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Soliton mode-locked Er:Yb:glass laser
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We report on a simple diode-pumped passively mode-locked Er:Yb:glass laser generating transform-limited
1536-nm solitons of 255-fs duration with a repetition rate of 50 MHz and average power of 58 mW. We also

discuss timing jitter and the trade-off between short pulses and high output power in these lasers.
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Er:Yb:glass is an attractive bulk gain medium be-
cause of its emission in the telecommunications C
band near 1550 nm. It can be produced in large
quantities at low cost with high optical quality, and
it can be efficiently pumped with standard 980-nm
telecommunications diode lasers. Therefore, it has
found a wide range of applications: Er:Yb:glass has
been used in high-quality, low-noise, widely tunable
single-mode lasers' for spectroscopy applications,
in compact @-switched microchip lasers for sensing
applications,? and in high-power lasers for military
applications.? In the past few years, Er:Yb:glass
lasers have also established their position as pulse-
generating lasers for next-generation optical net-
works: Zeller et al.* developed passively mode-locked
Er:Yb:glass lasers at repetition rates of up to 50 GHz
(Ref. 4) that are extremely simple and compact, yield
high-quality pulses with average powers of a few tens
of milliwatts, and can be synchronized to an external
clock with very low timing jitter.” This makes them
interesting for applications in transmitters or receivers
of telecommunications networks.® For increasing bit
rates, shorter pulses are required; e.g., pulse dura-
tions well below 1 ps are required for a bit rate of
640 Gbits/s per channel. Therefore, in this Letter
we want to explore the limits of bulk Er:Yb:glass
in terms of pulse duration, starting at low pulse-
repetition rates (a few tens of megahertz), at which
many limitations are avoided. FEr-fiber lasers regu-
larly yield pulse durations of 70 fs or less.” However,
they suffer from a rather complex setup and low
output powers. Additionally, in the regime of very
short pulses (less than a few hundred femtoseconds),
their pulse quality is compromised: Satellite pulses
can appear, and the spectrum often shows strong
features. Here we show that a bulk laser can yield
significantly cleaner (although somewhat longer)
femtosecond pulses with higher average power levels
from a simpler setup.

In the following we discuss how we optimized our
Er:Yb:glass laser for generating short pulses with

0146-9592/05/030263-03$15.00/0

© 2005

relatively high output power compared with earlier
results.® The first aspect to be considered is the Er
inversion level, which influences the gain bandwidth.
For this, we determined the absorption and emission
cross section by use of the reciprocity method® and
the Fiichtbauer—Ladenburg method, similar to what
was reported in Ref. 10. Figure 1(a) shows the
measured emission and absorption cross sections oep
and o, near 1550 nm of Er/QX phosphate glass,
which has been doped with 4.5 X 10 Er ions/cm?
and 1.4 X 102! sensitizing Ybions/cm?3.!' The
reabsorption losses lead to an effective gain spec-
trum g that depends on the inversion level Ns. In
Fig. 1(b) we calculated the gain spectra for differ-
ent inversion levels in a 2-mm-thick Er:Yb:glass
Brewster plate, using the measured cross sections
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Fig. 1. (a) Measured emission and absorption cross
sections of Er:Yb:glass. (b) Calculated gain of a 2-mm
Er:Yb:glass. Brewster plate as a function of wavelength
for inversions or 100% (black) to 0% (light gray) in steps
of 10%.
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according to the formula for the gain of a three-level
laser: g = 2Lg[No(0em t Tabs) — NiotTabs), Where
Niot is the total number of active ions per volume and
L, is the length of the gain medium, which is passed
twice per round trip. It can be recognized that the
gain bandwidth is <15 nm for high inversion levels
of >80%, whereas a much broader gain bandwidth
of =40 nm is achieved for inversion levels in the
range 70—-80%. Please note that this flatness is not
obtained with any gain-flattening filters or other addi-
tional cavity elements. The flatness can be achieved
by proper balancing of emission and reabsorption in
the three-level laser. Therefore shorter pulses can
be obtained by minimizing the cavity losses, because
this leads to a larger gain bandwidth as a result of
lower Er inversion. Additionally, lower gain itself
reduces the bandwidth-limiting effect of the gain
medium. However, too low an output coupler trans-
mission adversely affects the output power because of
the stronger influence of parasitic losses; this is the
reason for the moderate output power in the result of
Ref. 8.

As the low nonlinearity of glass can be undesirably
small in mode-locked bulk lasers, the length of the
gain medium and the mode size in the gain medium
are also important for the achievable pulse duration.
These factors maximize the Kerr nonlinearity, so soli-
ton pulse-shaping effects are enhanced. An alterna-
tive but more complicated way to increase the Kerr
nonlinearity is to include an additional Kerr medium
in the resonator.® Note that, in fiber lasers, the non-
linearity of the gain medium tends to be even larger
than desirable, so short pulses are obtained, but often
with decreased spectral and temporal purity.

A long gain medium also generates the gain with
a lower Er inversion level, which increases the gain
bandwidth, as shown above. Of course, a small laser
spot in a long gain medium tightens the demands
on the beam quality of the pump source. How-
ever, we can benefit from the recent progress on
diffraction-limited 980-nm pump diodes, which led
to fiber-coupled pump modules with 500-mW output
power in a single-mode fiber. We used such a laser
with a polarization-maintaining fiber to pump a
2-mm-thick Brewster-angle Er:Yb:glass plate with the
above-mentioned doping levels (Fig. 2). The mode
radius in the Er:Yb:glass piece was 13 um X 20 um.
The cavity was a standard delta cavity with relatively
long arm lengths and highly curved mirrors (M1
and M2) to yield the required small mode radius
in the gain element (Fig.2). The output coupling
transmission was 1.7%, sufficient to obtain a few
tens of milliwatts of average output power while
keeping the intracavity power high and the inversion
level as low as possible. Self-starting soliton mode
locking!? was achieved with a semiconductor saturable
absorber mirror'®!* (SESAM) with a modulation depth
of 0.5%, a saturation fluence of 25 uJ/cm?, and linear
losses below 0.2%. Thus the intracavity power was
not significantly reduced by the SESAM. Negative
group-delay dispersion was obtained from a pair of
fused-silica prisms that could easily be replaced with
dispersive mirrors to make the setup more compact

and to decrease the losses. The prism separation
was experimentally optimized, as the exact nonlinear
refractive index and dispersion of the Er:Yb:glass that
we used were not known. The shortest pulses were
obtained for a prism separation of 36.5 cm, corre-
sponding to a group-delay dispersion = — 2900 fs? per
round trip. Because of the moderate repetition rate
and small mode radii, @-switching instabilities'® were
observed only at very low pump powers (close to the
lasing threshold). At a full pump power of 484 mW
incident on the Er:Yb:glass, we obtained pulses of
255-fs duration, an average output power of 58 mW,
and a repetition rate of 50 MHz. The spectral band-
width was 9.9 nm, i.e., close to the estimated width of
the gain at this level of inversion. The pulses were
close to transform limited (time—bandwidth product,
0.32) and spectrum and autocorrelation suggest very
clean solitons (Fig. 3). Operation was stable for
hours.

A fundamental advantage of mode-locked solid-state
lasers in terms of noise is that they usually operate
with low intracavity losses. Thus the saturated
gain is low, especially compared with typical fiber
lasers or semiconductor lasers. According to Ref. 16
the quantum limit of the timing phase-noise power
spectral density of a mode-locked laser is proportional
to the saturated gain. Therefore we can expect a
significantly lower quantum limit of the timing jitter
from bulk solid-state lasers than from mode-locked
semiconductor lasers or fiber lasers. We measured
the timing phase noise of the 50-MHz Er:Yb:glass
laser in its laboratory-style configuration, using the
von der Linde method.)” In the laboratory-style
laser strong mirror vibrations and air currents are
present, as the cavity contains several xyz stages and
classic mirror mounts. Thus the laser operates far
from the quantum limit. In this configuration we
measured a rms timing jitter of 2.5 ps when inte-
grating the sidebands of the photodiode signal of the
40th harmonic of the laser between offset frequencies
of 10 Hz and 100 kHz. Because of the low repetition
rate and short pulses, the power level on the fast
photodiode had to be rather low to avoid damage.
Thus, above 2 kHz the measurement was limited
by thermal noise in the electronics. At frequencies
below 2 kHz we observed a quadratic decay of the
timing phase-noise power spectral density with offset
frequencies, as expected from theory. We expect that
with a ruggedized cavity setup (without xyz stages

Transfer optics

Fig. 2. Simplified schematic of the cavity. OC, output
coupler; FSs, fused-silica prisms; M1, M2, high reflec-
tors at 1550 nm, radius of curvature 75 mm; M3, high
reflector at 1550 nm, radius of curvature 200 mm. Dis-
tances: SESAM-M3, 200 mm; M3-M1; 1000 mm; M2—
0OC; 1770 mm.
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Fig. 3. Autocorrelation trace and optical spectrum con-
firming clean 255-fs solitons (time—bandwidth product
0.32).

and minimized air currents), together with feedback
timing stabilization, sub-100-fs jitter should be readily
obtained. Indeed a similar passively mode-locked
solid-state laser (based on Cr:LiSAF) with a rms
timing jitter of 20 fs (25 mHz-10 kHz) has been
presented.’® Additionally, according to Ref. 16, the
quantum limit of the timing phase noise of a funda-
mentally mode-locked laser scales proportionally to
the pulse-repetition rate and inversely proportional
to the intracavity pulse energy. As we are operat-
ing at a 200 times lower pulse-repetition rate with
similar intracavity powers and saturated gain levels,
the quantum limit of the timing phase noise of the
Er:Yb:glass laser with low repetition rates should be
orders of magnitude lower than at 10 GHz, where we
obtained timing jitters below 100 fs from our stabilized
10-GHz Er:Yb:glass lasers,’ despite the high carrier
frequency.

In conclusion, we have demonstrated a simple pas-
sively mode-locked Er:Yb:glass laser using a low-loss
SESAM and a telecom-grade 500-mW diffraction-
limited pump. The good pump-beam quality allowed
us to optimize the design to mitigate the trade-off
between short pulses and high output power. We
obtained clean transform-limited pulses of 255-fs
duration with 58-mW average power. Thus, ap-
plications such as supercontinuum generation that
benefit from the peak power of clean pulses could
significantly benefit from this laser. It could serve
as a replacement for complex systems combining fiber
lasers and Er-doped fiber amplifiers. In addition,
this kind of laser has the potential to operate with
very low timing jitter (<20 fs for a frequency range
of a few hertz to a few megahertz). Therefore it can
find applications in time-resolved measurements such
as optical sampling'® where low noise, high power,

and short, clean pulses are required. We believe that
despite the somewhat longer pulses, this kind of laser
could become a significant competitor for mode-locked
Er-doped fiber lasers because of its simplicity, ease of
use, and clean, stable performance.
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