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Abstract—We present a comprehensive study on multigigahertz generate repetition rates of more than 1 THz [8], but with fairly
repetition rate Nd:YVO, lasers, passively mode-locked with |imited average output power due to the limited mode area.
semiconductor saturable absorber mirrors. A brief review of - pocandy developed optically pumped vertical-cavity surface-
Q-switching instabilities with special emphasis on high repeti- - . .
tion rate is given. We then present basic design guidelines, and €Mitting lasers (VCSELs) which can be passively mode-locked
experimentally show that one can push the pulse repetition rate with SESAMs [9], [10] do not suffer from this power limitation,
of a Nd:YVO, laser up to 157 GHz, reaching the fundamental have generated, e.g., 950 mW of average power in 15-ps pulses

limit to the repetition rate which is given by the pulse duration \\ith 5 6-GHz repetition rate [11]. and promise to generate
and thus by the amplification bandwidth. We also demonstrate P [11], P 9

an air-cooled diode-pumped 10-GHz Nd: YVQ laser with 2.1-w  €V€N higher powers in the multigigahertz regime. Howe\{er, this
average output power and 13% electrical-to-optical efficiency, concept needs further development for product maturity, and
showing the potential of solid-state lasers generating multiwatt, here we concentrate on ion-doped solid-state lasers.
multgigahertz pulse trains with high efficiency. Diode-pumped ion-doped solid-state lasers are well known
Index Terms—Diode-pumped lasers, high pulse repetition, for their potential to deliver high-power mode-locked pulse

mode-locked lasers, semiconductor absorbers. trains in diffraction-limited beams [12], [13]. They feature
efficient, robust, compact, and reliable operation. However,
|. INTRODUCTION because of their relatively low laser cross sections, they exhibit

ASERS with multigigahertz repetition rates are needed asstrong tendency for Q-switched modelocking (QML) when

key components in a big variety of applications. High—cal—ney are operated with short cavities for high repetition rates.

pacity telecommunication systems [1], photonic switching de- the QML regime, the mode—loc_:ked pulse train is ampli-
vices [2] and high speed electrooptic sampling techniques %fe-modulated with a '099 Q-switched enyelope [14], [15].
rely on the availability of multigigahertz pulse trains with sho r this reason, the repetition rates_ Of passively mod_e-locked
puises, low phase and amplitude noise, and pulse energieéofhfd(’ped sohd—stz_ate lasers were limited to a few gigahertz
the order of at least a few picojoules [4]. The signal—to—noi@t'l recently. Passwely_mode—lock_ed Cr: YAG lasers produped
ratio in time-resolved spectroscopy can also be improved wRlY & 2.6-GHz repetition rate with a 115-fs pulse duration
such laser sources [5]. High-repetition-rate lasers are also ubkg]- Repetition rates around 2 GHz have been demonstrated
to generate polarized electron beams [6] for electron accelefdth Kerr lens mode-locked Ti:sapphire lasers [5]. Actively
tors. Although the field of current and potential applications i&0de-locked Nd: YLF [17] and Nd : BEL [18] lasers produced
rather diversified, all laser sources for these applications hdvénd 20 GHz, respectively, but the required modulators and
to meet common requirements. Compactness and reliable #igir drivers add complexity to the setup and limit the maximum
efficient lasing operation are key goals. Wavelength tunabiligchievable repetition rate.
and/or phase locking to an external microwave reference sourc@lote that harmonic modelocking (with multiple pulses circu-
are also often desired. Depending on the specific type of appéiting in the laser cavity) can also be used to increase the rep-
cation, multigigahertz pulse trains with average output powesstion rate of a solid-state laser [19]. An advantage of this ap-
between tens of milliwatts and several watts in a diffraction-linproach is that the QML tendency, which depends on the cavity
ited beam are required. length, is then weaker compared to the case of a short funda-
Different approaches have been developed so far to achigyentally mode-locked laser with the same repetition rate [15].
these goals. Actively mode-locked fiber lasers can generggwever, a stable interpulse spacing is not easy to achieve. We,
pulse repetition rates up to 200 GHz [7], but only with harmonigerefore, concentrate on the simpler approach of fundamental
modelocking, and good pulse stability is then only achieveflodelocking, i.e., with only a single pulse circulating in the
by using quite complex means for stabilization. Edge-emittingser cavity.
semiconductor lasers, passively or actively mode-locked, cann this paper, we summarize the main issues and challenges
for passively mode-locked high-repetition rate lasers. We give
Manuscript received March 29, 2002; revised July 8, 2002. basic design guidelines and selection rules for the gain medium,
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Il. DESIGN GUIDELINES A. Choice of Gain Medium

Passive modelocking of a solid-state laser by incorporatingAs the stimulated cross section can be found in the denomi-
a saturable absorber is a well-known technigue. Howeveator of (2), gain media with large;, are desirable. For oper-
saturable absorbers introduce a Q-switching tendency that @ion near 1:m, Nd : YVO, is the material of choice. Its emis-
drive the laser into the regime of Q-switched modelockingion cross-sectiony, of 114- 10-2° cn? [21] is the largest of
[15], [20]. As the output pulse train then no longer consists @il to-date known ion-doped solid-state lasers (e-@+3 times
pulses with constant energy, this is an unwanted regime of dpgher than Nd: YAG at 1.06:m). Its short absorption length
eration for most applications. The physical picture of the QM(e.g., 90um for 3 at.% Nd doping) and its birefringence are fa-
dynamics can be understood as follows. If, for some reasaorable characteristics for diode-pumped laser setups.
the pulse energy rises slightly above its steady-state value, thi&Jnfortunately, the choice of suitable gain media for Lra-
pulse energy fluctuation can initially grow because the stronggperation is much less favorable. Er:Yb-doped glasses and
bleaching of the absorber increases the net round-trip gainystals typically have much smaller laser cross-sections
However, eventually the increased pulse energy will saturgtarder of 102° cm?); nevertheless, we recently managed to
the gain. If the gain saturation is strong enough, this will leademonstrate a 10-GHz laser at L& based on Er: Yb-doped
to a damped oscillation of the pulse energy, soon returniphosphate glass [22]. Cr:YAG offers significantly higher
to the steady state. Otherwise, the relaxation oscillatioomss-sections~30 - 1072° c¢cm?), but particularly for high
are undamped or even growing in amplitude, and we obtailoping levels (as required for multigigahertz lasers) it is
Q-switched mode-locked operation. From the analysis of thdifficult to obtain good crystal quality with low optical losses.
process in [15], one can draw the following simple relation. A
saturable-absorber mode-locked laser (without soliton effects) cavity Design and Pumping Considerations

is stable against QML if . ) ) . o
The cavity design of high repetition rate lasers is important

E;Cm > Eoat 1 Bsar, aAR (1) because the modes sizes in the gain medium and on the
_ ) ) _ SESAM both influence the QML threshold [see (2)]. The
where £, «:i: is the intracavity pulse energl..., r is the sat- gmga|| dimensions of multigigahertz cavities limit the number
uration energy of the gain mediufi;,., 4 is the saturation en- ot cayity components and exclude the use of too bulky optics.
ergy, andA K is the modulation depth of the absorber. Here, ong,, 5 standing-wave cavity, a 100-GHz free spectral range
assumes that the absorber recovery is slow compared to a pﬁlﬁ‘?esponds to only 1.48-mm separation of the end mirrors in

duration but complete between consecutive pulses, i.e., Withjfi or even less with a gain medium in the cavity. Ring cavities
one round trip. Also, the absorber is assumed to be operateg,a usually difficult to build for this regime.

few times above its saturation fluence.

i i S For highest repetition rates, the mode size in the gain medium
Rewriting the inequality gives

should be as small as possible [see (2)]. This puts stringent limits
Pot, exit > foepToc \/Fsat,LFsat,AALASAR ) onthe beam qgality ofthe pump source, because the_pump_beam

must stay within the laser medium throughout the gain medium.

whereP,;_«ri; iS the average output powgf,,, is the repetition Itis important to realize that an increased pump mode size is un-
rate,T,. is the output coupler transmission at the lasing wavacceptable even after propagation by several absorption lengths
length,F.,; . andFg,;, 4 are the saturation fluences of the gaifbecause these lasers are typically operated far above threshold,
medium and the saturable absorber, respectively,Andénd and higher order transverse modes would easily start lasing and
Ag are the mode areas in the gain medium and on the absorblestabilize the modelocking process. For this reason, the highest

The saturation fluence of the gain mediumis,; ; = repetition rates [23] have been achieved with a Ti: sapphire laser
hv/(m(or + o4)), whereor and o, are the emission and as pump source, although single transverse mode diode lasers
absorption cross sections, respectively, at the laser wavelengttth sufficient power might soon be available.

In a four-level laser (like Nd:YVQ), o4 = 0. m stands for ~ Without a diffraction-limited pump source (as e.g., a
the number of passes through the gain medium within ohéh-brightness diode laser), mode-matching considerations set
round trip, e.g.,m = 2 for simple standing-wave cavities.a lower limit to the mode size in the gain medium. Additional
Note that the relevant parameters of the gain medium are thmiting factors may be thermal fracture of the gain material
laser cross sections, but not the upper-state lifetime as is oftena roll-off in output power due to quenching effects [24].
believed. This means, e.g., that any lifetime-quenching effedke doping density of the laser crystal should be carefully
would not decrease the QML tendency, but even increase it ditieosen: high enough to allow efficient pump absorption in a
to the decreased achievable pulse energy. Note also thatdbort enough crystal and thus also to relax the requirements on
guasi-three-level lasers, the absorption cross section must thet pump beam quality, but also low enough to avoid strong
be neglected in the calculation of the saturation fluence. guenching effects.

Equation (2) also reveals that the higher the repetition rate,For a given pump power, such limiting factors for the pump
the harder it is to fulfill the inequality and to obtain stable conmode size will then directly translate into limitations for the
tinuous-wave (CW) modelocking. Basically, three different asepetition rate, because they can make it difficult to overcome
pects then have to be considered in obtaining design guidiee QML threshold. However, one can increase the intracavity
lines for high repetition rate solid-state lasers: 1) choice of gagower by reducing the output coupler transmission, although
medium; 2) cavity design; and 3) SESAM parameters. this might compromise the power efficiency, and by minimizing
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all additional intracavity losses (e.g., at optical surfaces or in tircomplete. For two reasons, this can easily happen in multigi-
absorber). Also, it helps to operate the absorber in the regimegahertz lasers. First, the round-trip times are rather short (e.g.,
strong saturation (see below) by using a small mode area on #eps for 50 GHz). Second, SESAMs which are optimized for

absorber. low nonsaturable losses tend to have relatively long recovery
times, e.g., in the order of 50-100 ps for MOCVD-grown de-
C. SESAM vices. With low-temperature (LT) MBE growth, significantly

The parameters of the SESAM [25], [26] play a key role ifaster recovery could be achieved, but at the cost of higher non-
obtaining stable self-starting CW mode-locked operation withs@turable losses. However, we have demonstrated at a wave-
high repetition rate. Here, we discuss several important aspet@§gth of 800 nm with LT GaAs absorbers, that post-growth

The modulation depth (i.e., the maximum change of refle@nnealing results in an improved saturable absorber with small
tivity) of the SESAM must be large enough to obtain stableonsaturable absorption [30]. We expect that LT InGaAs should
and self-starting modelocking. For cavity losses in the order 8fiow similar improvements. The effect of incomplete absorber
0.5%—1%, a modulation depth in the order of 0.2%-0.4% is tyfcovery can be modeled numerically, but we can't give a simple
ically sufficient. This is usually achieved with a quantum-wefnalytical equation in this case. As a simple guideline, the in-
absorber layer ofs5-10 nm thickness. A larger modulationcomplete absorber recovery tends to increase the degree of sat-
depth may be desirable for generating shorter pulses [27], kti@tion and typically decrease the effective reflectivity change
itincreases the QML tendency [see (2)]. In addition, this wouluring a pulse. As a consequence, the QML tendency is reduced,
tend to increase the nonsaturable losses, decreasing the irf@athat incomplete recovery would appear to be advantageous
Cavity power and thus further increasing the QML tendenc&@l’ hlgh repetition rate lasers. However, it would seem to be
High nonsaturable losses may also lead to too-strong heatin§etter to use a faster absorber with reduced modulation depth,

Another factor is the saturation energy, given as the prodiubtis also reduced nonsaturable losses, and reduced saturation
of saturation fluence and mode area. Operation with an intflence, if such a device were available.
cavity pulse energy of at least two to three times the saturationPespite the moderate output power, the laser spot on the
energy has been assumed in the derivation of (2), but with tRESAM in a multigigahertz laser can easily be heated by a
small pulse energies in multigigahertz lasers, this requires faif§w tens of Kelvin. This can be tolerated but is significant and
small mode areas which are sometimes difficult to achieve dg@mparable to the typical temperature rise in a SESAM of a
to geometrical restrictions [(2) is then somewhat on the pedgh-power laser. The reason for this is that the intracavity
simistic site]. Therefore, SESAM designs with low saturatioROwer is relatively high and a small spot on the SESAM is used.
fluence are desirable. Note that typical designs (“low-finesse d&-other words, each time the SESAM is saturated, a certain
signs”) are anti-resonant, utilizing the Fresnel reflectivity frorBnergy is dissipated in the absorber layer, and this happens with
the semiconductor-air interface [14], [26]. The field intensity i repetition rate which is much larger than in typical passively
the absorber can be further reduced by increasing the top laj@de-locked lasers.
reflectivity with an additional dielectric coating [28]. This de- It has been shown [31], [32] that two-photon absorption
creases the modulation depth and the nonsaturable losses(b8f) in @ SESAM can be exploited to reduce the QML
also increases the saturation fluence. Therefore, it is usudfpdency. Effectively, it reduces the increase of reflectivity for
better to use a design without additional coating, or possibiijcreasing pulse energy. However, this solution has not yet been
even an anti-reflection coated device [29], and reduce the métgmonstrated for a multigigahertz laser. The moderate peak
ulation depth and nonsaturable losses by using a rather thin Egensities which are practically achievable in such lasers make
sorber layer. However, starting with a given semiconductor dée TPA effect in a normal SESAM very weak. However, it
vice (with thicker absorber) it may be useful to modify its propmay be possible to increase it sufficiently by adding a relatively
erties with an additional reflective coating. thick transparent semiconductor layer to the design in which

The QML tendency could, in principle, be reduced by opef-PA can occur.
ating the absorber far above the saturation fluence (i.e., with a
very small saturation energy achieved, e.g., with a very smBl
mode area). Absorber damage or modelocking instabilitieslt has been shown [15] that operation in the soliton mode-
might set limits to this approach. In practice, this regime wouldcked regime, i.e., with an appropriate amount of negative
be difficult to reach in a multigigahertz laser anyway. anomalous dispersion in the laser cavity, can substantially

The recovery time of the SESAM is usually longer than theeduce the QML tendency of the laser. Typically, the critical
pulse duration. It has been shown to have little direct influengellse energy for stable modelocking can be increased by a
on the obtainable pulse duration, except that it determinedagtor in the order of four. The physical mechanism behind
minimum pulse duration below which the pulses would becontleis is that any increase of pulse energy increases the soliton
unstable [27]. In most multigigahertz lasers, this minimum isandwidth, and thus reduces the gain, as the gain bandwidth is
not relevant, and the resulting pulse duration depends maititpited.
on the modulation depth relative to the total cavity loss and Multigigahertz lasers, as we have demonstrated [23], [33],
on the gain bandwidth, but not much on the SESAM recovetypically operate with pulse durations of a few picoseconds.
time. Nevertheless, the recovery time does become import&@spite the high average intensity in the gain medium, the
when it becomes comparable with the round-trip time or eveeak powers are moderate, and thus the influence of the Kerr
larger; the SESAM recovery during one round-trip time is themonlinearity is weak. For this reason, a moderate amount of

Soliton Mode-Locked Operation
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Cavity

negative anomalous group delay dispersion is sufficient for fc £ el i

mation of soliton-like pulses, despite the relatively long puls - L MYV O
duration. On the other hand, this means that the soliton shap

effects are weak, and thus these solitons are less stable agj ;“ "tkl-l'f?": ' | Pump

perturbations than those usually encountered in femtosecé=———— Ppn

solid-state lasers. Nevertheless, we have demonstrated | 1& 'I'
below) that soliton mode-locked operation allows substantial - S i bk
higher repetition rates to be reached because it reduces Ol pal T r—

QML tendency and the pulse duration, thus reducing the

problem of overlap of consecutive pulses at very high repetitié#9- 1. Diode-pumped 10-GHz, 2-W Nd : Y\iGsetup.

rates [23].

1.0
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[ll. NEw EXPERIMENTAL RESULTS g _S-é’
©
Based on the design guidelines discussed above, we now £ osk Té‘
describe two different Nd : YVQlasers for extreme parameter § 2
regimes. The first has been optimized for high output power E >
with a 10-GHz repetition rate. The second laser was designed L N
to demonstrate an extremely high repetition rate of nearly 0'940 20 0 20 40
160 GHz, which is at the fundamental limit given by the gain Delay time, ps
bandwidth of Nd: YVQ. @
a
A. 10-GHz, 2.1-W Nd: YVQLaser 0 ey

res. bw.: 300 kHz
Compared to mode-locked edge-emitting semiconductor ®

lasers, mode-locked lasers based on ion-doped crystals can
deliver much higher output powers. This makes such devices
useful, e.g., as pump sources for various kinds of nonlinear
optics experiments. As an example, we demonstrate here a
10-GHz laser with high output power for synchronous pumping -50
of a parametric oscillator which generates a 10-GHz output in
the 1.5um spectral region [34] for telecom applications.

The laser setup, shown in Fig. 1, is similar to the setup of a (b)
previously demonstrated 13-GHz laser [35]. As a pump SOur¢gy. 2. Autocorrelation (fully overlapping) with the (ach? fit and (b) RF
we use a high-brightness diode laser (unique-m.o.d.e.) dekpectrum of the 2-W 10-GHz laser.
ering 5.6 W at 808 nm with a beam quality factof Mf ~20
in both directions. This beam is focused through an 18-mm rdve nonsaturable losses, a dielectric top mirror with 70% reflec-
dius cavity mirror to a spot witls50-um radius in air. The tivity for the lasing wavelength of 1064 nm was deposited. The
FWHM linewidth of the pump source 1.5 nm, slightly com- measured SESAM parameters &tg, .4 ~ 100pJ/cn¥, AR =
promising the pump absorption efficiency in the 1-mm-lonQ.24%, and a recovery time ef100 ps. The estimated nonsat-
and 0.5% Nd-doped YVOQlaser crystal which is aligned underurable losses are0.1%.
Brewster’s angle and placedr/-mm away from the output cou-  With 5.4 W of incident pump power at the crystal we achieved
pler. The output coupler has95% transmission for the pumpa mode-locked average output power of 2.1 W in a diffraction-
and has 1.8% transmission for the output beam. The calculatiggited beam. The lasing threshold was below 50-mW pump
laser mode radii in the crystal are G/ by 143;m and 50um power. The optical-to-optical slope efficiency was 39% (elec-
on the SESAM, respectively. For precise tuning of the repetitidfical-to-optical efficiency: 13%) and showed no roll-off, even
rate in the range 9—11 GHz, the SESAM mount was stacked o@itanaximum pump power. The measured autocorrelation is well
motor-driven translation stage. On the back side of the SESAfiited with a 13.7-psiech” pulse. The resulting maximum peak
mount a small cooling fin was attached, because otherwise &8Wer was 13 W. Fig. 2 shows the autocorrelation and the radio-
sorption of residual pump and laser radiation in the SESAffequency (RF) spectrum, indicating a clean mode-locked pulse
would raise the SESAM temperature too much. Note that ti&in at 10.3 GHz. The measured QML threshold is around 1 W
whole system is completely air-cooled. output power.

To ensure efficient operation, the nonsaturable logsAg; o ) »
of the SESAM had to be minimized. Furthermore, the saturatiéh Miniature Nd:YVQ Lasers With Repetition Rates up to
fluence as well as the modulation depth had to be kept smafito7 GHz
We achieved this with a MOCVD-grown SESAM consisting This experiment was done to demonstrate the ultimate limit
of one 15-nm-thin lg25Ga.75As quantum well embedded infor the repetition rate of a mode-locked Nd : YY@ser. As res-
70-nm GaAs respectively AlAs spacer layers. To further reduceator setups with commercially available optics are too bulky

RF signal, dBc

10.28 10.29 10.30 10.31 10.32
Frequency, GHz
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Fig. 3. Schematic miniature laser setup, as used for repetitionx@@ & Hz. §
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for this purpose, we used a quasimonolithic resonator design as £ .
shown in Fig. 3. RPN ) A\ AN
This type of resonator is made of a Nd : YY®©rystal which 1.063 1.064
is polished with a certain radius of curvature on one side and Wavelength, pm

flat on the other side. The curved side is coated as an output ®)
coupler with>95% transmission for the pump light. The flat
side can be uncoated or antireflection coated for the laser waf- 4. (a) Autocorrelation trace of the157-GHz pulse train. The pulses are
. . about 6.4-ps apart. (b) Optical spectrum. Only three longitudinal modes are
length. We used uniformly doped Nd: Y\V(@rystals for such oscillating. Dotted lines: SESAM S1. Solid lines: SESAM S2.
resonators, although a composite structure with a doped and an
undoped section, pumped through the undoped section, could
be beneficial for multiwatt operation without thermal fracturethe slope efficiency due to thermal effects. (Note that the high
The repetition rate of the laser is mainly given then by the lengtieodymium concentration reduces the efficiency of the mate-
of the solid medium and slightly reduced by the residual air gafal [24].) Therefore, the maximum achievable average output
between the crystal and SESAM. The pump beam and outpigiver for 0.5 W of pump power was 110 mW for SESAM S1
beam are separated by a dichroic mirror. By using a speciadyid 45 mW for S2.
designed output coupler SESAM [36], one could get rid of even Fig. 4 shows the autocorrelation (dotted line for SESAM S1,
the dichroic mirror, resulting in a very compact and rugged coselid line for SESAM S2), including the cross-correlation with
figuration. adjacent pulses for both SESAMs. The pulse-to-pulse spacing
This approach enabled us to demonstrate Nd:YV&ers of ~6.4 ps corresponds to a 157-GHz repetition rate. The auto-
with 29 GHz [37] and 59 GHz [33], and also with soliton pulsesorrelation of the shorter pulses (with SESAM S2) shows sig-
with up to ax~77-GHz repetition rate [23]. Here, we show thahificant overlap of consecutive pulses. However, it is consistent
modelocking is possible even atl57 GHz, although this rep- with a train of hyperbolic secant pulses with 2.7-ps duration, so
etition rate is already=60% of the FWHM gain bandwidth, so that the minimum power (between the pulses) is only 13% of
that a single longitudinal mode experiences most of the gainthe peak power, although the minimum autocorrelation signal
For nearly 160-GHz repetition rate, the 3% neodymiunis 46% of the maximum signal (see Fig. 4). SESAM S1 results
doped crystal is only=4404:m long. The curved side has ain slightly longer pulses (and therefore bigger overlap), which is
10-mm radius of curvature and is coated for 99.8% reflethe result of the smaller modulation depth compared to S2. Fig. 4
tivity at the laser wavelength (1064 nm) and high transmissi@hows the corresponding optical spectra for SESAM S1 (dotted
(>98%) at the pump wavelength (808 nm). The other side is fliie) and S2 (solid line), with the longitudinal modes resolved.
polished and antireflection coated for the lasing wavelengtim both cases<80% of the power is in the central longitudinal
In the modelocking experiments, we have used two differemtode.
SESAMs. SESAM Sl is identical to the one described before.Calculations show that the small power in the neighbored
SESAM S2 is identical to S1, except with a 55% reflectintpngitudinal modes is consistent with the pulse shape retrieved
top mirror (instead of 70%), leading to a somewhat increasé@m the autocorrelation. This situation is very unusual for a
modulation depth, but also to increased losse6.1%). The mode-locked laser; nevertheless, the term “modelocking” is en-
laser mode radius is218 xm on the SESAM and in the gaintirely appropriate here because a fixed phase relationship be-
medium. Note that the SESAM recovery between consecutiweeen the three longitudinal modes is essential for the genera-
pulses is very incomplete, so that the effective reflectivitijon of these pulses.
change is significantly smaller than the modulation depth We could not take an RF spectrum as for the 157-GHz laser
measured at much lower repetition rates. because the frequencies are too high. Q-switching instabilities
The slope efficiency of the laser is 21% with S1 and 9% witbould nevertheless be investigated. If the laser is somewhat mis-
S2. For pump powers above 0.5 W, we observe a roll-off aligned, Q-switching instabilities, leading to an oscillation of
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IV. CONCLUSIONS ANDOQUTLOOK

We have discussed in depth the design criteria for passively
mode-locked ion-doped solid-state lasers with multigiga-
hertz repetition rates. The main issue is the suppression of
Q-switching instabilities. This is achieved with a combination
of measures, notably the choice of Nd : YY@s a very suitable
gain medium for this purpose, the use of optimized laser
cavities with very small mode areas, and the use of SESAMs
with a small modulation depth. Based on the given design
criteria, we have demonstrated lasers with extreme operation
parameters. The first laser was optimized for high output
power at a 10-GHz repetition rate with diode pumping. More
than 2 W of average power has been achieved, despite design
requirements which are somewhat in conflict with requirements
for high-power operation. The second laser was pushed to an
extremely high repetition rate of 157 GHz, reaching a new
regime where consecutive pulses are getting so close that the
pulse duration, which is limited by the gain bandwidth, set a
limit on the repetition rate. In this unusual regine80% of
®) the power is contained in a single longitudinal mode.

Compared to other high-repetition rate lasers, the output

Fig. 5. Laser running in QML (dotted line) operation and CW mode-lockegqwer of these Nd : YVQ lasers is verv high. This has alread
(solid line) operation. (a) Time domain, taken with a fast photodiode andﬁa ) Q y hign. Y

400-MHz digital oscilloscopeThe oscillations represent bunches of pulsesenabled us to pump a 10-GHz parametric oscillator [34], and
individual pulses are not resolve¢b) Corresponding RF spectrum. In cleanapplications in combination with other nonlinear processes
CW mode-locked operation, the peaks disappear under the detection noise | . ; ; ; :
Data taken with SESAM Sa. H&Ve also become possmle. In p_artlcular, contlng_um generation
[40] should be feasible at a multigigahertz repetition rate.

_ ) For output wavelengths other thaml pm, particularly
the _pulse energy, can be observe_d with a_fastphotodmde a_”‘#(ﬁ'”the telecom band around 1.5 and LB, the available
oscilloscope or a RF analyzer (Fig. 5). With proper laser aliggain media are less ideal for high repetition rates compared
ment, they are firmly suppressed; a stable pulse train occursgryq - yyo,. Nevertheless, the discussed design aspects are

the oscilloscope, and the oscillation peaks observed on the Elilar, and we could recently demonstrate a 10-GHz passively
analyzer disappear in the noise level, which is more than 60- de-locked Er: Yb:glass laser at L&n [22]. Other inter-

lower. The data in Fig. 4 were taken in this situation. : : : o
. o L esting candidates are Nd: YMGnd Nd: YLF with emission
Note that the intracavity dispersion is normal, so that th 9 M

157-GHz pulses are no solitons. Under these circumstancaee[s,1342 and 1313 nm, respectively.
the short pulse duration of 2.7 ps (for SESAM S2) first appears
to be surprising, particularly because of the small modulation
depth and only partial SESAM recovery between the pulses. N .
However, note that spatial hole burning also must be expecte_(irhe authors thank J. Aus der Au, G. J. Spihler, and C. Hon-

to be rather strong in this laser, and this tends to suppgrlf“‘:’e_r for mgny helpfgl discussions, and P. M. Maletinsky for
the neighbored longitudinal modes, thus decreasing the puféP in experiments with the 157-GHz laser.
duration [38], [39].

Because of the very small mode size20 p.m radius) in the
gain medium, the requirements for beam quality of potential 1
diode pump lasers are quite high. Typical 2-W laser diodes at[
808 nm operate with an #Mof ~20. Focused down to a spot [2]
radius of 20u:m, the confocal parameter would be as small as
0.13 mm. Because most of the pump light must be absorbed i
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