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Abstract
We present investigations on output power limitations of near-diffraction-limited compact Ho3+:YAG laser resonators employ-
ing a homogeneous or segmented laser crystal. An approach for designing a segmented crystal is presented. Maximum 
output powers of 57.6W and 51.9W are reached with the homogeneous and segmented crystal, respectively, resulting in 
pulse energies of 1.14mJ and 1.04mJ at a repetition rate of 50 kHz in Q-switched operation. Interferometric experiments 
are conducted to derive the radial temperature profile for both crystals. Simulations based on a split-step beam propagation 
method are used to model the longitudinal temperature gradient in both crystals.

Keywords  Ho3+:YAG​ · Segmented crystal · Q-switching · Thermal lensing

1  Introduction

Applications of lasers in the 2 μm range are versatile and 
include medical surgery, remote sensing, material process-
ing, and nonlinear conversion into the mid-infrared range 
[1–4]. Holmium-doped yttrium-aluminum-garnet ( Ho3+

:YAG) is especially suitable for the generation of 2 μm laser 
light, mainly due to the following reasons: Firstly, Ho3+

:YAG crystals can be efficiently pumped by commercially 

available Tm3+-doped fiber lasers at 1908 nm which leads 
to a small quantum defect and therefore a low heat genera-
tion. Secondly, YAG has a high thermal conductivity which 
increases the removal of heat from the crystal. Thirdly, Ho3+ 
has a long upper state lifetime, e.g. in comparison to Nd3+ 
and Yb3+ [5], which is especially useful for Q-switched oper-
ation since a long upper state lifetime provides a good energy 
storage capacity resulting in high extraction efficiencies.

In Ho3+:YAG lasers, thermal lensing is the main mecha-
nism for power limitations in TEM00 mode of operation. 
Due to the quasi-three-level nature of Ho3+:YAG, high pump 
intensities, which are usually realized by using small pump 
diameters, have to be generated in order to create a high 
inversion [5]. In contrast to four-level lasers where the lower 
laser level is unpopulated and therefore an inversion is cre-
ated even for low pump intensities, the lower laser level is 
thermally populated in quasi-three-level lasers resulting in 
a higher threshold that has to be overcome prior to laser 
operation.

In recent years, several high-output-power Ho3+:YAG 
lasers have been presented. For example, Lippert et al. have 
shown an output power of 42W with a double-pass pump-
ing scheme in 2010 [6]. In 2019, Chen et al. have presented 
a resonator with two Ho3+:YAG crystals reaching an output 
power of 55.6W [7]. Even higher output powers have been 
generated by using two pump lasers in a dual-end pumping 
scheme. This pumping scheme has the big advantage that 
the longitudinal temperature gradient is decreased since the 
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pump light is incident onto the crystal from both end fac-
ets. This is also achieved with double-pass pumping, but 
the effect is smaller since the back reflected pump light is 
less intense compared to the incident pump light. Further-
more, the possibility to place the crystal in the center of the 
resonator leads to a wider stability range. With this design, 
output powers over 100W with a good beam quality have 
been demonstrated [8, 9]. However, these designs have used 
long laser rods increasing the number of ions contributing 
to laser operation which is an explanation for the high out-
put powers. A disadvantage of these long laser rods is the 
inevitable increase in resonator length which decreases the 
compactness of the system.

In contrast to dual-end pumping, another approach for 
decreasing the longitudinal temperature gradient and the 
resulting thermal stresses in the crystal is the use of crystals 
which consist of segments with different doping concentra-
tions. Relative to the direction of incidence of the pump 
beam, these segmented crystals have a lower doping con-
centration at the front and a higher doping concentration 
at the end of the crystal. While a homogeneously doped 
crystal experiences a high temperature peak at the front 
of the crystal resulting from an absorption peak according 
to the Beer-Lambert law, a segmented crystal absorbs less 
pump light in the lower-doped segment at the front of the 
crystal and, thus, transmits more pump light to the back of 
the crystal. Compared to the homogeneously doped crystal, 
this leads to a more uniform temperature profile along the 
crystal axis, resulting from the decreased temperature at the 
front of the crystal and an increased temperature at the end 
of the laser rod. Segmented crystals have already been used 
in high-power Nd3+:YAG lasers [10–12] and were shown 
to allow for an increased output power. In these reports, a 
higher pump power could be used since the maximum tem-
perature and thermal stresses in the segmented crystal have 
been considerably reduced which allowed for a higher output 
power. Shen et al. have further shown in their experiments 
that a segmented crystal reduces the refractive power of the 
thermal lens [13]. Evangelatos et al. have reported a signifi-
cantly improved beam profile with a segmented Nd3+:YAG 
crystal [14]. These promising results and the lack of research 
on the use of segmented crystals in Ho3+:YAG lasers encour-
aged us to investigate a segmented Ho3+:YAG crystal.

The goal of this work is to investigate the opportunities 
and limitations of a segmented crystal in a compact sin-
gle-end-pumped resonator, compare the results to a corre-
sponding resonator with a homogeneous crystal, and find the 
output power limits for both crystals. At first, an approach 
for designing the segmented crystal is presented. The sub-
sequent section shows the characterization of the experi-
mentally optimized resonators with both the segmented and 
the homogeneous crystal. An interferometric investigation 
of the thermal lens and a precise thermal simulation of 

both crystals is used to get a deeper understanding of the 
radial and longitudinal temperature gradients in the crystals. 
Finally, the results are discussed and compared to previously 
published experiments, with a particular focus on the pos-
sible differences between them.

2 � Design of segmented Ho3+:YAG crystal

2.1 � Optimization of segment lengths and doping 
concentration

As has been shown by Wilhelm et al. in [11], the on-axis 
temperature of an end-pumped crystal is significantly 
reduced when diffusion bonded crystals consisting of seg-
ments with increasing doping concentrations are used. 
To find the optimum doping concentrations and segment 
lengths, different approaches have been presented in [11] 
which all have lead to different segmented crystals. In one of 
the presented optimization criteria, the optimum absorption 
coefficient that leads to a constant absorption per unit length 
is approximated by the absorption coefficient of the seg-
mented crystal. Another optimization criterion minimizes 
the variance of the resulting temperature distribution and the 
last one minimizes the temperature peaks of the distribution. 
In a crystal with N segments with lengths Li ( i = 1, ...,N ) 
and absorption coefficients �i ( i = 1, ...,N ) and a double-pass 
pumping scheme, the on-axis temperature distribution in the 
n-th segment is described by

when the axial heat transport is neglected.
Here, we present a slightly different approach. It is based 

on the idea that in an ideal crystal with longitudinally vary-
ing absorption coefficient, the absorption per unit length and 
therefore the temperature Topt is constant along the crystal 
axis. The temperature distribution T(z) of the segmented 
crystal is optimized such that the difference between the 
temperature distribution and the optimum temperature is 
minimized. Hence, the function

where L is the total length of the crystal, has to be mini-
mized. Furthermore, the following constraints are included 
in the optimization: Firstly, the segmented crystal is required 
to have the same absorption times length product as a 
homogeneous reference crystal. Secondly, four segments 
are used since Wilhelm et al. have shown that the expected 

T(z) ∝ 𝛼ncosh

[

N
∑

i=n

𝛼iLi − 𝛼n ⋅

(

z −

n−1
∑

i=1

Li

)]

,

for L1 +⋯ + Ln−1 ≤ z < L1 +⋯ + Ln ,

f (�1, ..., �n, L1, ..., Ln) = ∫
L

0

(

T(z) − Topt
)2
dz ,



Limitations of homogeneous and segmented single‑crystal compact TEM00‑mode Ho3+:YAG…

1 3

Page 3 of 11  95

the crystal is kept in the mW-regime to avoid saturation effects. 
Since the crystal has a cylindrical shape where the surface is 
not AR coated, reflections are considered by measuring the 
transmitted power P2,E behind the undoped and non-absorbing 
end cap (EC) which is attached at the front of the crystals. 
Also, the influence of refraction at the curved interface has 
to be considered but was shown to be negligible in [16]. By 
measuring the transmitted power behind the doped segments 
and applying the correction becoming necessary due to the 
reflection at the curved surface, the doping concentration is 
calculated from the transmitted power, the absorption cross 
section, and the geometry of the sample. By using the Beer-
Lambert law, the transmitted power behind a doped piece of 
the crystal is

where P1,E and P2,E is the power measured with an illumi-
nated end cap and d is the diameter of the crystal. The dop-
ing concentration is finally derived from the absorption coef-
ficient, the absorption cross section of Ho3+-ions in YAG as 
well as structural properties of the host material.

P2 = P1 ⋅

P2,E

P1,E

⋅ exp(−� ⋅ d) ,

Table 1   Lengths and relative doping concentrations of the designed 
segmented crystal with regard to the homogeneous crystal

Segment number 1 2 3 4

Length share 0.1 0.3 0.3 0.3
Doping concentration 0.5 0.7 1 1.6

Fig. 1   Theoretical temperature distribution of homogeneous, opti-
mum, and segmented crystal neglecting axial heat transport

Fig. 2   a Measurement of longitudinal absorption. b Experimental 
setup for the determination of the doping concentration

improvement for more segments is only small [15]. Thirdly, 
three doping concentrations are fixed due to availability of 
already existing crystals.

Under these constraints, the lengths and doping concentra-
tions of the resulting segmented crystal are given in Table 1 in 
relation to the homogeneous reference crystal. Figure 1 shows 
the expected temperature distribution for the homogeneous, 
segmented, and optimum crystal.

2.2 � Measurement of doping concentration

In order to verify the composition of the fabricated seg-
mented crystal, the absorption as a measure for the doping 
concentration is determined. Figure 2a shows the measure-
ment of the longitudinal absorption. Polarized pump light with 
�p = 1908 nm is attenuated by a combination of a half-wave 
plate and a thin-film polarizer (TFP) and transmitted longi-
tudinally through the laser crystals. Since both crystals are 
anti-reflection (AR) coated, reflections at the end facets are 
neglected and the absorption coefficient can be determined 
from the incident and the transmitted power. While the power 
monitor P1 allows for the calculation of the incident power 
on the crystal, the transmitted power through the crystal is 
measured using power meter P2.

For the determination of the doping concentration, the 
transmitted power P2 through the crystal is measured perpen-
dicular to the crystal axis (see Fig. 2b). The power incident on Fig. 3   a Longitudinal transmission through the crystals (black: homo-

geneous, red: segmented). b Doping concentrations of homogeneous 
(black) and segmented (red) crystal
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The experimental data shows that the longitudinal trans-
mission through the crystal is very similar for the homoge-
neous and the segmented crystal (see Fig. 3a). This means 
that both crystals experience the same total absorption effi-
ciency and therefore, the doping concentration averaged 
over the crystal length is the same. For higher input powers, 
in both cases the transmission increases disproportionately 
which results from the saturation of absorption. Figure 3b 
shows the relative doping concentrations along the crystal 
axis for the homogeneous (black) and the segmented (red) 
crystal. The measurements confirm that both the segment 
lengths and doping concentrations are in accordance with 
the design.

3 � Laser performance of the two crystals

3.1 � Experimental setup

Figure  4 shows the experimental setup. The 5I8 → 5I7 
transition of the Ho3+:YAG crystal is pumped by a com-
mercially available 100W , 1908 nm Tm3+-doped fiber 
laser with a beam quality of M2

< 1.1 . The pump beam is 
focused by a Galilean telescope ( L1 and L2 ) with adjust-
able lens distance. The input coupling (IC) mirror couples 
the pump light into the resonator and is highly reflective 
(HR) at 1908 nm and for the s-polarized fraction of the 
2090 nm light and highly transmissive (HT) at the p-polar-
ized 2090 nm output. The crystals described in Sect. 2 are 
both mounted in copper heat sinks which are water-cooled 
to a temperature of 20 ◦C . The HR mirror on the left side 
of the crystal is highly reflective for both the pump and 
signal light resulting in a double-pass of the pump light 
to improve the absorption efficiency. It is plano-convex 
with a radius of curvature of −0.25m . The output cou-
pling (OC) mirror is plano-concave with a reflectivity of 
R = 50% and a radius of curvature of 0.3m . Furthermore, 
the cavity contains an acousto-optic modulator (AOM) to 
enable Q-switching and an etalon (E) to select the 2090 nm 
line in order to make use of the strongest emission peak of 
Ho3+:YAG yielding maximum output power.

3.2 � Comparison of the two crystals

Experimental evidence through varying mirror radii of cur-
vature has shown that for both crystals the same mirrors 
have to be used to receive the optimum output power. In 
continuous wave operation, both lasers exhibit high slope 
efficiencies of 67.6% and 66.9% for the homogeneous and 
segmented crystal, respectively (see Fig. 5). One reason 
for the lower slope efficiency of the resonator with the seg-
mented crystal might be that this crystal contains one highly 
doped segment in which upconversion processes could lead 
to additional losses and an increased heat generation.

The superior performance of the resonator with the 
homogeneous crystal with regard to maximum output power 
is explained with the specific position of the thermal lens 
inside the two crystals. Figure 6 shows a very simplified 
setup of a resonator of length L with a thermal lens f at a 
distance of d from one mirror. Following the approach of 
Magni [17], such a resonator is stable for d(L−d)

L
< f < d and 

f > L − d . In our experiments, the thermal lens is in the 
second stability range. This means that if the thermal lens 
moves closer to the HR mirror, the minimum focal length 
for which the resonator is still stable increases. As the host 
material YAG has a positive thermo-refractive index and 
the focal length of the thermal lens becomes shorter as the 

Fig. 4   Schematic architecture of the laser setup (abbreviations are 
explained in the text)

Fig. 5   a Comparison of power-power curves and beam quality factors 
of homogeneous (black) and segmented (red) crystal

Fig. 6   Simple resonator with thermal lens
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absorbed power increases, the resonator becomes unstable 
already for smaller absorbed pump powers. For the homo-
geneous crystal, the highest absorption is at the front of the 
crystal and therefore, the effective position of the lens tends 
to be near the front of the crystal. For the segmented crystal, 
on the other hand, the effective position of the thermal lens 
is rather in the middle of the crystal due to the more homo-
geneous absorption. Since both crystals are pumped from the 
center of the resonator, this means that the effective position 
of the thermal lens in the homogeneous crystal has a shorter 
distance from the OC mirror and consequently, the resonator 
is stable for a shorter focal length of the thermal lens, which 
corresponds to higher pump powers and finally results in the 
observed higher output power.

The beam quality factor strongly depends on the pump 
power. For reasons of clarity, only the beam quality factor 
along the vertical beam direction is shown in Fig. 5. At low 
pump powers of around 20W , the beam quality is excel-
lent since for low powers only the TEM00 mode experiences 
enough gain. The beam quality deteriorates with increas-
ing pump powers until it reaches a beam quality factor of 
around 1.55 for the resonator with the homogeneous (1.7 
for the segmented) crystal at a pump power of 57W (beam 
profile exemplarily shown for the resonator with the homo-
geneous crystal as inset). This probably results from a mode 
mismatch of pump and laser mode where the pump mode is 
considerably larger than the laser mode and therefore, also 
higher order modes experience gain. When the pump power 
is increased even further, the beam quality factor improves 
again resulting from an increasing size of the laser mode 
until mode matching is achieved at 89W of pump power for 
the resonator with the homogeneous and at 82W of pump 
power for the resonator with the segmented crystal. The 
insets of Fig. 5 show the beam profile at these pump powers 
for both resonators. Again, this measurement reveals a shift 
to higher pump powers for the resonator with the homoge-
neous crystal.

Figure 7 shows the residual pump power (a) and the 
depolarized power (b) for both resonators. In the resona-
tor with the segmented crystal, the residual pump power 
is higher which might result from two factors: Firstly, a 
better mode matching in the homogeneous crystal leads 
to an improved absorption since excited states are more 
efficiently de-excited by stimulated emission and hence, 
are able to absorb photons again. Secondly, the absorp-
tion saturates in the low doped segment of the segmented 
crystal and therefore, results in the slightly reduced total 
absorption. The depolarized power is slightly smaller for 
the resonator with the segmented crystal for pump powers 
below 87W . This is expected since the segmented crystal 
has been designed to have lower peak temperatures and 
therefore experiences fewer stress. However, this does not 
hold for higher pump powers since this resonator has been 

optimized for 82W of pump power which explains the 
strong increase in depolarization for pump powers above 
87W . In contrast, the homogeneous crystal has been opti-
mized at 89W of pump power.

In Q-switched operation, the resonator is operated in the 
quasi-continuous regime at repetition rates between 25 kHz 
and 100 kHz . For the characterization, a medium repetition 
rate of 50 kHz is chosen. Figure 8 shows the pulse energy 
and pulse width at that repetition rate for both crystals. Due 
to operation in the quasi-continuous regime, the same trend 
is observed for the pulse energy as has been observed in con-
tinuous wave operation for the output power. The maximum 
pulse energies are 1.14mJ and 1.04mJ for the homogene-
ous and segmented crystal, respectively. The pulses gen-
erated involving the segmented crystal are slightly longer 
than those generated with the homogeneous crystal. This is 
attributed to a smaller inversion due to a larger pump diam-
eter which is necessary to achieve mode matching in the 
segmented crystal. The minimum pulse width is 40 ns for 
the resonator with the homogeneous crystal and 50 ns for 
the segmented crystal.

Fig. 7   Comparison of a residual pump power and b depolarization 
in the resonator with the homogeneous (black) and segmented (red) 
crystal

Fig. 8   Comparison of pulse energy (black) and pulse width (red) for 
the resonator with the homogeneous (filled symbols) and segmented 
crystal (empty symbols)
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Figure 9a shows the average output power over half an 
hour for both resonators. The output power is stable with a 
standard deviation of 0.1W . Also, at these output powers 
excellent beam quality factors of around 1.1 are measured 
for both resonators. Figure 9b shows a beam quality meas-
urement for the laser based on the segmented crystal as an 
example. The beam profile is slightly elliptical and the dif-
ferent beam waist positions of x- and y-axis indicate that the 
beam is astigmatic which results from two contributions. 
Firstly, the eigenvectors of the thermally induced stress ten-
sor are radial and tangential due to the cylindrical shape of 
the crystals which leads to a refractive index change in these 
directions as well. This results in bifocusing when the laser 
mode is linearly polarized [18]. Secondly, since the pump 
light is coupled into the crystal with a 45◦ mirror the resona-
tor is axially asymmetric resulting in different effective reso-
nator lengths in x- and y-direction [19]. This effect becomes 
even more pronounced when the resonator is operated near 
its stability limit since then a small change in thermal lens 
results in a large change in mode diameter.

Figure 10 shows the pulse energy and pulse width for the 
optimum laser with the homogeneous crystal depending on 

the pulse repetition rate. For a repetition rate of 25 kHz , a 
maximum pulse energy of 2.2mJ is achieved with a pulse 
width of 20 ns resulting in a pulse peak power of 108 kW 
which, to the best of our knowledge, is the highest peak 
power achieved in a nearly diffraction-limited Ho3+:YAG 
crystal pumped in a double-pass configuration with a sin-
gle pump laser and operated at such a high pulse repetition 
frequency. Higher peak powers have only been reached in 
Ho3+:YAG lasers with lower pulse repetition frequency [20] 
or dual-end pumping [8, 9] which increases the resonator 
stability since the crystal including the thermal lens can be 
positioned in the center of the resonator and furthermore, 
with this pump scheme, a steadier heat distribution along 
the crystal axis is expected.

4 � Interferometric investigation of thermal 
lens

4.1 � Experimental setup

To gain a deeper understanding of the thermal lens in the 
homogeneous and segmented crystal, an interferometer 
experiment is set up to investigate the thermal lens during 
laser operation (see Fig. 11). Light from a helium-neon laser 
at 633 nm is shaped by two lenses such that a focus is gen-
erated in a distance of the focal length of the HR mirror. It 
then passes a polarizing beam splitter (PBS) and is circu-
larly polarized by a quarter-wave plate. When it passes the 
HR mirror, it is collimated to a beam diameter larger than 
5mm . In the following, it is exploited that the laser crystals 
are not AR coated for 633 nm light and consequently, there 
are reflexes from the front and the back surface of the crys-
tal which interfere with each other. Both reflexes pass the 
quarter-wave plate again resulting in a linear polarization 
rotated by 90◦ with respect to the incoming light and are 

Fig. 9   a Comparison of long time output power for the resonators 
with the homogeneous (black) and segmented (red) crystal. b Exem-
plary beam quality measurement for the resonator with the homoge-
neous crystal at a pump power of 89W

Fig. 10   Pulse energy (black) and pulse duration (red) depending on 
repetition rate
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consequently reflected at the PBS. An aperture is inserted 
within the distance of the focal length of the HR mirror and 
used to spatially filter the reflections from the Ho3+:YAG 
crystal and the HR mirror. An image of the crystal is gener-
ated on a CCD camera with an imaging lens with a focal 
length of f = 30 cm.

4.2 � Interferograms and derived temperature 
profiles

As mentioned before, the interference pattern arises from 
an optical path difference between the reflected light at the 
front and the back of the crystal. The optical path difference 
Δs of the two beams is

where n(r) is the radially varying refractive index due to 
the pump light absorption and L is the length of the crystal. 
Both the temperature gradient in the crystal and mechani-
cal stresses result in a change in refractive index. Therefore

where n0 is the refractive index without pump light absorp-
tion, Δn(r)T  is the refractive index variation due to the 
thermo-optic effect, and Δn(r)

�
 is the refractive index vari-

ation due to the elasto-optic effect [18]. Since in Ho3+:YAG 
a large contribution to the refractive index variation results 
from the thermo-optic effect, only this effect is considered 
for estimating the radial temperature distribution. Further-
more, end face bulging influences the interferograms, but 
is neglected since this effect is assumed to be rather small 
as well. From this and the wavelength � of the helium-neon 
laser, it is concluded that the refractive index difference 
between two interference fringes is

which, in combination with the thermo-optic coefficient of 
YAG dn∕dT = 9 ⋅ 10−6K−1 , results in a temperature differ-
ence of

Δs = 2n(r)L ,

n(r) = n0 + Δn(r)T + Δn(r)
�
,

Δn =
�

2L
,

Figure  12 shows the resulting interferograms of the 
homogeneous crystal at 89W of pump power and of the 
segmented crystal at 82W of pump power. Both interfero-
grams show a similar number of interference fringes which 
indicates that the axially averaged temperature gradient is 
in a similar range. By locating the positions of the interfer-
ence fringes in x- and y-direction, temperature profiles with 
respect to the edge temperature of the rod are derived along 
these directions, which are shown in Fig. 13. For Gaussian 
end-pumped crystals, the radial temperature distribution 
derived by Innocenzi [21] is given by

(1)ΔT =
Δn

dn∕dT
≈ 1K .

Fig. 11   Interferometer setup for thermal lens investigations

Fig. 12   Interferogram at 89W of pump power for homogeneous a and 
at 82W of pump power for segmented b crystal

Fig. 13   Averaged temperature gradient along x-direction for homoge-
neous a and segmented b crystal and along y-direction for homogene-
ous c and segmented d crystal with respect to the temperature at the 
edge of the rod
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where A is proportional to the peak temperature, b is the rod 
radius, E1 is the exponential integral function, and �p is the 
pump radius. This function has slightly been modified to 
account for a non-centrosymmetric profile. The temperature 
difference between the peak and the crystal edges is approxi-
mately 12.7K for the homogeneous and 13.5K for the seg-
mented crystal. This means that both crystals experience 
a similar thermal lens. This has been expected since both 
crystals have been designed to have the same total absorp-
tion and therefore should result in a similar longitudinally 
averaged temperature distribution.

To get a better understanding of the longitudinal tempera-
ture gradient, a homemade simulation is used.

5 � Simulation results

The simulation used in this section is presented in greater 
detail by Rupp et al. in [22]. The general approach to model 
a laser resonator is based on the propagation of the electro-
magnetic fields with a split-step beam propagation method. 
In between the propagation steps, the laser crystal as well 
as other optical elements transform the field. In the laser 
crystal the absorption, gain, and heat load is calculated. The 
resulting temperature profile can be solved numerically with 
a 3D finite difference method, resulting in a highly spatially 
resolved temperature distribution of the crystal. Conse-
quently, the model also takes into account thermal effects 
like thermal lensing and birefringence.

Both resonators presented in Sec. 3.2 are simulated. Fig-
ure 14 exemplarily shows the experimental and simulated 
power-power curve and beam quality factor in the horizontal 

(2)T(r) = A ⋅

(

ln

(

b2

r2

)

− E1

(

2r2

�p
2

)) direction depending on the pump power for the resonator 
with the homogeneous crystal. The simulated and experi-
mentally observed beam profiles are shown in the inset of 
Fig. 14 for a pump power of about 90W . The slightly more 
elliptical beam profile observed in the experiment probably 
results from the axial asymmetry introduced by the inclined 
mirror that is used to couple the pump light into the resona-
tor which has not been considered in the simulation. The 
slope efficiency and output power in the experiment is 
slightly lower compared to the simulation ( 67.6% compared 
to 72.0% ). The difference in slope efficiency could result 
from additional losses, e.g. imperfect AR coatings, which 
have not been taken account in the simulation. Furthermore, 
the experimental beam quality factor shows a larger vari-
ation over the measurement range but the course of both 
curves is similar showing an excellent beam quality factor 
for lower pump powers, an increased beam quality factor 
for pump powers around 60W , and again an excellent beam 
quality factor around 80W to 90W . The simulation of the 
resonator involving the segmented crystal shows a slightly 
lower slope efficiency of 70.3% which agrees well with the 
experimental observation.

As mentioned above, the simulation data allows for the 
evaluation of the temperature distribution in the crystals. 
This is used to understand how the on-axis temperature 
profiles of the different crystals differ. Figure 15 shows the 
simulated temperature profiles for the homogeneous (black), 
segmented (red), and for an optimized segmented (blue) 
crystal. The pump light is incident onto the crystal from the 
left. The homogeneous crystal experiences a large tempera-
ture gradient along the crystal axis with the highest tempera-
ture being reached near the front of the crystal. The strong 
decrease in temperature at the front side of the crystal results 
from the axial heat transport into the undoped end cap. In 
contrast to this, the temperature gradient is smaller for the 
segmented crystal and the highest temperature is reached 

Fig. 14   Comparison of simulated (black) and experimental (red) 
output power and beam quality factor M2 for the resonator with the 
homogeneous crystal

Fig. 15   Simulated temperature along crystal axis for a homogeneous 
crystal (black), b segmented crystal (red), and c optimized segmented 
crystal (blue). The arrow shows the direction of the pump light. The 
dotted lines indicate the effective position of the thermal lens
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near the end of the crystal. This supports our hypothesis 
that the two resonators mainly differ in the position of the 
thermal lens since the center of the temperature distribution 
is closer to the front of the crystal in case of the homogene-
ous crystal. The effective position of the thermal lens in the 
crystals is indicated as dotted line in Fig. 15. In comparison 
to Fig. 1, the temperature distribution of the segmented crys-
tal experiences a larger gradient. This deviation is attributed 
to the fact that for the design of the segmented crystal, very 
simplified assumptions have been made. Another differ-
ence is that the numerical simulation includes axial heat 
transport which has been neglected during the design of the 
segmented crystal.

It needs to be mentioned here that despite the smaller 
temperature gradient in the segmented crystal, no higher 
output power and slope efficiency are reached which could 
result from the temperature distribution which has not been 
as steady as designed. To test whether an optimized seg-
mented crystal could lead to an improved output power, a 
further segmented crystal has been designed and simulated 
(see Table 2). Although the temperature distribution of that 
crystal in Fig. 15 shows the smallest gradient, this design 
does not surpass the performance of the homogeneous crys-
tal as well. Consequently, the simulation confirms that for 
the compact design presented in this report, the homogene-
ous crystal is the preferable choice.

6 � Discussion and conclusion

In the previous sections, it has been shown that for our pur-
poses the use of a segmented Ho3+:YAG crystal does neither 
lead to an increase in output power nor to an improved beam 
quality which is in contrast to previous findings mentioned 
in literature for Nd3+-doped lasers. Reasons for this will be 
discussed in the following section.

At first, the power limitation of this compact resonator 
will be discussed. By using a pump telescope with a variable 
pump diameter, mode matching is ensured while increasing 
the pump power, which is known to be crucial for single-
transverse-mode operation. In a resonator with a fixed length 
and fixed mirror curvatures, the laser mode size depends on 
the pump intensity since this defines the thermal lens. In 
mode matched operation, the pump mode diameter equals 
the laser mode diameter within the crystal and therefore, 

the pump power must be adapted. Conversely, this means 
that for each given pump power, there is one single solution 
where the pump and laser diameter match each other. As 
the thermal lens approaches the resonator stability limit, the 
size of the laser mode increases strongly and, thus, varies 
strongly along the crystal axis. This strong variation leads 
to difficulties in reaching mode matched operation. Hence, 
in such a design the maximum output power is limited and 
we believe, that we have reached this limit for the design 
presented in this paper.

However, in the last decades some research groups 
reported about an increased output power, weaker thermal 
lensing, and an improved beam quality with the use of seg-
mented crystals [10, 11, 13, 14] or even gradient-doped crys-
tals [23]. To understand these observations, a closer look has 
to be taken at the laser crystals used in these experiments 
and the exact operation conditions. In all these reports, the 
laser active ion has been Nd3+ in combination with YAG 
or yttrium orthovanadate (YVO4 ) hosts. In such laser crys-
tals, there is usually a large quantum defect, since they are 
generally diode-pumped at 808 nm and 888 nm , and emit 
at 1064 nm and 1342 nm , respectively. In contrast to this, 
the quantum defect is considerably smaller for Ho3+:YAG 
emitting at 2090 nm while being pumped at 1908 nm . The 
large quantum defect of the lasers employing Nd3+ leads to 
high temperature peaks and, consequently, high mechani-
cal stresses in these laser crystals. Maximum on-axis tem-
peratures between 137 ◦C [13] and 350 ◦C [10] have been 
reported. Further, some of these lasers have been designed to 
operate at very high pump powers (e.g. 750W in [10]) inde-
pendent of the resulting beam quality. Of course, the opera-
tion at high pump powers inevitably brings the crystal closer 
to its fracture limit. However, these conditions are very dif-
ferent compared to the operation conditions presented in our 
experiments where the simulated peak temperature of the 
homogeneous crystal has only been 42 ◦C and a moderate 
pump power below 100W has been used. Consequently, con-
siderably lower thermal stresses are expected in our laser and 
also, in this temperature range, the laser crystal is far away 
from its fracture limit. From this point of view, it can fur-
ther be understood why a segmented crystal does not lead to 
improvements in the current operation regime while it might 
very well make sense to use it in materials which experience 
higher peak temperatures or lasers that are operated at higher 
pump powers.

To summarize, we presented compact Ho3+:YAG reso-
nators with a homogeneous and segmented crystal with 
maximum output powers of 57.6W and 51.9W , respec-
tively, at near-diffraction-limited beam quality. To find the 
maximum output power, the resonator mirrors and pump 
diameter have carefully been optimized to enable mode 
matched operation. In Q-switched operation, pulses with 
an energy of 1.14mJ and a pulse width of 40 ns for the 

Table 2   Lengths and relative doping concentrations of the optimized 
segmented crystal with regard to the homogeneous crystal

Segment number 1 2 3 4

Length share 0.25 0.25 0.25 0.25
Doping concentration 0.79 0.90 1.07 1.26
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resonator with the homogeneous crystal ( 1.04mJ and 50ns 
for the resonator with the segmented crystal) have been 
demonstrated at a pulse repetition rate of 50 kHz . Inter-
ferometric measurements have been conducted to com-
pare the thermal lens of the homogeneous and segmented 
crystal. In these experiments, the obtained temperature 
gradients of the homogeneous and segmented crystal 
have been very similar. Simulations of the presented opti-
mized resonators have shown a good agreement between 
output power, beam profile, and beam quality factors. 
From the thermal simulations, longitudinal temperature 
profiles have been extracted and compared. As expected, 
the homogeneous crystal has shown a higher longitudi-
nal peak temperature and larger longitudinal temperature 
gradient. The temperature distribution of the segmented 
crystal has not been as steady as expected from the initial 
design which could result from the simplified assumptions 
used during the design of the crystal. However, even an 
optimized segmented crystal with a steady temperature 
distribution has not surpassed the homogeneous crystal in 
the simulation. This has been explained by the effective 
position of the thermal lens inside the resonator which is 
closest to the center of the resonator in case of the homo-
geneous crystal and therefore, the stability limit is only 
reached at higher pump powers. We conclude that the use 
of segmented crystals only offers advantages in operation 
conditions where high temperatures are expected either 
by using high pump powers or by using materials which 
require pump schemes that lead to large quantum defects. 
Otherwise, the use of a homogeneous crystal with a care-
fully optimized resonator is the preferred alternative.
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