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Abstract Stable ultrafast laser sources at multi-GHz rep-
etition rates are important for various application areas,
such as optical sampling, frequency comb metrology, or ad-
vanced high-speed return-to-zero telecom systems. We re-
view SESAM-mode-locked Er,Yb:glass lasers operating in
the 1.5 um spectral region at multi-GHz repetition rates, dis-
cussing the key improvements that have enabled increas-
ing the repetition rate up to 100 GHz. We also present fur-
ther improved results with shorter pulse durations from a
100 GHz Er,Yb:glass laser. With an improved SESAM de-
sign we achieved 1.1 ps pulses with up to 30 mW aver-
age output power. Moreover, we discuss for the first time
the importance of beam quality deteriorations arising from
frequency-degenerate higher order spatial modes in such
lasers.

1 Introduction

There are numerous applications for multi-GHz laser
sources in science and technology such as optical clock-
ing [1], photonic switching [2] or high-speed electro-optic
sampling [3], just to mention a few. Multi-GHz mode-locked
lasers emitting in the 1.5 pum spectral range are particu-
larly interesting for fiber-optical telecommunication appli-
cations as they operate in the window of minimal glass
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absorption, which enables long-haul data transfer. Pulsed
lasers with high repetition rates are important tools for ad-
vanced high-speed return-to-zero (RZ) data transmission
systems [4], typically operating at 40 Gbit/s or higher: data
streams are encoded on the pulse train with a modulator,
which then only has to change its state between two suc-
cessive pulses. This approach reduces the highly stringent
demands of the modulator, as the pulse shaping is already
done by the laser source. In current state-of-the-art high bit-
rate systems, the pulsed laser source usually runs at a much
lower repetition rate and needs to be time multiplexed to
the desired frequency. A pulse source directly operating at
the system frequency with high average output power can
greatly simplify the system design, as the multiplexing de-
vice as well as the amplifiers can be omitted. In addition
to their excellent properties in the time domain, which in
telecom applications are especially important for optical-
time-division-multiplexing (OTDM) systems, mode-locked
lasers also generate a stable comb-shaped spectrum in the
frequency domain. The comb lines of this spectrum, which
are the phase-locked longitudinal modes of the laser, are
equidistantly spaced, with the spacing being determined by
the repetition rate of the laser. Therefore mode-locked GHz-
lasers are multi-wavelength sources that can be used for
wavelength-division-multiplexing (WDM) systems [5]. Be-
sides telecom applications, GHz frequency combs are highly
anticipated for direct frequency comb spectroscopy [6], as
they offer high spectral power per comb line leading to
an increased SNR for precision frequency measurements.
Also applications such as optical clocks [7] or the frequency
comb calibration of high-resolution astronomical spectro-
graphs [8—10] benefit from GHz frequency combs. All of
these applications have in common that they require a pulse
source which is compact, affordable and reliable in opera-
tion. Furthermore the pulse source should exhibit low noise
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and timing jitter and emit close to transform limited pulses
with a high extinction ratio and the ability to set or tune the
wavelength in the regime of interest.

The great interest in 1.5 um laser sources with tens of
GHz repetition rate provided a strong motivation for nu-
merous different approaches to develop and improve lasers
generating such pulse trains. Some examples are harmon-
ically mode-locked fiber lasers [11], hybrid mode-locked
edge-emitting semiconductor lasers [12], passively mode-
locked VECSEL (Vertical External Cavity Surface Emit-
ting Laser) [13] or synchronously pumped monolithic opti-
cal parametric oscillators (OPO) [14]. Diode-pumped, pas-
sively mode-locked Er,Yb:glass lasers offer an excellent al-
ternative to these other approaches. Due to their miniature
cavities, they are compact, they can be pumped by standard
telecom diodes and only need a low-cost gain medium and a
semiconductor saturable absorber mirror (SESAM) [15-17].
Because their pulse generation is entirely passive, no high
frequency electronics are required. Although their basic de-
sign is very simple, numerous challenges had to be over-
come to obtain high repetition rate operation, like the design
of very compact stable laser cavities or the development of
suitable saturable absorbers. For a long time it was believed
that passive mode-locking of a solid state laser at GHz rep-
etition rates is not possible [18] or at least impractically dif-
ficult. This was mainly due to the strong tendency of solid
state lasers to Q-switched mode-locking, which is mainly a
result of the long upper state lifetimes and high gain sat-
uration values of solid state gain materials [19]. A major
breakthrough was the demonstration of the first passively,
fundamentally mode-locked 10 GHz Er,Yb:glass laser in
2002 [20]. Since then, a deeper understanding of the Q-
switching dynamics [21, 22] and the consequent exploitation
of the design flexibility of SESAMs [23] have led to funda-
mentally mode-locked 1.5 um lasers with repetition rates up
to 100 GHz [24].

This paper reviews the designs and the obtained results
of passively mode-locked Er, Yb:glass lasers operating in the
1.5 pum spectral region with repetition rates up to 100 GHz.
In addition, we present new results on reducing the pulse
duration of a 100 GHz laser with optimized SESAM disper-
sion, achieving 1.1 ps pulses with up to 35 mW average out-
put power. We also discuss beam quality deteriorations aris-
ing from frequency-degenerate higher order spatial modes,
which are presented for the first time for high repetition rate
lasers. We conclude with a summary and an outlook towards
monolithic integration.

2 Experimental setups and results

The main challenge in designing a passively mode-locked
laser operating at high repetition rates is to overcome the
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Q-switching-mode-locking (QML) threshold, above which
stable cw mode-locking is achieved. With the general stabil-
ity criterion against Q-switching proposed by Honninger et
al. [19]

Pintra 2
> Fsat,LAeff,LFsat,AAeff,AAR €))
frep

(with Piyyra being the intracavity power, frep the laser repe-
tition rate, Fgy the saturation fluence and Ac¢r the effective
mode area in the laser gain medium (L) and on the absorber
(A) respectively) it is apparent that achieving stable mode-
locking becomes more challenging with increasing frep. Al-
though this stability criterion is strictly speaking not valid
for high repetition rate lasers, as some of the assumptions
made to derive (1) are not fulfilled for multi-GHz lasers, it
still can be used to obtain some useful design guidelines. For
a more detailed discussion on the influence of additional ef-
fects on the QML-threshold such as two-photon absorption
or incomplete recovery of the absorber, refer to [22, 25, 26].
Nevertheless (1) reveals the engineering parameters which
can be used to obtain stable mode-locking: the effective
mode areas Aefr,L. in the gain medium and A1, on the ab-
sorber, which can be influenced by the cavity design of the
laser, and the parameters of the saturable absorber, namely
the modulation depth AR and the saturation fluence Fgu A.
Equation (1) implies that the effective mode areas should be
minimized while the saturable absorber should exhibit low
saturation fluence together with a reasonably low modula-
tion depth.

2.1 Er,Yb:glass lasers with up to 50 GHz repetition rate

Starting from well-known solid state laser cavities operat-
ing in the MHz repetition rate range, achieving GHz rep-
etition rates with fundamental mode-locking requires that
the length of the optical resonator has to be substantially
reduced. As an example, the resonator length of a 10-GHz
standing-wave cavity in air is about 15 mm and conse-
quently only about 3 mm for a 50 GHz laser. Our approach
is a miniature V-shaped cavity, with the gain medium sitting
in a beam waist between two curved dielectric mirrors. One
of these mirrors is the output coupler with a transmission
between 0.5% and 1.3%, the second one is a folding mir-
ror, providing a second beam waist on the SESAM which is
used as the cavity end-mirror (Fig. 1, left). The SESAM is
mounted on a piezo-element enabling us to fine-tune the rep-
etition rate of the laser over several MHz with a precision in
the range of 1 kHz (both values depend on the fundamental
repetition rate). The gain glass is end-pumped either through
the cavity folding mirror or alternatively through the output
coupler by a fiber-coupled laser diode. In the latter case we
place an additional dichroic mirror in the pump beam to sep-
arate the laser output from the pump. To reduce losses and
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Fig. 1 Experimental setup for a V-shaped 10-50 GHz Er,Yb:glass
laser cavity [27]. Schematic (fop) and photograph of a 50 GHz laser
(bottom). As shown in the schematic, different pumping options are
possible, depending on the clear aperture of the mirrors

parasitic reflections and therefore maintain a high-Q cavity,
the uncoated gain glass is inserted in a flat-flat configuration
under Brewster’s angle. This also ensures linearly polarized
laser operation. With increasing repetition rate, the thick-
ness of the gain element has to be reduced for geometrical
reasons. To compensate for the shorter gain length, the dop-
ing concentrations are increased accordingly. The SESAMs
have a saturation fluence of about 15 pJ/cm? and a modula-
tion depth of approximately 0.4% typically.

With this cavity design we achieved repetition rates rang-
ing from 10 up to 50 GHz with picoseconds pulses and aver-
age output powers from about 10 up to 30 mW [20, 27-30].
Figure 2 shows the spectral properties of a 50-GHz laser.
The equidistantly spaced longitudinal modes can be clearly
resolved with an optical spectrum analyzer (Fig. 2, top). The
RF-spectrum (Fig. 2, bottom) confirms stable mode-locking
as only a single peak and no frequency side bands are visible
on the instrument-limited noise floor. More detailed results
of the different lasers built with this design are listed in Ta-
ble 1 in Sect. 2.4. Repetition rates higher than 50 GHz were
not feasible with this approach mainly due to the extent of
the gain element which is used at Brewster’s angle thereby
filling up most of the free space inside the cavity (Fig. 1,
bottom). This prevents the cavity mirrors from being moved
closer together.

2.1.1 Wavelength tuning

The laser cavities up to a repetition rate of 25 GHz allow for
the additional insertion of a solid 20 um low-finesse etalon
which enables wavelength-tuning of the laser emission. Be-
cause the transmission characteristics of the etalon reduces
the effective gain bandwidth, a broadening of the pulse du-
ration can be observed compared to the free running laser.
To obtain a flatter gain profile and therefore maximize the
accessible overall tuning range, the inversion level in the
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Fig. 2 According to [27] we summarize here the properties of a 50
GHz laser: the optical spectrum (fop, logarithmic scale) was mea-
sured with an optical spectrum analyzer with a resolution bandwidth
of 0.01 nm. Middle: Autocorrelation trace together with fit-curve (grey,
dashed) for ideal sech? pulses. The pulse repetition rate was measured
with a fast photodiode and an RF-spectrum analyzer (bottom); the inset
shows no sidebands, indicating clean fundamental mode-locking

gain element is well adjusted [31], using a 1.3% output cou-
pler. Figure 3 shows the pulse-width and the average out-
put power together with the generated optical spectra of a
12.5 GHz laser as an example for the tuning behavior of a
high repetition rate Er,Yb:glass laser. The laser can be con-
tinuously tuned from 1528 to 1563 nm, which covers almost
the entire telecom C-band, while the pulse durations of 1.7
to 2.7 ps is sufficiently short for many telecom applications
at this frequency.

2.2 Er,Yb:glass laser with 80 GHz repetition rate

To overcome the geometrical limitations preventing higher
repetition rates, a new cavity-design was developed. With
the gain medium as the main limiting factor, the shape of the
Er, Yb:glass was changed to a triangular geometry such that
it could be used in a flat-Brewster configuration. Together
with a flat output coupler on a wedged substrate, the over-
all cavity length could be reduced by 35%. In addition we
reduced the size of the curved folding mirror to a diameter
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Fig. 3 Tuning performance of a 12.5 GHz laser: pulse duration
(dashed) and average output power (solid) is plotted for nine different
etalon angles versus the resulting emission wavelength. Bottom (grey
shaded): respective optical spectra
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Fig. 4 Experimental setup for a 77 GHz laser cavity: schematic (fop)
and photograph (bottom) [32]

of 0.7 mm with a clear aperture of about 0.6 mm. Note that
the small gap between the gain glass and the output coupler,
which acts as an air-spaced etalon, can be used to tune the
emission-wavelength of the laser.

With this cavity design a repetition rate of 77 GHz in
3-ps pulses and an average output power of 10.7 mW was
achieved [32]. Figure 5 shows the optical spectrum and the
autocorrelation of the generated pulses.

Normally we would use a fast photodiode with a mi-
crowave spectrum analyzer to determine the repetition rate
of alaser, however such devices operating to beyond 50 GHz
were not available for this work. Therefore the repetition rate
was determined with an autocorrelator from Femtochrome
Research Inc. (model FR-103MN) by measuring the dis-
tance between the peaks of the autocorrelation and the first
cross-correlations. The autocorrelator uses a rotating prism-
pair as its varying delay arm, which is not internally com-
pensated to provide a completely linear time scale at its ana-
log output. If a large time-window is measured, some devi-
ations from linearity have to be corrected. To calibrate the
autocorrelator, we used a laser with 200 fs pulses at 1.5 um
wavelength to measure the temporal shift of the pulse peak
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Fig. 5 According to [32] we summarize here the properties of a
77 GHz laser: optical spectrum (fop, logarithmic scale) of the laser
output. Autocorrelation trace (bottom, solid) together with fit-curve for
ideal 3-ps sech? pulse train (grey, dashed) [32). The repetition rate of
the laser is determined by measuring the distance 7R between the au-
tocorrelation- and the cross-correlation peaks

position with respect to the length of the fixed delay arm.
We could fit this dependence with a 2nd order polynomial to
avoid an error of 10% over a scan length of 40 ps compared
to a linear fit.

2.3 Record-high repetition rate of 101 GHz from an
Er,Yb:glass laser

To further increase the repetition rate to beyond 100 GHz,
the 80 GHz cavity design was further modified (s. Fig. 6,
top right). Because the gain medium with its refractive in-
dex of 1.53 fills a large portion of the folded resonator, re-
ducing the overall cavity length to about 1.26 mm, we use
a partially monolithic approach: the output coupler coating
with 1% transmission was directly applied to the flat side of
the gain medium. In addition we implemented changes in
the geometry of the gain glass and the folding mirror. Gain
length, folding angle and mode sizes are adapted for sta-
ble cw mode-locking. The overall pump geometry remains
unchanged. With the new setup, we initially reached a repe-
tition rate of 90 GHz in 4.1-ps pulses and an average output
power of 10 mW [33]. Only by improving the surface qual-
ity of the highly curved folding mirror (radius of curvature
0.5 mm) as well as the scattering properties of the dielectric
coating, this result was further improved to get a record high
repetition rate of 101.5 GHz in 1.6-ps pulses at an average
output power of 35 mW. This is a substantial advancement
compared to the previous results. The optical properties of
the laser output are shown in detail in Fig. 7. At such high
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Fig. 6 Experimental setup for the 101 GHz laser cavity: schematic
(top) and photograph (bottom) [24]. The Er,Yb:glass is flat on one side,
coated with a 1.2% output coupler and under Brewster’s angle inside
the cavity. The collimated pump beam is focused into the gain glass
such that it is mode-matched to the laser mode. The output beam is
collimated by the same lens. Both beams are separated afterwards by a
dichroic mirror. OC: output coupler

repetition rates, the intracavity pulse energies become very
low (around 35 pJ in the described laser). To suppress Q-
switched mode-locking, a mode radius of about 15 pm is
used in the gain medium. In addition, a tight focus of about
4 um radius on the SESAM is needed for sufficient satura-
tion of the absorber [15]. The QML-threshold for the laser
was at an output power of 2.8 mW. Above this value we
achieved stable mode-locking with an optical efficiency of
about 10% [24].

By systematically varying the design of the used
SESAMs, thereby custom-tailoring the respective disper-
sion, we could again reduce the pulse duration by about
30% to get 1.1-ps pulses, at the cost of an output power
reduction of about 14%. Figure 8 shows the calculated dis-
persion curves for the different SESAMs. Figure 9 shows
the measured optical spectrum (top) and the autocorrelation
trace (bottom). Compared to the result shown above, the re-
duced pulse duration and better temporal separation of the
pulses is clearly visible. With additional improvements in
the dispersion management for example by optimizing the
group delay dispersion of the dielectric coating on the fold-
ing mirror, or with a Gires-Tournois interferometer structure
included in the SESAM design [34], we expect the pulse
duration to further decrease into the sub-picosecond regime.
We have observed pulse durations of about 900 fs, but laser
operation was not stable over time at this point.

2.4 Overview of achieved results

An overview of the results achieved to date by passively
mode-locked high repetition rate Er,Yb:glass lasers is pro-
vided by the data of Table 1.
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Fig. 7 According to [24] we summarize here the properties of
a 101-GHz laser. Top: optical spectrum (logarithmic scale). The
mode separation is 0.8 nm. Bottom: autocorrelation trace including
cross-correlations (solid line) with fit-curve using ideal sech? pulses
(grey dashed line). Cavity roundtrip time 7r = 9.85 ps. The pulses
have a duration of 1.6 ps
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Fig. 8 Calculated dispersion curves for different SESAM structures

2.5 Transverse mode degeneracies in high repetition rate
lasers

Cavity elements inside a laser resonator usually have a cer-
tain range with respect to their position along the optical
axis, for which the resonator will be stable. For multi-GHz
lasers the stability range of the SESAM, being used as an
end-mirror, is in the order of few 100 um. To obtain stable
mode-locking, usually the SESAM has to be moved once
within this range in order to find an optimum beam diam-
eter on the device leading to the best saturation of the ab-
sorber. The stability range is usually limited on one end by
the growing mode size in the gain, continuously raising the
laser threshold. On the other end it is limited by the mode
size on the SESAM approaching zero, which results in an
unstable resonator. Within this range a rather smoothly vary-
ing laser output power is expected. However, we observed
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Table 1 Overview of results

achieved with high repetition Jrep Wavelength Pay 23 TBP OSNR Ref.
rate Er,Yb:glass lasers. Pyy: [GHz] [nm] [mW] [ps] [dB]
average output power, Tp: pulse
duration, TBP: time-bandwidth 10 (10.67) 1529-1569 15 3.8 0.47 (sech?) [20]
product, OSNR: optical 9.95328 1528-1563 30 1.2-1.9 >20 [51]
signal-to-noise figure
12.5 1528-1563 30 1.2-2.7 40
8.8-13.3 1533-1555 24 1.8 0.85 (Gauss) (28]
25 1528-1561 25 1.9 0.75 30 [29]
40 1534 18 43 0.44 (Gauss) 50 [30]
50 (49.87) 1533 () 75 2.1 0.57 (sech?) 65 [27]
77 1535.8 10.7 3.0 0.37 (sech?) 56 [32]
90 1535.3 10 4.1 0.42 (sech?) (58) [33]
101 1534.8 35 1.6 0.53 (sech?) 55 [24]
101 1534.2 30 1.1 0.39 (sech?) 55 [52]
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Fig. 9 Properties of a 101-GHz laser, operated with an optimized
SESAM: optical spectrum (fop, solid line), together with an ideal sech?
fit (grey dashed line). Middle: the optical spectrum on a logarithmic
scale. Bottom: autocorrelation trace (solid line) with fit-curve using
ideal sech? pulses (grey dashed line). Cavity roundtrip time Tg = 9.84
ps. The pulses have a duration of 1.1 ps

multiple pronounced power drops while moving the SESAM
within the stability range. When measuring the dependence
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Fig. 10 Stability range of cavity end-mirror z-position in a 100-GHz
laser cavity. The cw output power is plotted versus the mirror position
with a spatial resolution of approximately 40 nm. Large power drops
and strong power oscillations are clearly visible. The inset shows the
magnified power oscillations and their spatial period

between output power and end-mirror position in cw oper-
ation (in order to avoid Q-switched mode-locking instabili-
ties) by scanning a high-reflecting mirror through the stabil-
ity range with a spatial resolution of about 40 nm, we could
observe that at certain distinct points, the output power drops
significantly, as shown in Fig. 10. In addition, a comparably
strong power oscillation is measured in cw operation.

Both observations are well reproducible over multiple
scans and can be explained as follows: the amplitude oscil-
lations on the measurement curve originate from the limited
number of Fabry—Pérot modes of the laser cavity. An evalua-
tion of 15 consecutive oscillations gives a period of 0.78 pum,
which is approximately half the wavelength of the laser out-
put. While varying the cavity length, the longitudinal cavity
modes are moved through the gain profile, leading to power
oscillations in the output.

The larger power drops have a different origin: it is
well known from the literature that laser cavities in gen-
eral exhibit frequency degeneracies of transverse cavity
modes for certain resonator lengths within their stability
range [35, 36]. For lasers designed to operate in the fun-
damental mode (TEMyp) this is particularly important, be-
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100 GHz laser cavity scanned in cw operation with a spatial resolution
of 200 nm. The observed power drops can clearly be associated with

cause at such degeneracy points, higher order spatial modes
can resonantly couple to the fundamental mode [37] and
become predominant in the cavity. For a passively mode-
locked laser this can lead to instabilities, as the SESAM is
not sufficiently saturated by these modes anymore, and Q-
switching can occur. When higher order spatial modes oc-
cur, they introduce an efficient power-loss channel, as some
modes are quenched through effects of spatial hole burn-
ing in the inversion of the gain medium, leading to output
power drops or even a complete laser shut-off. This is par-
ticularly distracting in a cavity with a very limited longitu-
dinal stability range (with respect to the SESAM position)
like in our case. For stable operation of high repetition rate
mode-locked lasers, it is essential to accurately examine the
cavity’s stability range, as certain cavity lengths and their
vicinity have to be avoided. To detect the beam quality dete-
riorations of a 100-GHz laser cavity we scanned the stability
range again in cw operation with a more coarse resolution
of about 200 nm (to reduce the overall measurement time)
and recorded the output-power as well as the beam profile of
the laser. Figure 11 again shows multiple large power drops
within the stability range together with the associated beam
profiles. In every power dip, the beam quality is clearly de-
graded, while at normal power levels, the output beam is
nearly diffraction limited. The positions of the individual de-
generacies are reproducible over multiple scans for a fixed
particular pump power.

With varying pump power the positions slightly shift,
as the changing thermal lens in the gain medium changes

vjojoje]s|e

strong beam quality degradations of the laser output. At normal power
levels the output beam is diffraction limited

the resonator conditions. One should be aware of this ef-
fect if a laser is operated close to a degenerate point and the
pump power is altered. In the measurement shown in Fig. 11
the above-mentioned power oscillations are not visible any-
more, due to the reduced spatial resolution. Note that the
absolute position of the individual power dips is different
compared to those depicted in Fig. 10. The reason for these
deviations are slight modifications of the laser cavity.

By modeling the laser cavity with ABCD matrix formal-
ism one can calculate the position of the degeneracy points
within the stability range. For a laser cavity which is radial-
symmetric with respect to the intracavity laser mode, it is
straightforward to calculate the resonance frequencies of
Hermite-Gaussian laser modes with

cosl(:t«/AlDl)]
T

2
2L eff @

Vm,n,qg = |:6] +m+n+1)
c: speed of light, Lg: effective optical resonator length, g:
longitudinal mode number, m, n: transverse mode indices
|‘2,1‘ IC)‘I |: single-pass cavity matrix, as described in [38]. De-
generacies arise where different cavity modes have the same
frequency such that

3

Vm+Am,n+An,g+Aq = Vm,n,q-

The relative position of the intracavity optical elements is
included in the cavity single-pass matrix. By inserting (2)
into (3) we can solve for the position of the component we
are interested in, which is included in A D1, resulting in the
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Fig. 12 Comparison of measurement data (black) and theoretically
calculated degeneracy points (grey) for M and N values reaching from
one to ten. The dashed grey lines are in good agreement with the mea-
sured data while the solid lines cannot clearly be associated with spe-
cific power drops

degeneracy points of the cavity:

—A M
A1D; = cos® —qn =cos’| —n “4)
Am + An N

with M = —Aqg and N = Am + An. For practical purposes
usually only small values of M and N have to be consid-
ered, as the mode coupling strength decreases with increas-
ing mode numbers [37]. We can see that all cavity related
data in (2) are included in the term

cos~ N (/A D))

T

)

which is the Gouy phase shift of the electric field. By intro-
ducing any asymmetry into a laser resonator, as is done by
inserting Brewster elements or tilted curved mirrors, one has
to separately evaluate the tangential and the sagittal plane of
the cavity. For the resulting optical resonance frequencies
the Gouy phase shift of both planes contributes equally [39]
such that we obtain

C
Vm,n,qg = Zeﬂ‘[q +(m+n+1)
% cos™! (:I:\/ Al.tanDl,tan) + cos™! (:I:\/ Al.sang,sag) i|
27 ’

(6)

Due to this modification it is not always trivial to solve (6)
analytically. In this case numerical techniques should be
used to calculate the degeneracy points. One should note
that any misalignment or broken cavity symmetry (as in our
cavities) will enhance the effective mode coupling such that
higher order modes can couple to the fundamental mode and
therefore reduce the beam quality [37].

Comparing measurement data with theoretically calcu-
lated degeneracy positions is rather difficult for a 100 GHz
laser as many cavity parameters are not precisely know. Be-
cause we use a prism shaped gain glass, the effective gain
length has a quite large uncertainty, effecting the position

@ Springer

of all other cavity elements. Figure 12 shows such a com-
parison. The vertical grey lines represent the calculated po-
sitions. Some position are in a very good agreement with
the measured power drops while others cannot clearly be re-
lated to some distinct measurement feature. Of course not
every mode degeneracy has to result in a power drop, such
that the beam quality could still be somewhat deteriorated
in these points. Further experiments would be necessary to
verify this.

3 Conclusion and outlook

In this paper we have reviewed the evolution of passively
mode-locked 1.5 um Er,Yb:glass lasers with record high
repetition rates. Compared to other approaches operating at
this wavelength, Er,Yb:glass lasers are an excellent alterna-
tive for generating high-quality picosecond pulses at multi-
GHz repetition rates with relatively high output powers. Us-
ing different cavity designs, we demonstrated fundamentally
mode-locked lasers with repetition rates ranging from 10 up
to 100 GHz, which is to the best of our knowledge the high-
est repetition rate ever generated with a bulk laser in this
spectral region. At this high repetition rate we have demon-
strated average output powers of up to 35 mW and pulse
durations as short as 1.1 ps.

Further, we have shown for the first time that beam qual-
ity deteriorations due to degenerate higher order spatial
modes have to be considered when building a high repeti-
tion rate laser, as they can lead to instabilities during laser
operation and even to a complete laser shut-off. In general,
it is not possible to fully suppress degeneration effects in a
laser cavity. To reduce the effective number of contributing
modes, it is good practice to pump with a smooth and sym-
metric beam profile and to avoid misalignments and asym-
metries inside the laser cavity, as for an ideal circular sym-
metry the coupling between the fundamental Gaussian mode
and Hermite-Gaussian modes with an odd index will van-
ish and no energy will be transferred [37]. With the cavity
single-pass matrix, it is possible to calculate the cavity con-
figurations at which degeneracies occur. However, for high
repetition rate laser cavities this is still difficult, as the geo-
metric cavity parameters are usually not precisely known.
They still can be determined experimentally, preferably in
cw operation.

We believe that the current design approach does not al-
low for significant further increase in the repetition rate of
Er,Yb:glass lasers, as the different components start to in-
terfere and the dimensions of the individual components
cannot be reduced much further. In the present 100-GHz
setup, the clear aperture of the folding mirror is only about
400 pym. A further reduction of the diameter would lead
to increasing diffraction losses and aberrations, reducing
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the Q-factor of the cavity. Also the used gain length has a
lower bound which is limited by the doping concentration
of the active ions in the glass matrix. At Yb-doping lev-
els above 25 wt-% ion clustering often appears [40]. Fur-
thermore a too high doping concentration in the thermally
poor conducting glass can lead to catastrophic failure due
to fracture. A typical absorption length (1/e) of 0.5 mm
requiring optical path lengths in the gain medium of 0.5—
1 mm sets the lower limit to the cavity length and therefore
limits the maximum achievable repetition rate to approxi-
mately 200 GHz. Fundamentally mode-locked lasers with
pulse repetition rates between 100 and 200 GHz could be
designed with monolithic cavity layouts. However, the main
limiting factors are the small emission cross section of the
gain glass and the saturation fluence of the SESAM, lead-
ing to a high QML threshold. In the spectral regime around
1 um, where gain media with large gain cross sections are
available, monolithic lasers with up to 160 GHz have been
demonstrated [41]. However, this approach required equal
mode sizes in the gain medium and on the saturable ab-
sorber. In the above reported Er,Yb:glass lasers the mode
size ratio of gain element versus saturable absorber is typi-
cally in the order of 5, to achieve stable cw mode-locking.
For a discussion of the influence of the gain material- and
SESAM parameters it is helpful to rewrite (1) as

2
Pintra
> Far L Aeft,L Foat, AAett, AAR
frep

= AL FaadenaAR. ™
Oem 1 Oabs

In order to obtain a mode size ratio of 1 we have to increase
the mode size on the saturable absorber. To maintain sta-
ble mode-locking we therefore need gain media with sub-
stantially higher interaction cross sections oemy and oapg than
Er,Yb:glass, or saturable absorbers with lower saturation flu-
ence Fgy A than the used quantum-well SESAMs.

Recently new Er,Yb-doped crystalline materials with
comparably high gain cross sections, improved thermal
properties and very good optical quality have been reported
together with corresponding laser results [42—44]. Also
SESAMs based on quantum-dot (QD) absorbers (i.e. QD-
SESAMs) are attractive and have been used to mode-lock
semiconductor lasers [45, 46] and solid state lasers [47, 48].
With optimized growth conditions QD-SESAMs can exhibit
very low saturation fluence which has been demonstrated in
different spectral regimes [49, 50]. By varying the dot den-
sity, QD-SESAMs offer an additional degree of freedom to
de-couple the modulation depth and the saturation fluence,
such that both can then be custom tailored separately. If a
mode size ratio of 1 can be achieved, monolithic high repe-
tition rate solid state lasers could be assembled with bonding
techniques, similar to those used for passively Q-switched

microchip lasers emitting at 532 nm (like the ones used in
early green laser pointers), reducing the complexity and the
overall costs of the devices. Passively mode-locked GHz-
sources could become a low-cost mass-product like green
solid state laser pointers are today. For many applications
they would be a high-performance but cost effective alterna-
tive to semiconductor based solutions.
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