4 manifold which is situated at approximately 21000 cm-1.   
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Fig. 2. Tm:YAG energy scheme with the relevant transitions for the 2 µm laser emission and 
the Stark splitting of the ground state 

Thulium lasers have been realised in a wide variety of host crystals and fibre materials, in 
table 1 important parameters for the 2 µm laser transition are listed for a selection of crystals 
used for high power lasers. Further information about different thulium doped crystals can 
be found in the literature (Kaminskii, 1996; Sorokina & Vodopyanov, 2003). The absorption 

cross section σabs for the strongest absorption peak of the transition from the ground state to 
the 3H4 manifold is given. The typical emission wavelength for the free running laser ǌem and 
the emission cross section for this transition ǔem are shown. For a comparison of the 
suitability of the different host materials for the laser operation the thermal conductivity ǌth 

and the lifetime of the upper laser level τ are listed. 
The thermal conductivity of the host material is very important for the laser operation. The 
generated heat in the laser crystal has to be dissipated and removed efficiently to achieve 
high output powers. As it can be seen in table 1 the thermal conductivity of YLF is very low 
and it is rather high for Sc2O3, for YAG it is in between. The thermal conductivities are 
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measured with un-doped crystals, but normally the thermal conductivity is reduced 
significantly with higher thulium doping concentrations (Gaumé et al., 2003). The heat 
removal from the laser material can be increased by using special geometries like thin disks 
or slabs instead of the standard rod geometry. 
The lifetime of the upper laser level Ǖ also depends on the thulium doping concentration of 
the crystal. In table 1 the lifetimes are given for very low doping concentrations, with higher 
thulium doping concentrations the lifetimes are often strongly reduced (Scholle et al., 2004). 
The main reason for this effect is the increased energy migration between the Tm3+ ions 
which supports the energy transfer to crystal impurities. The longest lifetimes of 15.6 ms of 
the upper laser level were measured for Tm:YLF crystals, which are about 1.5 times longer 
than in Tm:YAG and up to four times longer then for Tm:Lu2O3 and Tm:Sc2O3 crystals. 
Longer lifetimes allow larger energy storage in the upper laser level which is essentially 
important for q-switching operation. 
 

laser host 
material 

ǔabs 

(10-21 cm²)
ǌem 

(nm)
ǔem 

(10-21 cm²)
ǌth 

(W m-1 K-1)
Ǖ 

(ms)
reference 

YAG 7.5 2013 1.8 13 10 Heine, 1995 

YLF 
σ pol 3.6 

π pol 8.0 

1910
1880

2.35 
3.7 

6 15.6
Payne et al., 1992 
Walsh et al., 1998 

Lu2O3 3.8 
2070
1945

2.3 
8.5 

13 3.8 Koopmann et al., 2009a 

Sc2O3 5.0 1994 8.4 17 4.0 Fornasiero et al., 1999 

Y2O3 5.0 
2050
1932

2.1 
8.1 

14  Ermeneux et al., 1999 

LuAG 5.7 2023 1.66 13 10.9 Scholle et al., 2004 

YAlO3  1936 5.0 11 4.8 Payne et al., 1992 

silica fibre 4.5 1860 3.9  6.6 Agger  & Povlsen, 2006 

germanate f. 6 1840 4.1  5.3 Turri et al.,2008 

Table 1. Properties of widely used thulium doped laser crystals for high power applications. 

Absorption cross section σabs; free running laser emission wavelength ǌem; emission cross 

section σem; thermal conductivity ǌth; lifetime of the upper laser level τ. 

As mentioned, thulium 2 µm lasers can be pumped around 800 nm, exploiting the cross 
relaxation process to populate the upper laser level. Tm:YAG has one of the highest 
absorption cross sections in this wavelength region, but the main absorption peak is located 
at 785 nm. Figure 3 shows the absorption spectra of Tm:YAG, Tm:Lu2O3 and Tm:YLF. 

Tm:YLF has a natural birefringence, therefore the spectra for π and σ polarisation are 
shown. 
A challange for most of the thulium doped crystals is that the available diodes around 

800 nm where mainly developed for Nd:YAG pumping at 808 nm. So the available diodes in 

the range from 785 – 795 nm are more expensive and possess lower brightness and output 

powers compared to those operating close to 808 nm. Therefore most of the Tm doped 

crystals can not be pumped at the strongest absorption peak, only thulium doped 

sesquioxides like Lu2O3 and some vanadates have strong absorption lines near 808 nm. Due 

to the weak absorption larger crystals or multi pump pass set-ups have to be used to achieve 

sufficient pump light absorption. 
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Fig. 3. Absorption cross sections of the 3H6 å 3H4 transition for Tm:YAG, Tm:Lu2O3, 
(Koopmann et al. 2009b) and Tm:YLF. 

As can be seen in table 1, the different host materials provide the possibility to access many 
wavelengths in the range between 1840 nm and 2100 nm with thulium lasers. In the table 
the emission cross sections are shown for the typical free running laser transition, but 
thulium has a very broad and strongly structured emission spectrum in most crystals. As an 
example the emission spectra for Tm:YAG, Tm:Lu2O3 and Tm:YLF are shown in figure 4. 
One can see that the emission cross sections of Tm:YAG are much lower than for Tm:YLF 
and most other crystals. Low emission cross sections lead to low gain, therefore in YAG a 
co-doping of thulium and holmium was often used in the past since holmium has six times 
larger emission cross sections in YAG.  
 

 

Fig. 4. Left side: Emission cross sections of Tm:YAG and Tm:Lu2O3 for the transitions from 
the 3F4 manifold to the ground state (Koopmann et al., 2009b). Right side: Emission cross 

sections for π and σ polarisation of Tm:YLF (Budni et al., 2000). 

The broad emission spectra of thulium doped crystals enable very large wavelength tuning 
ranges for thulium laser systems. This is very useful for a couple of laser applications. 
Additionally a broad gain spectrum allows the generation of extremely short laser pulses in 
mode-locked laser operation. Wavelength tuning is achieved by integration of wavelength 
selective elements into the laser resonator. Mostly prisms, diffraction gratings or 
birefringent filters under Brewster angle are used for wavelength tuning (Svelto, 1998). 
Tuning ranges of over 200 nm were achieved in different thulium doped crystals so far, for 
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instance the tuning curves for Tm:LuAG and Tm:Lu2O3 are shown in figure 5. Tm:LuAG can 
only be sufficiently operated from 2010 nm to 2040 nm. With Tm:Lu2O3 efficient laser 
operation is possible from 1900 nm to 2110 nm. Especially the tuning range up to 2.1 µm 
with high output powers makes Tm:Lu2O3 attractive, since this laser can be an alternative to 
Ho:YAG lasers that emit around this wavelength. 
 

 

Fig. 5. Tuning curves of Tm:LuAG  (Scholle et al., 2004) and Tm:Lu2O3 (Koopmann et al., 
2009a) 

Some of the important parameters of thulium doped crystals for laser operation around 

2 µm have been discussed, but there are still some more aspects, which are important for the 

realisation of a high power thulium laser. A very important point is the crystal quality. To 

achieve high output powers, high quality crystals with very few impurities and defects are 

necessary. Additionally the achievable crystal size is important. In big crystals the generated 

heat can be distributed over a larger area. For rod or slab lasers much larger crystals than for 

thin disc lasers are required. The best qualities and largest crystal sizes are achieved today 

with Tm:YAG and Tm:YLF, but these crystals are not the best choice regarding thermal 

conductivity or emission cross section. Therefore in the future other host crystals like Lu2O3 

or Sc2O3 can become important when larger high quality crystals become available.  

Although thulium lasers have been realised in many different host crystals, high power 

lasers with output powers of some tens of watts or even more have been demonstrated only 

with YAG and YLF as laser host materials so far. In table 2 a short overview of some 

recently published thulium crystal and fibre laser systems is shown. The first high power 

thulium lasers were realised with solid state systems, nowadays the fibre laser system 

deliver the highest output powers. 

The first cw diode pumped thulium 2 µm laser with output powers > 100 W was 
demonstrated in 1997 (Honea et al., 1997). To achieve these high output powers, Tm:YAG 
rods with undoped YAG end caps were used. The end caps were diffusion bonded to the 
doped rod to optimise the cooling of the rods and to reduce the thermal stress on the end 
surfaces. The laser rod was end-pumped by a diode bar operating at 805 nm using a fused 
silica lens duct to couple the pump light into the rod of 3 mm in diameter. With such a set-
up and a 2 % thulium doped rod in a short plane-concave laser cavity up to 115 W of output 
power at room temperature were achieved. The laser showed a high slope efficiency of 
about 52 %, however the beam quality was poor at high powers (M² = 23). Nowadays 
Tm:YAG lasers emitting at 2.0 µm are commercially available. For instance LISA laser 
products OHG offers the RevoLix 120 Watt laser system, which is a medically approved 
Tm:YAG laser system. This system is used for non-invasive surgery, where the laser light 
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needs to be delivered by a fibre. The system can deliver up to 120 W output power through 
different application fibres with very small core diameters.    
The highest output power achieved so far with Tm:YLF rods is 55 W (Schellhorn, 2008). This 
high power was achieved using two 3.5 % doped Tm:YLF rods in one folded laser cavity 
that were pumped with four laser diodes. Each rod was pumped from both ends by a diode 
emitting at 792 nm. With this set-up a slope efficiency of 49 % and a beam quality of M² < 3 
was observed. With a single rod the maximum output power was limited to 30 W. Due to 
the low thermal conductivity and the low fracture limit of Tm:YLF the rod geometry is not 
very well suited for high power Tm:YLF lasers. With a slab geometry further power scaling 
is possible, which is due to the better thermal management (So et al. 2006). The highest 
output power of a Tm:YLF slab reported so far is 148 W (Schellhorn et al., 2009). This was 
achieved with a 2 % doped Tm:YLF slab double-end-pumped by two laser diode stacks 
emitting at 790 nm. With an optical to optical conversion efficiency of 26.7 % 148 W of cw 
output power at 1912 nm were achieved at room temperature. 
 

laser host 
material 

ǌp 

(nm)
ǌem 

(nm)
cw output 
power (W)

slope eff.
(%) 

reference 

YAG 805 2013 115 52 Honea et al., 1997 

YAG 800 2013 120  LISA laser products OHG * 

YLF 792 1910 55 49 Schellhorn, 2008 

YLF 790 1912 148 32.6 Schellhorn et al., 2009 

Lu2O3 796 2070 1.5 61 Koopmann et al., 2009a 

germanate f. 800 1900 64 68 Wu et al., 2007 

silica fibre 793 2050 110 55 Frith et al., 2007 

silica fibre 1567 1940 415 60 Meleshkevich et al., 2007 

silica fibre 790 2040 885 49.2 Moulton et al., 2009 

Table 2. Brief overview of recently published continuous wave thulium solid state and fibre 

laser results (λp = pump wavelength; λem = emission wavelength). * RevoLix 120 Watt 
commercial system from LISA laser products OHG 

Nowadays nearly the same maximum output powers can be reached with Tm:YAG and 

Tm:YLF lasers. The slope efficiencies of the Tm:YAG systems are higher than for the 

Tm:YLF ones, but the beam quality of the Tm:YLF systems is better due to the weaker 

thermal lenses which occur in YLF. Further power scaling of the output power from both 

systems should be possible especially with the slab geometry. So far the maximum reported 

output powers were limited by the available pump powers, not by fracture of the laser 

crystals. Great potential for power scaling is also exhibited by Tm:Lu2O3. The properties of 

the crystal and the recently reported results with record high slope efficiencies indicate the 

large potential of this crystal. 
In recent years a lot of research has been performed on the improvements of fibre lasers and 
great advances were made in the power scaling. Since the late 1980s for many years single-
mode diode pumped fibre lasers that emitted a few tens of milliwatts were used because of 
their large gain and the feasibility of single-mode continuous wave lasing. The most well-
known application of these fibre lasers is in the telecom market around 1550 nm where 
erbium-doped fibre lasers and amplifiers are used. The modern high-power fibre lasers are 
built mostly with double-clad fibres that have a small inner core that is doped with the laser 
active ions and is surrounded by a much larger cladding. These fibres can be pumped by 
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high-power multimode diodes or even diode bars or stacks. The pump light is guided in the 
cladding by total internal reflection between the cladding and the coating and it is only 
absorbed when it passes through the doped core of the fibre. This fibre design concept 
allows the efficient conversion of multimode laser diode radiation into fibre laser radiation 
with very high brightness. 
Today, the highest output powers of fibre lasers (some kW) have been demonstrated with 
ytterbium doped silica fibres that operate in the wavelength region centred around 1080 nm. 
Lasers in this wavelength range are not “eye safe” which is a problem for a lot of laser 
applications. But nowadays also thulium doped fibres almost reach the kW output power 
level. A selection of the latest publications reporting on high power thulium fibre lasers 
around 2.0 µm is shown in table 2. The fibre geometry has the great advantage that the heat 
that is generated during the laser process is dissipated over a large area if a long absorption 
distance is used. The absorption length of a fibre system can be adjusted not only by the 
doping concentration and the pump wavelength, also the core to cladding ratio can be used.  
In 2007 Frith et al. reported on a highly efficient thulium fibre laser with up to 110 W of cw 
output power. They used newly designed large mode area fibres which yield a low 
numerical aperture (NA) of the doped core (NA = 0.06). This enables the usage of large core 
diameters by still retaining single transversal mode laser operation. Therefore Frith et al. 
could build up a laser using a fibre with a core diameter of 20 µm, a cladding diameter of 
400 µm, and a fibre Bragg grating as a highly reflective mirror. With this concept and 
pumping of one fibre end through the fibre Bragg grating 110 W of narrow line width (full 
width at half maximum (FWHM): 3 nm) output power were achieved with a slope efficiency 
of 55 %. In the same year Wu et al. reported on the high power operation of a thulium 
doped germanate fibre (Wu et al., 2007). They achieved 64 W of output power in a one-end 
pumped configuration with an only 20 cm long piece of fibre. With respect to the launched 
800 nm pump power an extremely high slope efficiency of 68 % was measured. In a dual-
end pumped configuration the maximum output power could be increased to 104 W, but 
the slope efficiency was reduced to 52.5 %. Also in 2007 a 415 W thulium fibre laser that was 
inband pumped at 1567 nm was presented (Meleshkevich et al., 2007). A double clad single 
mode thulium fibre was used, which was end pumped by an assembly of 18 cw erbium fibre 
lasers. By the usage of fibre Bragg gratings an all-fibre set-up was realised which yielded an 
output beam with M² < 1.1 and a slope efficiency of 60 %. Using a thulium doped fibre with 
a core diameter of 35 µm (numerical aperture 0.2) and a cladding diameter of 625 µm 
Moulton et al. achieved a cw output power of up to 885 W at room temperature (Moulton et 
al., 2009). This is the highest output power achieved with a single Tm-doped fibre so far. The 
laser showed multi mode emission with a slope efficiency of about 49.2 %. To achieve this 
high output power a 7 m long piece of fibre was used that was pumped from both ends with 
fibre coupled laser diode sources emitting at 793 nm. So actually the highest thulium fibre 
laser output powers were achieved with diode pumping around 800 nm, but also the 
approach with resonant pumping around 1570 nm has the potential to reach such high 
powers. The overall efficiency of the 800 nm pumped systems is better than for the resonant 
pumping due to the limited efficiency of the Yb,Er:fibre lasers used. An all fibre system 
should be possible with both concepts, although so far this was only presented for the 
resonant pumping at 1570 nm. Actually there are two companies that are offering thulium 
fibre lasers commercially. One offers systems that are pumped around 800 nm (Nufern) and 
the other is using the resonant pumping concept (IPG Photonics Corp.). 
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Actually the highest thulium laser output powers are achieved with fibre lasers, but also 
crystal lasers can reach more than 100 W of output power. The fibre lasers also yield a better 
beam quality than the crystal lasers, which is an enormous advantage for some applications. 
Both systems show approximately the same slope efficiencies, nevertheless for high output 
powers the optical to optical efficiency of the fibre lasers is higher. For applications with 
output powers in the range of 100 W to 200 W crystal lasers are still a good alternative to 
fibre lasers, especially since these systems are well developed and commercially available. 

2.2 Holmium laser systems 
Until recently there were no laser diodes available in the wavelength ranges which allow 
direct pumping of Ho3+ ions. Therefore the first holmium lasers were realised in co-doped 
systems. Usually thulium co-doping is used, because one can exploit the cross relaxation 
process of the thulium ions for the excitation of the upper laser level in holmium. There are 
two energy transfer processes which lead to the population of the upper laser level (5I7) of 
the holmium ions. The first transfer is the fast spatial energy migration among the Tm3+ ions 
and the second one is the energy transfer from the thulium 3F4 to the holmium 5I7 level. The 
net energy transfer can be determined as 

i

ji
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k T
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i
Ho EE

k T k T
Ho i Tm j

i j

N g e

f

N g e N g e
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− −⋅ ⋅

⋅ ⋅
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where fHo is the net transfer efficiency, NTm is the concentration of Tm3+ ions, the sums over i 
and j are sums over the Ho3+ 5I7 and Tm3+ 3H4 crystal field splittings, respectively, Ei and Ej 
are the energy levels of these splittings, gi and gj are their degeneracies, k is the Boltzmann 
constant, and T is the temperature (Fan et al., 1988). In YAG as host crystal, about 50 % of 
the excitation energy is transferred to the holmium ions at room temperature when using a 
thulium co-doping. The rest of the energy is stored in the excited thulium ions (Storm, 1988). 
YAG is the most common host crystal for Ho3+ because of its high values of specific heat, 
heat conductivity and optical quality (Rothacher et al., 1998). The energy scheme of Ho:YAG 
with the relevant transitions for the 2.1 µm laser emission and the Stark splitting of the 
ground state are shown in figure 6. The 2.1 µm emission emerges from a transition which 
starts in the upper laser level 5I7 and terminates in the thermally populated sublevels of the 
5I8 ground state manifold. Both involved energy levels show a strong Stark splitting, the 
higher level consists of 14 sublevels from 5228 cm-1 to 5455 cm-1 and the ground state splits 
up into 11 sublevels from 0 cm-1 to 535 cm-1 (Kaminskii, 1996). 
The thermal population of the lower laser level at room temperature for the free running 
Ho:YAG laser is about 2 %, which is nearly the same as for the Tm:YAG laser. But the upper 
laser level of the holmium laser is also thermally populated and this population is much 
lower than for thulium lasers. At room temperature in YAG only 10 % of the holmium ions, 
which are excited to the 5I7 manifold, populate the Stark level which is the upper laser level. 
For thulium this number is about 46 %. Therefore the temperature dependence of holmium 
lasers is stronger than the one of thulium lasers. The upconversion process, in which one 
holmium ion gets excited into the 5I5 or the 5I6 manifold, is a non resonant process (see 
figure 6). It is a phonon assisted process, for which two closely spaced holmium ions that are 
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excited into the 5I7 manifold are necessary. Therefore this process becomes important when 
the population density of the 5I7 energy level is high. Thus the upconversion process is most 
important for the q-switched operation, when the energy storage in the upper laser level is 
high. 
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Fig. 6. Ho:YAG energy scheme with the relevant transitions for 2.1 µm laser operation 

The first holmium laser on the 2.1 µm transition used a thulium co-doping and YAG as a 
host material. It was a flash lamp pumped pulsed laser that was built up in 1965 (Johnson et 
al., 1965; Johnson et al., 1966). This laser needed to be cooled with liquid nitrogen. Room 
temperature, lamp pumped, pulsed operation of Ho:YAG and Ho:YLF lasers was 
demonstrated in 1970 and 1971, respectively (Remski et al., 1970; Chicklis et al., 1971). The 
investigated crystals were sensitised with Er3+ and Tm3+, leading to an optimised absorption 
of the pump light. The first room temperature cw laser operation of a holmium laser with 
thulium co-doping was demonstrated in 1985, using a krypton laser as pump source 
(Duczynski et al., 1986). Shortly after the development of diode lasers around 800 nm many 
innovative approaches of pumping thulium co-doped holmium lasers were successfully 
realised. The first cw holmium lasers utilising diode pumping were demonstrated in 1986 
for YAG as host material and for YLF in 1987 (Fan et al., 1987; Kintz et al., 1987). Intra-cavity 
pumping of Ho:YAG was demonstrated for the first time in 1992 (Stoneman et al., 1992). The 
Ho:YAG crystal was embedded in a Tm:YAG  laser cavity and acted as output coupler. 
The following section focuses on the latest results of different methods for in-band pumping 
(direct pumping into the upper laser level 5I7) of Ho:YAG crystals, which is the most 
promising approach to reach the highest output powers. In-band pumping of most holmium 
crystals is possible in the wavelength range around 1.9 µm. The latest results of continuous 
wave and q-switched holmium laser operation will be shown and reviewed. The co-doping 
of thulium and holmium in crystals and fibres has significant drawbacks. The probability of 
the upconversion process that populates the 5I5 and the 5I6 level is increased by the co-
doping and the thermal load in the crystal is higher, even when the cross relaxation process 
of the thulium ions is exploited very well. Due to the fact that the emission wavelength of 
2.1 µm addresses a wide variety of applications that require short laser pulses with high 
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pulse energies or high continuous wave powers, many high power holmium laser systems 
were realised in recent years. Most of these laser systems use thulium crystal or fibre lasers 
for pumping the holmium ions. An overview of some of the latest published results is 
shown in table 3. 
 

laser 
material 

pump 
source 

ǌp 

 

(µm)

cw 
power

(W) 

pulse 
energy

(mJ) 

ǌem 

 

(nm)

slope.
eff. 
(%) 

reference 

Ho:YAG Tm:YLF 1.95 1.6  2090 21 Schellhorn et al., 2003 

Ho:YAG Tm:YLF 1.9  50 2090  Budni et al., 2003 

Ho:YAG Tm fibre 1.905 6.4  2097 80 Shen et al., 2004 

Ho:YLF Tm fibre 1.94 43 40 2050 42 Dergachev et al., 2005 

Ho:YAG Tm fibre 1.908 10 15 2100 52 Moskalev et al., 2006 

Ho:YAG Tm:YLF 1.908 9.4  2090 40 Schellhorn, 2006 

Ho:YAG Tm:YLF 1.91 14  2100 16 So et al., 2006b 

Ho:YAG diode 1.91 40 3.5 2120 57 Scholle & Fuhrberg 2008 

Ho:YLF Tm fibre 1.94 12.4 10.9 2065 47 Bollig et al., 2009 

Ho:YAG Tm fibre 1.908 18.7  2090 80 Mu et al., 2009 

Table 3. Overview of some recently published cw and pulsed holmium laser results in the 

literature (λp = pump wavelength; λem = emission wavelength) 

Thulium fibre lasers are an excellent pump source for holmium lasers. They offer a nearly 
diffraction limited beam quality and a very narrow emission bandwidth. The wavelength of 
the fibre lasers can be tuned to the maximum absorption of the holmium ions by using fibre 
Bragg gratings. Due to these benefits the highest slope efficiencies for in-band pumped 
holmium lasers were achieved with thulium fibre lasers as pump sources.  Up to 80 % of 
slope efficiency for cw laser operation were demonstrated by Mu et al. and Shen et al. with 
Ho:YAG lasers. In 2004 Shen et. al. reported on a room temperature Ho:YAG laser pumped 
by a cladding-pumped Tm:silica-fibre laser (Shen et al., 2004). The emission wavelength of 
the Tm:silica-fibre laser was tuned with an external grating to the absorption maximum of 
Ho:YAG.  With the available 9.6 W of pump power, 6.4 W of unpolarized output power of 
the Ho:YAG system were reached in a short plane-concave resonator. The optical to optical 
conversion efficiency of the system was 67 %. Mu et. al. used an adhesive free bonded 
YAG/Ho:YAG/YAG laser composite crystal in a water cooled heat sink (Mu et al., 2009). 
The front facet of the composite crystal acted as a plane highly reflective mirror for the 
holmium laser and the back side had a high reflectivity coating for the pump wavelength to 
achieve a multi pass of the pump light. Thus the resonator was built with the front facet of 
the crystal and a concave output coupler. The pump source, an unpolarized thulium doped 
fibre laser (FWHM 0.7 nm), was tuned to the strongest absorption line of Ho:YAG at 
1907.65 nm. The maximum output power of this system was 18.7 W at 24.3 W of pump 
power, which results in an optical to optical conversion efficiency of 77.6 %, which is the 
highest efficiency reported so far. 
In 2006, Moskalev et. al. demonstrated a q-switched Ho:YAG laser pumped by a 
commercially available thulium fibre laser (Moskalev et al., 2006). They used a 50 mm long 
Ho:YAG rod with a doping concentration of 0.5 % that was conductively cooled. With a 
plane concave folded cavity a maximum output power of 10 W in cw operation were 
demonstrated with a corresponding slope efficiency of 52 %. With an acousto-optic 
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modulator inside the resonator, q-switched laser operation with a maximum output power 
of 15 mJ at 100 Hz repetition rate was shown. 
The highest cw output powers and pulse energies of a holmium laser achieved with thulium 
fibre laser pumping were reached with YLF as host material for the holmium ions. 
Dergachev et al. reached 43 W of cw output power and 40 mJ of q-switched pulse energy 
with a Ho:YLF laser that was pumped at 1940 nm with a commercially available 100 W 
thulium fibre laser (Dergachev et al., 2005). These high powers were achieved using two 
holmium crystals in one cavity. The crystals were pumped by one fibre laser using a 
polarisation beam splitter to spread the pump power. The 40 mJ of pulse energy were 
reached for repetition rates below 400 Hz, at 1 kHz 28 mJ of pulse energy were reached. 
Using a single Ho:YLF crystal Bollig et al. reached a slope efficiency of 47 %  and 10.9 mJ of 
pulse energy at 1 kHz repetition rate (Bollig et al., 2009). With an additional Ho:YLF 
amplifier that was pumped by the pump light transmitted from the first holmium crystal, 
up to 23.7 mJ of pulse energy at 1 kHz repetition rate were reached. This amplifier system 
had a slope efficiency of 47 % and yielded a beam quality of M² < 1.1. 
Another attractive pump source for holmium lasers are Tm:YLF lasers. Tm:YLF lasers are 
highly efficient and offer high pump powers with good beam quality. These laser systems 
can also be tuned to the maximum absorption peaks of holmium in the wavelength range 
between 1.9 µm and 2.0 µm. In 2003, Budni et al. demonstrated a high pulse energy q-
switched Ho:YAG laser with 50 mJ of output energy and an M² of about 1.2, that was 
pumped by a Tm:YLF laser (Budni et al., 2003). They used a folded plane concave cavity, 
where the pump light was coupled into the holmium crystal trough a thin-film polariser that 
also acted as a folding mirror. Using output couplings of up to 70 % damage free q-switched 
operation with pulse lengths of 14 ns and peak powers of up to 3.6 MW were achieved. A 
Ho:YAG thin-disk laser with an output power of up to 9.4 W was realised by M. Schellhorn 
using two polarisation coupled Tm:YLF lasers as pump sources (Schellhorn, 2006). With a 
0.4 mm thick, 2 % doped Ho:YAG crystal an optical to optical efficiency of 36 % was reached 
using 24 passes of the pump light through the Ho:YAG crystal. 
Using Tm:YLF lasers as pump sources also intra-cavity pump schemes are possible, where 
the holmium crystal is placed inside the thulium laser resonator. In this case the holmium 
laser acts as an output coupler for the thulium laser. A schematic set-up for an intra-cavity 
side pumped holmium laser is shown in figure 7.  
 

 

Fig. 7. Schematic diagram of a Ho:YAG intra-cavity pumped laser (So et al., 2006) 
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Using intra-cavity pumping a low holmium doping concentration can be used, since the 
pump light intensity is very high inside the laser resonator. In 2003 a compact Ho:YAG laser 
intra-cavity pumped by a diode-pumped Tm:YLF laser was realised (Schellhorn et al., 2003). 
At room temperature a maximum average holmium laser output of 1.6 W with a slope 
efficiency of 21 % with respect to the incident diode pump power was achieved. In 2006 So 
et al. demonstrated an intra-cavity side-pumped Ho:YAG laser system (So et al., 2006b). A 
high-power Tm:YLF slab laser (9 x 1.5 x 20 mm³) with an optimised thulium doping 
concentration of 2 at. % pumped by a laser diode stack at 792 nm served as the pump 
source. The maximum output power of the slab laser itself at a wavelength of 1.91 µm was 
68 W. The corresponding slope efficiency was 44 %. The intra-cavity side-pumped Ho:YAG 
slab (4 x 10 x 2 mm³) had a doping concentration of 1 at. %. With the Ho:YAG slab 14 W of 
output power at 2.1 µm with a slope efficiency of 16 % were achieved with this set-up, 
which is shown in figure 7. 
In all the laser systems described above the holmium lasers were pumped by thulium lasers, 
whose emission wavelengths were tuned to the most efficient absorption peaks of the 
holmium ions. These thulium laser systems are pumped with commercially available laser 
diodes around 800 nm. Exploiting the cross relaxation process of the thulium ions these 
systems reach optical to optical conversion efficiencies between 40 % and 60 %. This 
pumping concept yields a quite complex overall set-up and it limits the overall efficiency of 
the laser systems. Taking into account an electrical to optical efficiency of 50 % for the laser 
diodes around 800 nm the maximum overall system efficiency with these pump systems for 
the realised holmium lasers is about 15 %. Direct in-band pumping with laser diodes around 
1.9 µm is therefore an attractive alternative to develop simple and compact holmium laser 
systems with high overall efficiencies. 
The first directly diode in-band pumped holmium laser was realised in 1995 (Nabors et al., 

1995). With six 1.9 µm laser diodes using angle multiplexing and polarisation beam 

combining nearly 0.7 W of output power were reached. With respect to the absorbed pump 

power a slope efficiency of 35 % was achieved. This demonstrated that efficient in-band 

pumping of Ho:YAG lasers by laser diodes at 1.9 µm is generally possible, although the 

emission bandwidth and the beam quality of laser diodes is inferior to thulium laser 

systems. Nabors et al. used a mix of GaInAsSb and InGaAsP diode lasers, each with about 

0.7 W of output power, which were available in 1995. In recent years diode lasers based on 

GaSb material systems (AlGaIn)(AsSb) were significantly improved. They cover the 

wavelength range from 1.85 µm to 2.35 µm. In section 3 these diodes will be described in 

detail. The improvements of these high power diodes make them very interesting for the 

excitation of holmium lasers. The newly developed GaSb-based diode bars and stacks 

provide enough pump power to realise high power holmium laser systems. 

Using a GaSb-based laser diode stack which consists of ten bars with an output power up to 
158 W Scholle et al. presented the first high power Ho:YAG laser that was in-band pumped 
by such diodes in 2008 (Scholle et al., 2008). A continuous wave output power of 40 W with 
a slope efficiency of 57 % was demonstrated. Also q-switched operation with an acousto 
optic modulator (AOM) inside the laser cavity was investigated. A maximum q-switched 
output power of 3.5 mJ - limited by damage of the optical components - at a repetition rate 
of 1 kHz with 33 % output coupling was reached. The pulse durations were around 150 ns. 
Using a diode stack as pump source yields some challenges for the laser set-up. In figure 8 
one can see that the absorption peaks for the excitation from the ground state to the upper 
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laser level in Ho:YAG (left side) and Ho:YLF (right side) are narrow. The maximum 
absorption in Ho:YAG can be found around 1910 nm (ǔabs = 9 x 10-21 cm²) and the 
corresponding FWHM is only 7 nm. For Ho:YLF the maximum absorption depends on the 

polarisation, for π polarisation the maximum is at 1940 nm (ǔabs = 10 x 10-21 cm²) and for ǔ 
polarisation it is at 1945 nm and significantly lower (ǔabs = 6 x 10-21 cm²). 
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Fig. 8. Absorption cross sections of the 5I8 å 5I7 transition for Ho:YAG and Ho:YLF (Walsh et 
al., 1998)  

As shown in figure 14 the FWHM of the emission spectrum of a multi-bar stack is about 

25 nm for high output powers, so the effective absorption coefficient in Ho:YAG for the 

diode stack is approximately 0.35 x 10-20 cm², when the centre wavelength of the emission is 

at 1910 nm. Taking this into account the absorption length of a 0.5 % doped Ho:YAG crystal 

is about 40 mm and for a 1 % doped crystal it is 20 mm, respectively. Another problem for 

pumping with diode stacks is the absorption minimum around 1895 nm, since the emission 

of the stack shifts over this absorption minimum when the power of the stack is 

continuously increased (see figure 13). When using a double pass pump scheme a significant 

part of the pump light can be coupled back into the diode stack, when the diode emits at this 

absorption minimum. This can lead to the destruction of the diode. The poor beam quality 

of the diode stack makes it necessary to use special optics for the collimation of the light and 

also for focussing into the laser rod. In our experiments the pump light of the used GaSb 

stack was only fast axis collimated. The slow axis divergence was compensated by a 

cylindrical lens inside the anti-reflective coated multi lenses focussing optic. With this optic 

pumping of laser rods with a diameter of 3 mm is possible. Inside the Ho:YAG rod the 

pump light is guide by total reflection on the polished surface of the rod. 

Figure 9 shows the set-up used for the holmium laser experiments. The Ho:YAG rod and the 
multi-bar laser diode stack were water cooled to 15 °C with a common cooling circuit. All 
Ho:YAG rods used were anti reflective (AR) coated for the pump and the laser wavelength 
on both sides. The plane-plane resonator used for the q-switching experiments had a length 
of about 150 mm, for the cw experiments a shorter resonator with 80 mm in length was 
used. The first resonator mirror has high reflective (HR) coating for 2.1 µm and an AR 
coating for the pump light at 1.9 µm. After the Ho:YAG rod a pump light reflector was 
integrated to achieve a double pass of the pump light. For q-switching an acousto optic 
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modulator cut under Brewster angel was integrated in the resonator. Output couplers with 
transmissions from 3.8 % to 30 % were tested so far for cw and q-switched laser operation. 
Until now laser rods with doping concentrations of 0.5 % and 1 % were investigated. Figure 
10 shows the laser output curves of a 62 mm long 0.5 % doped Ho:YAG rod for different 
output couplings on the left side. The highest output powers of up to 40 W were reached 
using 7 % output coupling. All curves show a drop of the holmium output power at an 
incident pump power of about 80 W because of the mentioned minimum in the absorption 
of Ho:YAG around 1895 nm (see fig. 8). The laser threshold is around 40 W and the 
maximum output power was achieved with 135 W of incident pump power on the crystal. 
This yields an optical to optical efficiency of about 33 %. The slope efficiency is about 40 % 
with respect to the incident pump power on the Ho:YAG crystal and 57 % with respect to 
the absorbed pump power. The 1 % doped crystal showed a slightly inferior performance. 
On the right side of figure 10 the best input output curve of a 1 % doped crystal is shown in 
comparison to the results of the 0.5 % doped crystal. The threshold of the 1 % doped crystal 
is higher (60 W) and the slope efficiency with respect to the absorbed pump power is nearly 
the same as for the lower doped crystal. 
 

 

Fig. 9. Experimental set-up for the holmium laser experiments with q-switching 

In recent experiments with the q-switched laser operation pulse energies up to 5 mJ were 
achieved with a pulse length of 180 ns. With an output coupling of 30 % the q-switched laser 
operated just above the laser threshold. The 5 mJ were observed for repetition rates of up to 
250 Hz; at 1 kHz repetition rate only 3 mJ of pulse energy were observed. 
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The presented results show the great potential of the in-band pumping of holmium crystals. 
Maximum cw output powers of up to 43 W and maximum pulse energies of up to 50 mJ 
were shown. The achieved slope efficiency 80 % with the fibre laser pumping shows that 
there are no significant upconversion losses for in-band pumping. The achieved results with 
the diode pumping demonstrated the feasibility of this sources for the pumping of Ho:YAG, 
but pumping Ho:YLF should also be possible with these diodes. In general the 
performances achieved with Ho:YLF and Ho:YAG are comparable. Further power scaling of 
the output powers should be possible with both systems when pump sources with higher 
powers become more easily available. A second option to achieve higher output powers is 
the realisation of multi stage amplifier systems.  

3. GaSb-based diode laser systems around 2 µm  

3.1 Laser diodes and diode stacks 
In the last years great progress was made in the development of laser diodes emitting in the 
wavelength range around 2 µm. The efficiency and the output power could be significantly 
increased. Additionally the beam quality was improved (lower fast axis beam divergence) 
and the lifetime at room temperature operation was extended. Therefore these diodes can 
now address an increasing number of applications and they will become more and more 
commercially available. Depending on the emitted wavelengths and output powers one can 
use these compact and low-cost coherent sources for instance in gas sensing, free-space 
telecommunication, and medical applications or as pump sources for solid state laser 
systems. In principle GaSb-based laser diodes can be realised with emission wavelengths 
between 1.85 µm and 2.35 µm for room temperature operation (Rattunde et al., 2000). 
In 1963 I. Melngailis demonstrated the first mid-infrared semiconductor laser based on the 
InAs material system (Melngailis, 1963). The laser operated at low temperatures and emitted 
light at 3.1 µm. The first room temperature mid-infrared laser was developed by Caneau et 
al. in 1985 (Caneau et al., 1985). This (GaInAsSb)(AlGaAsSb) double-heterostructure laser 
operated at 2.2 µm. Ten years later Baranov et al. reported on high temperature operation of 
the same semiconductor structures emitting at 2.1 µm (Baranov et al., 1994). All these 
systems delivered very low output powers, a breakthrough with respect to the upscaling of 
the laser output power for 2 µm diodes was achieved in 1992 (Choi et al., 1992). For the first 
time quantum-well-structured GaSb-based laser diodes were presented. This new design 
approach led to laser output powers up to 190 mW and it showed improved power 
exploitation in comparison with the mentioned double-heterostructures. From this 
invention it took about 10 years to achieve further power scaling of laser diodes that operate 
in the 2 µm wavelength range. The next invention to achieve higher output powers was a p-
side down mounted broad-area GaSb-based laser diode (Rattunde et. al., 2002). The direct 
gap band-edge profile of a laser structure with an emission wavelength around 2 µm that 
was realised by Rattunde et al. is shown in figure 11. In such a diode, three compressively 
strained 10 nm thick Ga0.78In0.22Sb quantum wells which are separated by 20 nm wide lattice 
matched Al0.29Ga0.71As0.02Sb0.98 barriers compose the active region. The active region itself is 
located between two 400 nm thick Al0.29Ga0.71As0.02Sb0.98 confinement layers which were 
sandwiched between 2.0 mm wide lattice matched Al0.84Ga0.16As0.06Sb0.94 n- and p-doped 
cladding layers. 
Due to the broad area the differential and thermal resistance of this laser was reduced. This 
provided a maximum output power of up to 1.7 W at room temperature. The great potential 
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of this semiconductor material system was recognised instantly and Shterengas et al. soon 
fabricated the first linear array with this type of diodes (Shterengas et. al., 2004). Linear laser 
arrays on a 1-cm-wide bar with 19 100 µm wide emitters and 1-mm-long cavities were built 
and characterised. With this first high-power diode laser linear array 10 W of output power 
at 2.3 µm were achieved for continuous wave laser operation at room temperature. The 
spectral width of the linear array output was about 20 nm and the achieved peak wall-plug 
efficiency was already near 9 %. But these first high power diodes and bars had one big 
disadvantage, which was the large fast axis beam divergence. This large divergence of 67° 
FWHM results from the broad-area design of the diode laser and it considerably limits the 
applications for this type of diodes. With this large divergence fibre coupling is extremely 
difficult and also the practical use as a pumping source for solid state lasers requires a 
FWHM ≤ 45° in order to collimate the emitted beam of the laser diodes with state-of-the-art 
collection optics. 
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Fig. 11. Direct gap band-edge profile of a broad area GaSb-based laser diode with an 
emission wavelength of 2 µm (Rattunde et. al., 2006a) 

In 2006 Rattunde et al. achieved a significant reduction of the beam divergence of the GaSb-
based diodes by applying an improved waveguide design. A comparison between the fast 
axis far field beam profiles of the new narrow waveguide design diodes and the 
conventional designed diodes is shown in figure 12. With the new design the fast axis 
divergence was reduced to 44° FWHM, furthermore an excellent slow axis beam quality was 
achieved (Rattunde et al., 2006b). The newly designed laser diodes exhibited a maximum cw 
output power of 1.96 W at a wavelength of 2.0 µm. 
In 2006 Kelemen et al. developed and characterised high-power 1.91 µm (AlGaIn)(GaSb) 
quantum-well diode laser single emitters and linear arrays with the new narrow waveguide 
design (Kelemen et al., 2006). A single emitter showed a maximum output power of nearly 
2 W with a slope efficiency of 0.32 W/A at room temperature. The 1-cm-long tested linear 
array consisted of 19 emitters. The maximum cw output power of this bar was limited to 
16.9 W by the thermal rollover. The slope efficiency of the bar was about 0.31 W/A and the 
maximum wall plug efficiency was 26 %. The wavelength shift of the bar was measured to 
be 1.4 nm/K and 1.2 nm/W, so the thermal shift and the shift on power dissipation are 
slightly higher than for a single emitter (1.2 nm/K and 8.6 nm/W). 
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