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Abstract—Thin-disk technology uniquely enables the simultaneous scaling of both average and peak powers, while maintaining
an excellent beam profile. It has been widely adopted in the 1-µm
region, not only for continuous wave lasers but also for pulsed oscillators and amplifiers. However, the development of 2-µm thin-disk
lasers is still at a very early stage, with passive mode locking having
been demonstrated only recently. Here, we describe in detail a new
femtosecond Ho:YAG thin-disk oscillator and recent power-scaling
experiments that resulted in an average power of up to 25 W—the
highest average power of any mode-locked oscillator in the 2-µm
region. The future directions toward even higher average and peak
power thin-disk oscillators are also discussed.
Index Terms—Kerr-lens mode locking (KLM), ultrafast lasers,
thin-disk lasers, Ho:YAG, mid-infrared lasers.

I. INTRODUCTION
LTRAFAST lasers at 2 μm have enabled diverse applications ranging from material processing, remote sensing to
medical use [1]–[4], and can facilitate the effective generation
of coherent radiation in other spectral regions that are not easily accessible. For example, soft X-rays can be generated via
high harmonic generation (HHG), with the obtained X-ray photon energy proportional to ∼ λ2 , where λ is the wavelength of
the HHG driving pulse [5]–[7]. Obviously, replacing the commonly used near-infrared pump with a mid-infrared driver will
deliver higher photon energies, albeit at a reduced conversion
efficiency. The spectrally coherent nature of the generated radiation, whether X-ray or mid-infrared, mean not only frequency
domain applications such as X-ray and XUV spectroscopy can
tremendously benefit from such sources, but also time-domain
applications such as frequency comb spectroscopy, attosecond
pulse generation and pump-probe spectroscopy [8].
Coherent mid-infrared can be generated using 2 μm ultrafast lasers via parametric processes in nonlinear crystals [9].
The concept has been extensively studied using near-infrared
sources [10]–[13] as they are already available in many research labs. Nevertheless, these studies show the significant
limitations inherent in near-infrared pumping for mid-infrared
generation. Highly nonlinear non-oxide crystals such as GaSe
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and AgGaSe, for example, transmit up to 25 μm and even to
the low THz range [14]. Yet, due to their smaller bandgap,
they can only withstand high power and generate meaningful
throughput when pumped at wavelengths at 1.2 μm or longer to
minimize two- or three-photon absorptions [15]. By pumping
at 2 μm, much higher mid-infrared generation efficiencies can
be expected [16]. Coincidentally, for GaSe, a pump wavelength
around 2 μm also corresponds to a very broad phase-matching
bandwidth that spans multiple octaves in the mid-infrared [17],
[18]. The required powerful 2 μm pump light can in principle
be generated from standard ultrafast 1 μm sources via cascaded
down-conversion schemes [12], [19], but it tends to increase
noise and compromise efficiency. To directly reach the longwave infrared (5–20 μm) using mature 1 μm sources as a direct
pump, wide-bandgap crystals with comparatively low nonlinearities [11] such as LGS can be employed. They provide, however,
two orders of magnitude lower figure of merit [12] when compared to the direct pumping of GaSe at 2 μm, highlighting the
enormous advantage of using high power 2 μm sources.
There are numerous laser gain media emitting around 2 μm
such as Cr:ZnSe/ZnS, Tm/Ho doped bulk crystals and Tm/Ho
doped fibers. Femtosecond fiber oscillators [20], [21] can only
deliver limited power and usually require further amplification
[22], [23]. Such oscillator-amplifier systems have delivered the
highest average power achieved in the 2 μm region to date [22].
Oscillators based on Cr:ZnSe/ZnS bulk crystals can directly deliver 2 W of average power at few tens of femtosecond pulse
durations [24]–[27], but the strong thermal effects in ZnSe/ZnS
crystals hinder further power scaling. Another promising candidate for generating high power ultrashort pulses is Ho:YAG
crystal due to its low quantum defect (absorption around
1.9 μm), good crystal quality and still relatively broad emission bandwidth. It has been utilized in q-switched and actively
mode-locked systems [28], [29], and recently also in a passively
mode-locked oscillator using semiconductor saturable absorber
mirrors (SESAMs) [30], [31]. However, the output power and
pulse duration were limited respectively to only several hundred
milliwatts and few picoseconds.
Thin-disk technology is one of the common routes to generate
high average power, high peak power and high energy pulses
[32]. Since its invention it has been successfully utilized in the
development of Yb-doped mode-locked oscillators, with peak
and average powers scaled to unprecedented values approaching 60 MW and 300 W respectively [33]–[36]. Compared to
1 μm thin-disk lasers, the development of 2 μm thin-disk lasers
is, nevertheless, still at an early stage, with only continuous
wave (CW) operations demonstrated until recently [9] based
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Fig. 1. Overview of the different CW multimode regimes of operation. The
picture is adopted from [37].

on different combinations of Tm or Ho doped host crystals
such as YAG, YLF, KYW, and LLF4 . Transition-metal doped
II-VI semiconductor laser materials such as Cr:ZnSe have also
been experimentally realized in thin-disk geometry, albeit with
relatively limited output due to significant thermal issues. An
overview of the published results on CW thin-disk lasers emitting around 2 μm is shown in Fig. 1 [37]. It can be seen that
Ho:YAG thin-disk lasers can deliver much higher average powers at much greater efficiencies than other gain media under CW
operation, demonstrating its great potential for further average
power scaling [37]–[51].
In 1 μm thin-disk oscillators, both SESAM [52] and Kerr-lens
mode locking (KLM) [33] are widely used to generate ultrashort
pulses. Compared to SESAM, the use of KLM is advantages for
generating shorter pulses due to its fast response time and relatively large modulation depth. This is confirmed in the case of
Yb:YAG thin-disk oscillator, where KLM generated pulses four
times shorter than those obtained via SESAM mode-locking.
The absence of linear losses in KLM also facilitates high intracavity average power and is especially advantageous when both
high intra-cavity peak and average powers are simultaneously
generated. The key element in KLM is a transparent medium
exhibiting sufficient nonlinearity for self-focusing at the laser
wavelength. A sapphire crystal is usually sufficient, making this
technique cost effective and highly accessible. Importantly, the
KLM method is wavelength independent and, thus, can be applied to different spectral ranges with very little modifications.
In this work, we combine thin-disk technology, the KLM technique and Ho:YAG gain medium to develop a new class of
mode-locked oscillators around 2 μm wavelength.
II. KLM HO:YAG THIN-DISK OSCILLATOR WITH FOUR-PASS
CONFIGURATION
In this paper, a four-pass configuration is defined as a configuration where the laser beam propagates through the thin-disk
four times per cavity round-trip, as shown in Fig. 2.
A. Oscillator Setup
The schematic of the first mode-locked oscillator is shown
in Fig. 2. The 200 μm thin Ho:YAG disk has a Ho3+ doping

concentration of 2.5%, and is mounted on a water cooled heat
sink placed inside a 72-pass pump head. The disk’s front surface is antireflection coated for the pump and laser emission
wavelengths, and the back side has a high reflective coating for
both wavelengths (R > 99.9%). The disk is slightly wedged
to separate any residual reflections off the front surface from
the main beam. A Tm-fiber laser capable of providing 120 W
of output power at 1908 nm wavelength is used as the pump
source. Rather than directly sent to the thin-disk module, the
single-mode pump light is coupled through a 550 μm diameter
multimode fiber—at an efficiency of 80%—to homogenize the
pump spot and to prevent damaging the pump head’s internal
optics due to small foci. It also serves as a very effective isolator preventing the back reflected light from the disk module
from re-entering the pump fiber laser. The resulting pump spot
diameter on the disk is ∼3 mm. The ratio between the pump
spot diameter to the disk thickness is larger than ten, allowing
optimal thin-disk operation with advantages one dimensional
heat flow [32].
The Ho:YAG thin disk is placed as a folding mirror within a Zshape cavity. A 1-mm-thick sapphire plate is placed in the focus
between the two concave mirrors (R1 and R2) to act as a Kerr
medium, providing the necessary Kerr-lens effect for modelocking. The total anomalous group delay dispersion (GDD)
per round trip is −16000 fs2 , introduced by a pair of chirped
mirrors with four bounces on each surface. The dispersive mirrors were described in detail in [53]. Crucial for high-power
applications, these mirrors had losses below 0.05% and did not
exhibit any thermal effects under 0.9 kW of intra-cavity average power. A water cooled copper plate with a circular hole
is placed near one of the end mirrors to act as a hard aperture
and to aid the stabilization of Kerr-lens mode locking. The total
cavity length is ∼1730 mm, corresponding to a repetition rate
of 86.5 MHz. Generally, the cavity configuration is similar to
the one implemented for Yb:YAG thin-disk oscillators [54]. Yet
due to the comparatively low gain of Ho:YAG, the oscillator is
rather sensitive to the overall cavity loss, resulting in different
behaviors under different output coupling ratios. Fig. 3(a) shows
the cavity mode when the oscillator is operated close to the stability edge where mode locking was realized. Fig. 3(b) shows
the beam radius on the thin disk as a function of the separation
distance between the two concave mirrors, indicating the range
of the stability zone, in both the CW and ML regime.
B. Operation With 1% OC
The initial investigation on KLM was conducted using a low
output coupling ratio of 1%, such that a high intracavity power
and a correspondingly strong Kerr-lensing can be established.
The oscillator was first operated in the CW regime, close to
the center of the cavity stability zone (Fig. 3(b)). At 1% output
coupling, an average output power of up to 9.2 W was reached
at an estimated absorbed pump power of 80 W (see Fig. 4(a)).
The corresponding intracavity average power was 920 W. The
pump power was then decreased to 58 W for mode-locking
experiments, where the output power was 7 W. In order to initiate KLM, one of the concave mirrors was shifted towards the
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Fig. 2. Schematic of the oscillator setup of the four-pass configuration. HR: High-reflection mirror, R1 and R2: concave spherical mirrors with radius of curvature
(ROC) of –100 mm, KM: Kerr medium, HD: highly dispersive chirped mirror, H: hard aperture, OC: Output coupler. Left: Schematic of the 72-pass pump cavity.
The numbers represent the sequential pump beam locations on the parabolic mirror. Courtesy of TRUMPF Laser GmbH.

Fig. 3. (a) Cavity mode within the four-pass configuration when the distance between R1 and R2 equals to 105.7 mm. The dotted lines show the position of the
thin disk and concave mirrors. (b) Dependence of the thin-disk beam radius on the separation distance between the concave mirrors (R1 and R2) in both CW and
ML operations. Mode locking is realized close to the stability edge around 105.7 mm with an estimated Kerr-lens focal length of ∼30 mm.

stability edge to increase the sensitivity of the laser mode to
the Kerr-lens effect, resulting in a drop of CW average power
to 6.5 W. Mode-locking was triggered by perturbing the OC
mounted on a translation stage. The perturbation of this endmirror does not lead to any misalignments and can be repeatedly
performed. The average output power decreased to 6.2 W after
mode locking, corresponding to an intra-cavity average power of
620 W, and an optical-to-optical efficiency of 10.6%. The modelocked spectrum (Fig. 4(b)) measured using a Fourier transform
infrared (FTIR) spectrometer was centered at 2093 nm with
a full width at half maximum (FWHM) bandwidth of 14 nm,
covering a significant portion of the Ho:YAG crystal’s emission
spectrum (Fig. 4(b)). Fig. 4(c) shows the pulse trace measured
with an intensity autocorrelator. The pulse duration, at 410 fs
assuming a sech2 shape fit, indicates a nearly Fourier-transformlimited pulse with a time-bandwidth product of 0.39.
The radio frequency (RF) spectrum was measured using a RF
spectrum analyzer at a resolution bandwidth of 100 Hz. The fundamental beat note, located at 86.5 MHz as expected given the
cavity length, has a signal-to-noise ratio of 73 dB (see Fig. 4(d)).
Despite the limited optimization on the setup’s mechanical stability, KLM operation can be maintained for several hours on
a day-to-day basis under ambient air conditions and different
levels of air humidity.

C. Operation With 1.8% OC
Having demonstrated mode-locked operation using the 1%
output coupler, the usable output power was raised by increasing the output coupling to 1.8%. At the center of the stability
zone, the intracavity laser power, at 1.06 kW, was similar to the
previous case, but the output laser power was more than doubled,
reaching 19 W at an estimated absorbed pump power of 87 W
(see Fig. 4(a)). Moving to the cavity stability edge as described in
the previous case and using a lower pump power of 83 W, modelocking could again be achieved, delivering an average output
power of 16 W, slightly lower than the CW output power before
mode locking (16.4 W). However, this output contains not only
the mode-locked spectrum, but also a CW component, located
at the main emission peak of Ho:YAG at 2092 nm (Fig. 4(b)).
Two Kelly sidebands can also be seen at 2060 nm and 2100 nm.
The FWHM bandwidth of the mode-locked spectrum is 14 nm
when the CW spike is ignored, and is nearly identical to the 1%
OC case. The autocorrelation measurement indicates a pulse
duration of 400 fs assuming a sech2 pulse shape (Fig. 4(c)). The
RF spectrum for the 1.8% OC case shows an increase in noise
compared to the 1% OC case (Fig. 4(d)) due to the presence of
the CW spike.
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Fig. 4. Output parameters for the four-pass configuration. (a) CW output power versus incident pump power with the OC of 1% and 1.8%. (b) Mode-locked
spectrum. (c) Intensity autocorrelation trace of pulses with the OC of 1% and 1.8%. (d) Radio frequency spectrum with RBW of 100 Hz for the 1% OC.

The appearance of the CW spike is a result of the increased
intra-cavity power compared to the 1% OC case. However, when
the power was lowered in an attempt to eliminate the spike,
mode-locking could not be sustained due to the higher cavity
loss, pointing to the need for higher gain in the cavity. A common
way to increase the cavity gain for 1 μm thin-disk lasers is to
increase the number of times the laser beam passes through
the thin disk within one round trip [34]. In the next section
the implementation of this method for the Ho:YAG thin-disk
oscillator will be discussed.
III. KLM HO:YAG THIN-DISK OSCILLATOR WITH EIGHT-PASS
CONFIGURATION
A. Oscillator Setup
The previous experiments verified the feasibility of KLM in
a Ho:YAG thin-disk oscillator, and demonstrated intra-cavity
average and peak powers of ∼600 W and 15 MW respectively.
These record intra-cavity average and peak powers showcase
the huge potential of this technology to provide even higher
output powers when higher gain and, thus, higher output coupling ratios can be implemented. An obvious step to this end is to
increase the number of passes through the disk. Thus, the num-

ber of passes was doubled to eight. This eight-pass configuration
was realized by using a pair of 45-degree mirrors (see Fig. 5),
which folded the beam path through the thin Ho:YAG disk. This
boosted the round-trip gain and enabled the use of higher output coupling ratios, which is also beneficial for increasing the
optical-to-optical efficiency [34]. The total cavity length was
increased to ∼1960 mm, corresponding to a repetition rate of
77 MHz. Fig. 6 shows the cavity mode of the oscillator operated
close to the stability edge, and the range of the stability zone
and the beam size on the thin disk within the whole stability
zone.
B. Operation With Different OCs
To investigate the difference between the four-pass and eightpass configuration, output couplers with 1% and 1.8% transmission were used again for both CW and mode-locked operation.
An additional OC of 3% was also tried in an attempt to obtain
higher average powers. Fig. 7(a) shows the CW operation of the
oscillator with the three different output couplers. The maximum
output powers in the stability center were 7.2 W, 14 W and 20 W
at the respective output coupling ratios of 1%, 1.8% and 3%.
Compared to the four-pass configuration, the CW powers did not
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Fig. 5.

Schematic of the oscillator setup with the eight-pass configuration.

Fig. 6. (a) Cavity mode within the eight-pass configuration when the distance between R1 and R2 equals to 105.6 mm. TD1 and TD2 represent the two positions
where the laser beam reflects from the thin disk. (b) Dependence of the beam radius at the two different disk positions on the separation distance between the
concave mirrors (R1 and R2). Mode locking is realized close to the stability edge around 105.6 mm.

increase as one would expect, but was reduced for a given OC
ratio. This is likely because the laser beam now goes through
the thin disk two times more than in the four-pass configuration, making the cavity mode more sensitive to the detrimental
thermal effects of the thin disk. This influence becomes more
obvious at increased pump powers (Fig. 7(a)). However, it is also
difficult to completely exclude the thermal effects originating
from the dispersive mirrors and Kerr-medium.
Following the same procedure introduced in Section II and
moving closer to the stability edge for initiating mode-locking,
output powers of 5 W, 11 W and 17 W were obtained. Kerr-lens
mode locking can be realized with all three output couplings,
and the mode-locked output powers were 5.8 W (1%), 12 W
(1.8%) and 18.4 W (3%), corresponding to optical-to-optical
efficiencies of 10.4%, 16.7% and 22.2%, respectively. It is worth
noting that, due to mirror leakage, a total of approximately
1.6 W was also measured behind the two 45-degree mirrors in
all three cases, which can be reduced in the future by using
mirrors with higher reflectivities.
The mode-locked spectra and intensity autocorrelation traces
are shown in Fig. 7(b) and (c). The spectra corresponding to the
three different output coupling ratios are nearly the same with
FWHM bandwidths of ∼22 nm. In contrast to the four-pass
configuration, no CW-spike was observed at the main emission
peak at 2092 nm in any of the spectra. Nevertheless all the
spectra contained a small CW peak at 2150 nm, which are
presumably Kelly sidebands. The lack of a corresponding CW
peak at shorter wavelengths is possibly due to the different

higher order phases and reabsorption at shorter wavelengths.
The pulse durations were measured to be 220 fs (1%), 230 fs
(1.8%) and 220 fs (3%), indicating nearly Fourier-transformlimited pulses. These durations are almost halved compared to
those in the four-pass oscillator. The RF spectrum, measured
for the cavity with a 3% OC, is shown in the inset figure of
Fig. 7(c) and indicates stable mode locking. The output beam
has an excellent beam profile, and the measured M2 factor is
1.05 for both the X and Y directions (Fig. 7(d)).
Compared to the four-pass oscillator, the higher gain provided
by the eight passes did not result in higher output powers in the
CW regime due to the increased sensitivity to thermal lensing.
However, and importantly, it supports the realization of KLM at
higher output coupling ratios. Besides, the modulation depth is
larger for the eight-pass configuration due to the enhanced soft
aperture effect as the laser beam interacts with the pump spot
more frequently. As a result, the mode-locked spectra are much
broader than those in the four-pass case, and is even broader, in
terms of FWHM, than the emission peak of the Ho:YAG crystal,
resulting in the shortening of pulse durations.
C. Operation With 4% OCs Transmission and Higher
Pump Power
To further increase the average output power, higher output couplings and pump powers are needed. However, a single
pump source can only provide a maximum power of 120 W, of
which 96 W could be transmitted onto the disk. Fortunately the
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Fig. 7. Output parameters for the eight-pass configuration, pumped by a single Tm-fiber source. (a) CW output power versus incident pump power at three
different OCs. (b). Mode-locked spectra. (c) Intensity autocorrelation traces of pulses with different OCs. Inset: Radio frequency spectrum with RBW of 100 Hz
in a frequency window of 20 kHz. The spectrum was measured with an OC of 3%. (d) Beam profile and M2 measurement with an OC of 3%.

Fig. 8.

Schematic of the eight-pass configuration, pumped by two Tm-fiber sources. Right: Beam profile of the oscillator with an OC of 4%.

multimode fiber used for beam homogenization can simultaneously accept, as input, multiple single-mode beams from additional Tm fiber lasers, enabling the scaling of pump power available to the Ho:YAG thin-disk oscillator (see Fig. 8). Using a total
of two Tm fiber lasers, the incident pump power can be increased
to 110 W, allowing the use of a 4% OC. A CW output power of
29 W was obtained when the oscillator was operated around the
stability center, as shown in Fig. 9(a). The oscillator can deliver
an average output power of 25 W after it was mode-locked (compared to 23 W in CW before mode locking), corresponding to

an optical-to-optical efficiency of 22%. When the power leaked
from the two 45-degree mirrors are taken into account, the average power and optical-to-optical efficiency is even higher at
26.6 W and 24% respectively. The mode-locked spectrum and
intensity autocorrelation trace are shown in Fig. 9(b) and (c),
exhibiting nearly Fourier-transform-limited pulses with a pulse
duration of 270 fs. The beat-note signal shown in Fig. 9(d)
has a signal-to-noise ratio of 69 dB—lower than previous
cases—but still implies a stable mode-locked operation of the
oscillator.
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Fig. 9. Output parameters with 4% OC for the eight-pass configuration, pumped by two Tm-fiber sources. (a) CW output power versus incident pump power.
(b) Mode-locked spectrum. The Kelly sideband at 2150 nm has a reduced intensity compared to Fig. 7(b), due to the narrower spectral bandwidth of the main
pulse. (c) Intensity autocorrelation trace of the pulses. (d) Radio frequency spectrum with a RBW of 100 Hz in a frequency window of 20 kHz.

TABLE I
PARAMETERS OF KLM HO:YAG THIN-DISK OSCILLATORS
Passes
OC
Pump λ (nm)
P avg (W)
frep (MHz)
E P (nJ)
P peak (MW)
τ (fs)
GDD (fs2 )
η O-O

4

4

8

8

8

8

1%
1908
6.2
86
72
0.15
410
−16000
10.6%

1.8%
1908
16 (cw spike)
86
186
0.41
400
−16000
19.3%

1%
1908
5.8
77
75
0.3
220
−16000
10.4%

1.8%
1908
12
77
156
0.6
230
−16000
16.7%

3%
1908
18.4
77
239
0.96
220
−16000
22.2%

4%
1908
25
77
325
1.06
270
−16000
22%

Pump λ, pump wavelength; P avg , average output power; f rep , repetition rate; E P , pulse energy; P peak , peak
power; τ , pulse duration; GDD, intra-cavity dispersion; η O −O , optical-to-optical efficiency.

A summary of the obtained results under different passes and
output couplings are presented in Table I.
IV. DISCUSSION
A. Influence of Water Vapor Absorption
The development of high power 2 μm laser systems faces
additional challenges compared to near-infrared lasers due to

the presence of water vapor absorption bands located around
1.9 μm and 2.7 μm (see Fig. 10). The influence of such absorption is especially acute for oscillators with average intracavity
powers reaching kW-levels. In contrast to Tm doped laser systems, which usually lases between 1.9 μm and 2 μm, Ho:YAG
laser, which lases further away from the absorption regions, has
a considerable advantage for broadband mode locking under
ambient condition, in which the results presented in this work
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Fig. 10. Water vapor transmittance through 1 meter of gaseous H2 O in the
2 μm range [56].

were demonstrated. Obviously, operating the laser in a purged
or vacuum environment would eliminate the influence of water vapor absorption, and provide several important advantages.
Firstly, the reduced absorption and loss for both the pump and
lasing wavelengths will increase the operation efficiency. The
reduced absorption and the corresponding heat deposition will
also help stabilize the temperature inside the laser setup, minimizing any temperature-related drifts from heated mechanical
components. Similarly, heat-induced air turbulences in the laser
beam path could be eliminated, ensuring the stable running of
the laser. Furthermore, the mode-locked spectral width, being
able to expand into the previously high loss absorption region,
will be broader than in ambient air. Finally, when fully evacuated, any parasitic gaseous nonlinearities in the beam path
can be eliminated [55], which is helpful for generating stable
high power, high energy pulses. The next-generation Ho:YAG
setup will therefore be built under a purged or fully evacuated
environment.
B. Upconversion
Instead of using the cross relaxation process of the thulium
ions to excite holmium ions, as in the case for traditional
Tm-Ho co-doped systems, in this work the Ho:YAG thin-disk
was pumped by a Tm-fiber laser at 1.9 μm. This separation of Ho
ions from Tm ions eliminates the detrimental process of Ho:Tm
up-conversion, in which a Ho atom in the upper manifold of
5
I7 is promoted by a nearby Tm atom in the 3 F4 manifold to
the 5 I5 manifold (see Fig. 11). However, for Ho:YAG the interaction between Ho atoms in the 5 I7 manifold can also give
rise to an up-conversion process. In this Ho:Ho process, two
closely spaced holmium ions that are excited into the 5 I7 manifold interact with each other, promoting one Ho atom to the 5 I5
manifold and demoting the other to the 5 I8 manifold. The process is phonon-assisted, non-radiative and becomes pronounced
when the population density of the 5 I7 manifold is high [57],
[58]. Thus it limits the population of holmium ions in the upper
laser level and the achievable gain for the crystal. For 2 μm thindisk lasers, the Ho:Ho up-conversion makes the task of power

Fig. 11.

Energy level diagram of Ho:YAG with the relevant transitions [3].

Fig. 12.

Qualitative intensity noise measurement below 1 MHz.

scaling more difficult due to two conflicting considerations: the
necessity to obtain high inversion-levels to compensate for
the disk’s limited thickness, and the strong up-conversion and
excited-state absorption effects at increased inversion-levels. Although the trade-off could be investigated numerically by modeling the rate equations, parameters such as the up-conversion
and cross-relaxation coefficients need to be known precisely, and
can only be confirmed experimentally. These parameters should
be investigated in the future by varying the disk thickness and
Ho doping ratios to enable further power scaling.
C. Noise Analysis
For a laser system intended for real applications, the noise
characteristic of the output is also a critical parameter. Fig. 12
shows the qualitative intensity noise of the Ho:YAG thin-disk
oscillator in the range from 0–1 MHz. It can be seen that the
intensity noise of the pump light shifts to higher frequencies
and the noise bandwidth broadens when the pump power was
increased from 2 to 50 W. Yet the Ho:YAG’s oscillator output
did not show any obvious intensity noise above 300 kHz even
when pumped at 87 W, which can be attributed to the long lifetime of the Ho3+ ion (up to 8 ms) filtering out the high frequency
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noise. The oscillator shows increased noise towards the low frequency range below 300 kHz, which resulted mainly from two
factors:
1) Tm-Fiber Pump Source: The oscillator noise spectrum
matches well with that of the pump light below 100 kHz, since
the filtering effect of the long lifetime becomes weaker at lower
frequencies. Considering that diode lasers have much lower
frequency noise than fiber lasers, they are very attractive pump
sources for future Ho:YAG thin-disk lasers.
2) The Surroundings: The intensity noise below 100 Hz is
attributed to environmental vibrations since the oscillator is built
directly onto an optical table with limited isolations from the
surroundings. This could be greatly improved by building the
oscillator in a monolithic housing in the future [59].
D. Power and Energy Scaling
One of the most advantageous properties of thin-disk technology is its power and energy scalability. Compared to mature
Yb:YAG thin-disk oscillators that can deliver several-hundredwatts of ultrafast pulses [34], [35], the development of Ho:YAG
thin-disk oscillator has only just begun. The success of highpower and high-energy 1 μm Yb:YAG thin-disk oscillators highlights the opportunity and possible route towards further power
scaling for 2 um thin-disk lasers. Specifically for the Ho:YAG
thin-disk oscillator, there are several ways to further raise the
average power and energy:
1) From experiments, more passes of the laser beam through
the gain crystal per round trip can increase the gain and
enable the use of higher output coupling ratios. This was
implemented by simply extending one of the cavity arms
using folding mirrors. However, simply lengthening a cavity arm will change the laser beam mode inside the cavity,
and could affect the performance of the laser or its sensitivity to mode-locking, if other parameters such as the
size of the pump spot are not adjusted.
2) Another way to increase the number of passes in one round
trip is to use imaging concave mirrors, where the extended
cavity modes are simply replicas of a section of the original cavity. This allows an increased number of thin-disk
passes while keeping the cavity mode unchanged, avoiding the issues mentioned above [60].
3) Since the repetition rate is decided by the cavity length,
a longer cavity helps increase the pulse energy under the
same average power.
4) The separation of light amplification from the Kerr nonlinearity in our thin-disk oscillator allows us to independently
optimize the Kerr lensing effect by choosing suitable materials, thicknesses, the positions of the KM and the mode
sizes in the KM. The maximum achievable peak power
can be scaled by increasing the mode size in the KM,
which could be implemented by changing the curvature
of the focusing mirrors in the telescope [34]. By this way
the nonlinear phase shift could be maintained even at very
high intracavity peak powers.
5) Numerous experiments have been performed at 1 μm
wavelength with Yb:YAG thin-disk crystals demonstrat-

ing its superior performance for power and energy scaling
over other crystalline materials. Not only does Ho:YAG
share the same host material and, thus, nearly the same
thermo-mechanical properties with Yb:YAG, it also exhibits similarly low quantum defect. However, it remains
to be seen whether Ho:YAG disks with higher Ho3+ doping and lower thickness (0.1 mm) will significantly increase the output power level.
V. CONCLUSION
We have demonstrated the first Kerr-lens mode-locked
Ho:YAG thin-disk oscillator, where the power was systematically increased by varying the output coupling ratios and the
number of passes through the gain medium. The combination of
thin-disk geometry, which offers superior thermal control under
high power operation, and Kerr-lens mode-locking that effectively provides ultrashort pulse generation led to a number of
records in laser development. The pulse duration, at down to
200 fs, is the shortest duration achieved in any Ho:YAG oscillators; the output average power, at up to 30 W, represents a
tenfold increase over all previous femtosecond oscillators operating above 1.5 μm wavelength [25], [26]. This combination
of ultrashort pulse durations at high average powers has already enabled important applications such as the generation of
multi-octave mid-infrared via difference frequency generation
in GaSe, a non-oxide nonlinear crystal [9]. Other exciting applications, including the generation of soft X-rays and attosecond
pulses for spectroscopy and ultrafast pump-probe experiments
will certainly follow in the future. The reported femtosecond
Ho:YAG thin-disk oscillator provides a solid foundation for the
further development of next-generation 2 μm ultrafast thin-disk
lasers, which have the potential to become key enablers in a
multitude of research areas.
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