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Abstract. We generated self-starting sdo-fs pulses from power [10]. Even shorter pulses ®f5 fs have been obtained

a Ti:sapphire laser using a combination of a broadband semly external pulse compression [11, 12]. In addition, passive-
conductor saturable absorber mirror (SESAM), novel doublely modelocked diode-pumped solid-state lasers are beginning
chirped mirrors, and Kerr-lens modelocking. We present a déo provide compact femtosecond sources in the visible and
tailed overview of broadband SESAMs used in Ti:sapphireear-infrared wavelength range [13].

lasers and discuss their design issues. Using such a SESAM The currently shortest pulses 6f5 fs obtained directly

to assist the KLM process, we have generated pulses witlhom a Ti:sapphire laser [10] are still not at the theoretical
a duration of only6.5fs, the shortest to date directly from limit, which is around3 fs for Ti:sapphire. The goal to push
the laser. Pulses as short E3fs were generated by soliton towards this theoretical limit may not appear very attractive.
modelocking alone. Higher-order dispersion compensatiorlowever, this push for ever-shorter pulses often results in new
was achieved with novel double-chirped mirrors in combinaand important developments, which benefit not only the ul-

tion with intracavity prisms. timate limits in ultrashort-pulse generation, but also lead to
more reliable, versatile, and compact femtosecond sources.
PACS: 42.60F; 42.65; 42.80 Examples of such developments include novel modelocking

techniques such as Kerr-lens modelocking (KLM) [14-17],

soliton modelocking [18—20], chirped mirrors for dispersion
The many potential applications of ultrashort laser pulses irompensation [21, 22], and semiconductor saturable-absorber
physics, chemistry, biology, or medicine have strongly mo-mirrors (SESAMS) [13, 23]. These developments provide the
tivated the intensive work in this field over the past fewbasis for increasingly simpler ultrafast lasers, allowing for
years [1]. The applications benefit from either the time resotheir use in new applications that do not necessarily require
lution, the high peak power, or the broad coherent spectrura laser expert to operate the ultrafast system.
of femtosecond pulses. For example, heavy-light-hole quan- It is well known that higher-order dispersion is the major
tum beats in bulkGaAs have been studied witRO-fs time  limitation in short-pulse generation [24, 25]. In Ti:sapphire
resolution [2]. Sul20-fs ultraviolet pulses can be efficiently lasers, the intracavity prism pair [26], which is well estab-
generated due to the high peak power of amplified ultralished for compensating the group delay dispersion (GDD),
short pulses of Ti:sapphire laser systems [3]. Furthermorés mainly responsible for this higher-order dispersion. Sub-
the efficiency of high-harmonic generation is larger for short-10-fs pulses were obtained for the first time by minimizing
er pulses [4,5]. A broad coherent spectrum is required foall dispersive effects in the laser cavity by using low dis-
femtosecond optical pulse shaping and processing (i.e. “c@ersive material for the prisms, a short laser crystal, and
herent control”), which provides an attractive experimentasilver mirrors [25]. A new solution to the problem of dis-
tool for more sophisticated ultrafast spectroscopy [6]. Suclpersion compensation was provided by the invention of
coherent control can also contribute to a wide range of conehirped mirrors [21,27,28]. These mirrors offer negative
munications and information processing applications, sucGDD and a larger spectral bandwidth than standard laser mir-
as high-density wavelength-division multiplexing [7], inter- rors. Pulses as short as7.5 fs have been generated by using
connects and networking [8]. In addition, optical coherencehirped mirrors instead of prism pairs in a Ti:sapphire ring
tomography benefits from the short coherence length and tHaser [29]. However, the prisms are still a very useful ele-
broad spectral bandwidth of ultrashort pulses [9]. The numment in the laser. For practical applications it is often very
ber of applications in the subd-fs pulse regime continues to helpful that the laser can be easily converted from gener-
increase, stimulated by the improvements in ultrafast sourceating extremely short pulses into a widely tunable source
The shortest pulses currently generated directly out of a lasewven at the expense of the pulse duration. We generated
have a pulse duration @.5fs at 200 mW average output self-starting6.5-fs pulses by using prism pairs in combina-




138

tion with a double-chirped mirror [10,22]. These mirrors1 Modelocking techniques

were designed to compensate the higher-order GDD of the

prism pair. Self-starting was obtained by using a broadbandhe generation of ultrashort pulses relies on passive mode-
SESAM [30]. locking techniques, because only a passive shutter is fast

The use of SESAMs in the Ti:sapphire laser is anothenough to shape and stabilize ultrashort pulses. The pas-
er new development arising from the need for a reliablesive shutter is obtained from a saturable absorber, which can
starting mechanism for ultrashort pulses. Until recently, thébe either a real absorber such as semiconductors and dyes
shortest pulses were generated by KLM alone [25,29, 30pbr an artificial absorber created by the modelocking mecha-
However, pure KLM pulses are typically not self-starting nism. In this section, we critically review the desired absorber
in the 10-fs regime. This is not surprising, since inl&fs  properties needed to generate self-starting pulses in the sub-
Ti:sapphire laser with 400-MHz repetition rate, the peak 10fs regime and ask how these parameters compare with
power changes by 6 orders of magnitude when the lasexisting saturable absorbers. We distinguish between two ex-
switches from cw to pulsed operation. Therefore, nonlineaisting modelocking mechanisms in Ti:sapphire lasers which
effects that are strong in the sdf-fs regime are typically are capable of generating pulses in ttefs pulse regime.
too small to initiate modelocking in the cw-operation regime.These modelocking mechanisms are Kerr-lens modelocking
Broadband SESAMs, which have been designed especiand soliton modelocking. The latter is based on a slow sat-
ly for Ti:sapphire lasers [30], now offer the possibility to urable absorber made of a SESAM.
start KLM for pulses belowl0-fs duration. Furthermore, the KLM has proven to be an excellent modelocking mech-
SESAMs relax the critical cavity alignment, which is neces-anism based on the generation of an artificial fast saturable
sary to obtain a strong and optimized KLM, because eveabsorber (Fig. 1a) [14—17,51]. The Kerr nonlinearity of the
a SESAM with a moderate amount of saturable absorptioii:sapphire crystal causes a strong self-focusing of the laser
will drive the pulsewidth down to typically abodi00 fson
its own. SESAMs have been successfully used to passive-
ly modelock many solid-state lasers such as Nd:YLF [23,
32-34], Nd:YAG [33,35], Nd:LSB [36], NdYVO,4 [34], "=
Nd:glass [37, 38], Yb:YAG [39], Yb:glass [40], Cr:LiSAF [41—

46], Cr:YAG [47, 48], Cr:forsterite [49], and others. SESAMs

can also provide self-starting, stable modelocking in lasersgain
that are difficult or problematic for KLM, such as diode-
pumped lasers with a weak Kerr nonlinearity [46].

We have also found and described a new modelocking
technique, which we refer to as soliton modelocking [18—20]. ;
The main difference between KLM and soliton modelocking ™
can be found in the temporal behaviour of the saturablea
absorber action. KLM is an artificial fast saturable absorber,
whereas soliton modelocking is based on a slow saturabless
absorber realized by the SESAM. Soliton modelocking has
been experimentally verified in Ti:sapphire lasers [19]. Puls-
es as short a43fs have been generated with a purely
soliton-modelocked Ti:sapphire laser by using a broadband | :
SESAM [20]. The SESAM used for th&3-fs result shows 9" _{ i -~ ________
a recovery time of60fs which is more than four times 1%
longer than the pulsewidth. However, stable pulses can still /
be obtained, because the pulse shaping is done by solf¥se.
ton formation, whereas the absorber only starts and stabbk
lizes the pulse. In contrast to KLM, soliton modelocking
is obtained over the full cavity stability regime of the laser
cavity.

Depending on the temporal behavior of the SESAM
and the final pulsewidth, the essential modelocking mech-
anism in solid-state lasers is either fast saturable-absorber
modelocking [50] or a continuous transition to soliton®™ _§ §
modelocking stabilized by a slow saturable absorber [18,
20]. In combination with diode pumping, SESAMs of- i
fer the realization of compact and reliable ultrafast laseP4se../
sources. ¢

In the following two sections, we discuss the ideal mode-ig. 1a—c.Pulse-shaping and stabilization mechanisms in a Ti:sapphire laser
locking mechanism, the ideal saturable absorber and compaie use ofa the fast artificial saturable absorber KL the slow saturable
them with mechanisms that are available today. Section 3 d@bsorber given by the response of a SESAM plus soliton formatione

: . - - response of a SESAM and a fast contribution due to KLM. The loss consists
scribes the experiments resultmg in the shortest pulse, Whl(’r the frequency-independent loss of the saturable absorber and the output

arose becalfse 'Of major progress in dispersion compensatigipier, but does not contain the losses introduced by gain filtering or other
and the fabrication of broadband SESAMs. intracavity filtering elements

loss
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Table 1. Comparison of different modelocking mechanisms with the ideal modelocker fatGigopulse generation

pure KLM soliton modelocking
characteristics ideal without SESAM with SESAM
modulation depth high can be high partly adaptable

soft aperture: none

nonsaturable losses none hard aperture: possible materiafmirror losses
saturation behavior adaptable unknown adaptable
absorber recovery time with respect to bitemporal
pulse shortening fast fast slow
self-starting slow fast slower
wavelength dependence no no yes
spatio-temporal coupling no yes no
cavity design full freedom critical alignment no critical alignment

beam inside the crystal. This results in an overall changshorter pulses. In KLM, the modulation depth is produced ei-
in the beam size. Therefore, the self-focusing of the bearther by the decreased losses because of self-focusing through
leads to a self-amplitude modulation in conjunction with ei-a hard aperture, or by the increased gain in the laser as a re-
ther a hard or a soft aperture. The pulsed mode of operaticult of an increased overlap of the laser mode with the pump
is favoured, because it experiences less losses than the omode in the laser crystal. We observe that the output power of
mode because of the aperture. We have demonstrated tlel0-fs-KLM laser system is typically reduced by a factor of
modelocking of Ti:sapphire lasers in thé-fs regime is also 2 when the laser switches from the pulsed into the cw mode.
possible by soliton modelocking, stabilized by a broadband@he modulation depth is then as large as the total losses if we
SESAM [30]. Soliton modelocking is a modelocking mech-assume operation far above threshold. For instance, a mod-
anism in which the pulse is completely shaped by solitorulation depth of about 10% can be obtained if the laser is
formation, but stabilized by a slow saturable absorber. In coreperated several times above threshold via a 10% output cou-
trast to KLM, the net-gain window does not close immedi-pler and soft-aperture KLM. In soliton modelocking, we can
ately after passage of the pulse (Fig. 1b). If the modulatiorthange the modulation depth of the absorber to within a range
depth of the saturable absorber is high enough, it is still possf a few percent by choosing a suitable absorber material, ab-
sible to generate short pulses. Self-phase modulation (SPMprber thickness and structure of the SESAM. Numerical sim-
and GDD are in balance only for the soliton. Any backgroundulations show that we need about 10% modulation depth and
noise or fluctuations that may grow, do not experience SPMmnore to maintain sulio-fs pulses depending on the details
but rather GDD. They are spread in time as a result of thef the bandwidth limitation in the system. A large modula-
GDD and are ultimately absorbed by the slowly recoveringion depth over the full bandwidth of the pulse spectrum is
absorber. Such a slow absorber can be obtained by a broadksirable. This is not a trivial task, because the saturable ab-
band SESAM, which is an independently adjustable elemersorption of semiconductors is wavelength dependent, as will
in the laser cavity. be discussed later.

In Table 1, we define the characteristics of an ideal mode-
locking mechanism and make a comparison with the two
modelocking regimes described above. Furthermore, we ag-2 Nonsaturable losses
sume that dispersion compensation is a problem that can be
treated separately, and that the gain bandwidth is as broad Ashigh modulation depth of a SESAM is typically combined
that of a Ti:sapphire laser extending from ab650 nmto  with nonsaturable material losses of the absorber. Additional
1050 nm Afterwards, we explicitly ask what would be the losses are also caused by the bottom mirror, which supports
ideal absorber for generating the theoretically shortest pulseee SESAM. Nonsaturable losses are not desired, because
out of a Ti:sapphire laser. they only reduce the efficiency of the laser. A soft aperture
in KLM introduces no losses at all, because only the gain is
modulated. In contrast to the soft aperture, a hard aperture can
introduce real losses, because the aperture has to cut the beam
Jo obtain an efficient change in transmission between pulsed
nd cw operation. However, it is difficult to estimate how

1.1 Modulation depth

The modulation depth is the total amount of saturable loss
of the absorber, which can be bleached by an “infinitely” higha ; .

pulse energy (i.e. a pulse energy density much larger than t uch the hard aperture finally contributes to nonsaturable
saturation fluence of the absorber). According to all model0SSes:
locking theories [50, 52,53], we find that the pulsewidgh

is typically inversely proportional to the modulation depth

AR~ 2qq of the saturable absorber: 1.3 Saturation behavior

To minimize the losses, the absorber should be saturable with
pr the expected pulse fluence in the case of a slow absorber or
0 with the pulse peak intensity in the case of a fast absorber.
The exponential factar varies in the different modelocking A quantitative criterion for a slow absorber is that the pulse
theories. A high modulation depth always helps to achievenergy in the laser should be several times more than the

Tp X with « > 0. Q)
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saturation energy. If the pulse energy is far above the sat- A fast saturable absorber is preferable for pulse shorten-
uration energy, the laser tends to have multiple pulsing amg, but it only weakly supports the self-starting of sLi{s
observed in different laser systems [38,54]. Therefore, thpulses as can be derived from Eq. (8) of [53]. There, the case
ideal saturation energy should be adaptable to the pulse eaf a homogeneously broadened laser is considered. Without
ergies expected or desired in the laser. It is difficult to defin@ny intracavity absorber, only one longitudinal cavity mode at
a saturation fluence in KLM lasers and even more difficulthe center of the gain is running. The gain is saturated, so that
to measure it. However, the onset of multiple pulsing as oball neighbouring modes are below threshold. The saturable
served in KLM Ti:sapphire lasers [54] gives a rough estimatebsorber causes two-mode coupling between the cavity mode
of the present saturation fluence for a given laser set-up. lat line center and the cavity moae times the mode spac-
contrast, in soliton-modelocked lasers the saturation fluendeg 27/Tr away from the line center. This two-mode cou-
of the SESAM can be determined by independent measureling provides additional gain for the adjacent modes to reach
ments [55, 56]. In the laser set-up, the incident pulse intensitthreshold. The growth rate of these modes can be used as an
onto the SESAM can then be adjusted by changing the inestimate for the modelocking build-up tinigigT. Note that
cident mode area, i.e. by varying the focus, or by differentve assume that the growing modes become phaselocked au-
SESAM designs [13]. Therefore, the saturation or of howtomatically and form a pulse. This may not always be the case
many times the incident pulse energy fluence is above thand has been considered in [59]. For an absorber recovery
saturation fluence can be adapted by using SESAMs. time za that is short compared to the roundtrip tifig and

a long normalized upper-state lifetirig = 7/ Tr of the gain

much greater thaifir, Eq. (8) of [53] can be simplified to the

1.4 Absorber recovery time approximate condition

Another important parameter of the saturable absorber is 1 200 200

its temporal response to an excitation pulse. It determine—q;MBT ~ E_ATA - (2mm)2T2P, d (2)
the maximum pulse shortening, i.e. the minimum achievable L

pulse duration, and the modelocking build-up characteristic§nere p is the intracavity laser powergg the modulation
of the laser. In a fast-saturable-absorber model, the r€COWepth of the saturable absorb&y = AEsa is the satura-

ery time of the saturable absorber is fast compared to thg,, energy of the saturable absorber wHgy the satura-
pulsewidth. Therefore, the open net-gain window is formed;;, fluence andA the incident laser mode aregp is the

by the pulse itself and is as broad as the pulsewidth (Fig. 1akmna)|signal amplitude gain coefficient, afd is the satura-
In this way, the laser system discriminates against noisg;on power of the laser gain. As expected, the modelocking
which may grow outside the net-gain window. Thus, an ultrayjjgyp time decreases with increasing intracavity power.
short pulse is ideally kept stable by a fast saturable absorbefe second term in (2) inside the brackets determines the
The artificial fast saturable absorber in KLM is as fast as theneshold for self-starting as given by the laser parameters,
Kerr nonlinearity, which is estimated to be of the order ofyhich is independent of the intracavity power only in this
a few femtoseconds [57]. Hence, KLM is responsible for thegimjified equation. The first term shows that a small satu-
shortest pulses obtained from Tl:sappmre lasers [10, 25, 2?£tion energy and a long absorber recovery time support the
and should be capable of supporting even shorter pulses dp|f_starting of modelocking. Therefore, the fast response of
only the time response of the absorber is considered. the artificial absorption due to KLM is detrimental for self-
In the soliton-modelocking regime, we have shown thakiating. Self-starting KLM lasers in thie0-fs pulse regime
a slow saturable absorber can also support ultrashort pulS§g,ye not yet been demonstrated without any additional start-
If strong soliton formation is present, the pulsewidth can b‘?ng mechanisms such as feedback-initiated starting [29, 60]
much shorter than the apsorber recovery time. The shortest 3 SESAM [30]. A clear advantage of using SESAMs is
pulsewidth we have obtained so far with pure soliton modey gimple and reliable starting of the modelocking process.
locking is 13fs using an absorber with a recovery time of semjconductor absorbers typically show bitemporal behav-
only60fs(F|_g. 5c¢). Figure 1b shoyvs the computerS|mu'Iat|oni r. The pump—probe measurement of broadband SESAM
of the resulting absorber dynamics, the calculated gain Ie"‘?j)sed in the soliton-modelocke®-fs experiment shows not
and the pulse intensity versus time. The saturable loss showyyy the typical60-fs time constant resulting from intraband
in Fig. 1b consists of the frequency-independent loss of thﬁhermalization [61], but also a long time constant in the pi-
saturable absorber and the output coupler. It does not contaiysecond regime resulting from carrier trapping and recom-
the losses introduced by the gain filtering and other spectrgfination (Fig. 5¢). We benefit from this long time constant

filtering elements in the laser cavity, which play a dominant,cqrding to (2) because it is responsible for the self-starting.
role at the pulse durations considered. The open net-gain win-

dow is larger than the pulsewidth. One expects that this tem-

poral behavior has consequences on the pulse quality, i.e., theés Wavelength dependence

presence of pulse pedestals growing in the open net-gain win-

dow. From this simple picture we would expect larger pulsdt should be mentioned that all absorber parameters discussed
pedestals for the soliton-modelocked pulses. However, weo far are ideally independent of the excitation wavelength.
find similar pulse pedestals in both KLM pulses and soliton-Otherwise, they would introduce an additional filter action re-
modelocked pulses, by measuring their high-dynamic-ranggulting in a reduced net-gain bandwidth, which is detrimental
(HDR) autocorrelation [58]. Thus, soliton modelocking hasfor ultrashort-pulse generation. In principle, the Kerr non-
the potential for generating even shorter pulses if the absorbénearity is wavelength independent. However, a frequency-
is further optimized [20]. dependent mode size can cause some spectral limitations even
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Table 2. Pulsewidthsrp and modelocking build-up tim&ygt obtained with four different SESAMs in Ti:sapphire lasers

KLM-assisted soliton modelocking Ref
200 p TveT p TveT

On semiconductor Bragg mirror

- high-finesse A-FPSA <1% 19fs > 40fs [66]

- AR-coated thin absorber 5% 34fs 3us [67]
On silver mirror

- low-finesse A-FPSA 1% 6.5fs 3ms > 40fs [10]

- AR-coated thin absorber 5-6 % 13fs 200us [20]

in KLM [62]. But in the 6.5-fs experiments we could not find soft-aperture KLM, the fast time response, the large modu-
a direct proof for spectral limitation caused by KLM. This lation depth, and no nonsaturable losses, and combine them
issue will become more critical with the generation of everwith the bitemporal behavior of a low-loss SESAM to start
shorter pulses. the pulses and to relax the critical cavity alignment. In the fu-

The question of wavelength dependence can be cleartyre we will optimize the modulation depth, the wavelengths
answered in the case of a SESAM. Semiconductors shodependence, and the time response of the SESAM in order
wavelength-dependent absorption resulting in a wavelengthe generate suthd-fs soliton-modelocked pulses without the
dependent modulation depth, nonsaturable loss, and satur@eed for additional KLM. Once we have reached this goal
tion fluence. In general, the wavelength dependence is cuwe will be able to independently control the saturable absorp-
rently one of the major challenges in using SESAMs for subtion without being affected by SPM in the ultrashort pulse
10fs pulses. This issue is addressed in Sect. 2 and possibdeneration. This will be an important prerequisite for much
solutions are presented. higher average output power of stb+s Ti:sapphire lasers,

for example.

1.6 Spatio-temporal coupling and cavity design

The freedom to adjust absorber parameters means that the g3b-semjiconductor saturable absorbers for Ti:sapphire
sorber should not be coupled to other pulse-shaping processeggsers

in the laser cavity. The soliton pulse-shaping in Ti:sapphire
lasers is determined by the interplay of SPM and GDDASs discussed in Sect. 1, soliton modelocking with SESAMs
Therefore, the absorber parameters can be adjusted indepéas the potential to generate pulses much shorter than the
dently only if the absorber is not coupled to SPM or GDDfastest recovery time of the absorber. The realization of this
in the laser cavity. Calculations show that the GDD of thegoal depends strongly on the SESAM design. The SESAMs
SESAMSs can be neglected. However, we observe a fund&ffer a distinct range of operating parameters, which have
mental coupling of SPM to the saturable absorption in théo be adjusted following the design criteria in Sect. 1. They
case of KLM because SPM and the artificial saturable abshould have a high modulation depth, a suitable saturation en-
sorption created by the self-focusing in KLM depend on theergy, a fast thermalization time constant for ultrashort-pulse
mode size. This intensity-dependent self-focusing effect igeneration, and a long time constant to start modelocking. In
even enhanced with KLM because the laser cavity is usuallgddition, bandwidth-limiting effects have to be minimized.
operated close to the stability limit, so that the cavity is sen-
sitive to small intracavity lensing effects [63, 64]. Thus, KLM
interrelates the laser mode size with the laser dynamics, lea@:1 SESAM with arAlGaAs/AlAs Bragg mirror
ing to a complex spatio-temporal laser dynamics [65]. This
results in a limited parameter range, thereby, restricting th&he history of SESAMs used in Ti:sapphire lasers was de-
cavity design. There are no such restrictions in the cavity determined by the design criteria for ultrashort-pulse generation
sign and parameter choice in a soliton-modelocked laser. F¢Fig. 2 and Table 2). The first SESAM for Ti:sapphire lasers
simplicity we typically use an additional focusing mirror to was a high-finesse antiresonant Fabry—Perot saturable ab-
adjust the intensity on the SESAM. In principle we can desigrsorber (A-FPSA) based on the original intracavity saturable-
a SESAM with a specific saturation fluence by choosing dif-absorber design [13, 23]. It consists of a lower semiconductor
ferent top reflectors in the case of an antiresonant Fabry—PermBtagg mirror and a dielectric top reflector, with a saturable
saturable absorber (A-FPSA) [13, 23] or by placing the thirabsorber in between, as shown in Fig. 2a. The top reflector de-
absorber layer at different positions within the SESAM [13].termines the amount of light that can penetrate and bleach the
There is no coupling between the saturable absorption arebsorber. Therefore, the top reflectivity determines also the
SPM as is the case in KLM. saturation fluence and the modulation depth. The top reflec-
Currently, the shortest self-starting pulses achieved directivity was chosen to be relatively high to reduce the undesir-
ly out of a laser result from the combination of KLM with a able effects of the semiconductor of the bottom mirror such
SESAM as a starting mechanism. Figure 1c shows schemads losses and bandwidth limitation. With this design we pro-
ically the resulting absorber response in 68-fs pulse ex- ducedl9fs KLM-assisted pulses anth-fs to 90-fs pulses in
periments. We do not know the modulation depth of the fasthe soliton-modelocking regime [66]. However, the low mod-
contribution due to KLM, but the total time response con-ulation depth of less than 1% limited further pulse shortening
sists now of three time constants. We use the advantages affthe soliton-modelocked pulses.
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On semiconductor Bragg mirror | On silver mirrorJ
high-finesse thin absorber low-finesse thin absorber
A-FPSA AR-coated A-FPSA AR-coated

R=30%
Sat. Abs.
R~98.5%

} . Fig.2. Schematic overview of different
a b ¢ d

SESAM devices used in Ti:sapphire lasers

A higher modulation depth was achieved with anoth-by using transparent spacer layers that shift the absorber layer
er SESAM design where the top reflector was replaced bfo a specific position in the wavelength-dependent standing-
an antireflection (AR-) coating (Fig. 2b) [67]. In this case,wave pattern (Fig. 4a). Using this broadband SESAM, we
the thickness of the absorber structure had to be reducexbtained self-starting, KLM-assistelD-fs pulses [30]. Re-
to minimize insertion losses. The total structure on top oftently, we obtained self-starting KLM-assistéb-fs puls-
the semiconductor Bragg mirror consistsgifnm AlAs as  es after improved dispersion compensation (see Sect. 3 and
a transparent spacer layerl&nm LT-GaAsquantum well,  Fig. 9) [10]. In this case we measured a modelocking build-up
and anAl,03 AR coating as shown in Fig. 3a. A modula- time of about3 ms With the simple low-finesse A-FPSA de-
tion depth of 4.9% and a saturation fluencel®uJ/cn?  sign (Fig. 4a) we obtained a broadband SESAM with minimal
have been evaluated from independent saturation measurgavelength dependence but at the expense of the modula-
ments (Fig. 3b). This increased modulation depth resulted ition depth of~ 1% (Fig. 4b), which was not large enough
self-starting34-fs pulses obtained over the full cavity stabili- to stabilize pure soliton modelocking. Actually, the modula-
ty regime. Furthermore, a modelocking build-up time of onlytion depth of the fastz 50-fs component required to support
~ 3swas measured [66,67]. In this experiment the modesub-10-fs pulses with soliton modelocking is only about 20%
locking mechanism is not based on fast saturable-absorbef the maximum modulation (Fig. 4c). Thus, the slifs
modelocking but on soliton modelocking, because the meagulses needed the assistance of a fast saturable absorber such
ured impulse response shows a fast time constant of onlgs KLM. However, the broadband SESAM provided self-
100fsand a longer one db psdue to trapping and recom- starting modelocking because of the slb%psrecovery time
bination (Fig. 3c). The high modulation depth could have(Fig. 4c) and somewhat relaxed the critical cavity alignment
supported even shorter pulses, but the reflection bandwidfor KLM. Note that the saturation measurements performed
of the lower AlGaAs/AlAs Bragg mirror limited further with 100fs and13-fs excitation pulses (Fig. 4b) resulted in
pulsewidth reduction. Note that we obtained shorter pulses @pproximately the same modulation depilikR and nonsat-

19 fswith the high-finesse A-FPSA by using the same lowelurable losses\ Rys. However, we observe a larger saturation
AlGaAs/GaAs Bragg mirror. However, an AR-coating in- fluenceEsg for shorter pulses, which is not surprising and
stead of a relatively high reflecting top reflector with a largemwill be discussed later in this section.
reflection bandwidth exposes the strong bandwidth limitation  With another broadband SESAM using mdeaAs ab-
of the lower Bragg mirror. The bandwidth is fundamentallysorber layers and an AR coating (Fig. 5a) we increased the
limited by the small differences in the refractive indices ofmodulation depth tex 6%, which we extracted from satura-
AlGaAsandGaAs tion measurements by usidg-fs excitation pulses (Fig. 5b).
As for the SESAM before, we observed a bitemporal impulse
response (Fig. 5¢) with a fast componen66ffs (intraband
2.2 Broadband SESAM with a silver mirror thermalization [61]) and a slow component~f700 fs(car-
rier trapping and recombination). The post-growth process-
A solution to the bandwidth limitation of aAlGaAs/AlAs  ing required for the silver mirror is probably responsible for
Bragg mirror was to replace the semiconductor Bragg mirrothe relatively fast sub-picosecond trapping and recombination
by a silver mirror [30]. The silver mirror provides a reflectiv- time. This is not desirable because it increases the mode-
ity of more than 98% from abo00 nmto the far-infrared locking build-up time, as will be discussed in the next section.
region. First, we used such a silver mirror in a low-finessanVith this SESAM we generated soliton-modelockEgifs
A-FPSA design [13, 39, 66]. It is called low finesse, becaus@ulses over the full cavity stability range with a modelocking
the top reflector is now formed by the semiconductor—air inbuild-up time of200us (Fig. 5d) [20]. No KLM assistance
terface, resulting in about 30% top reflection (Fig. 2c). Towas required.
preserve the large bandwidth of the silver mirror, we used Figure 5b shows the saturation of the SESAM faiQ@-fs
a thin absorber structure with a large free spectral range. land al3-fs excitation pulse. However, we did not determine
addition, we reduced the wavelength dependence of the abhe pulsewidth incident on the SESAM inside the laser cavity.
sorption edge oGaAsby low-temperature MBE growth and We would expect a longer pulse duration ttéh fs because
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Boltorn ragg Mirror ics of the modelocked laser (Fig. 5d). The second-harmonic
; . T signal of the output power generated in a nonlinear crystal
scales inversely with the pulse duration and therefore indi-
cates the onset of modelocking. As seen from Fig. 5d, the
average output power increases by a factor of 2 between cw
and pulsed operation. Assuming a homogeneously broadened
laser gain medium, we can estimate the actual modulation
depth of the SESAM inside the laser using the condition [68]

g=I=go(1+2P/P.)"1, whereg represents the saturated
amplitude gain coefficient at cw or pulsed operation @
or gp), | represents the total amplitude loss coefficient at cw
or pulsed operation (i.éew Or lp), go represents the small-
] signal amplitude gain coefficient at cw or pulsed operation
-0.2 0 102 zpm (i.e.go,cw Or go,p), P represents the average intracavity power
Bottom Reflector =1 inside the laser at cw or pulsed operation (Pgy or Pp), and
(AlAs/AIGaAs Bragg mirror) P_ is the saturation intensity of the laser medium. We deter-
mine 2y ~ 0.16 from the fact that the total intracavity loss
096 F— I T T T T T at cw is~ 16% as a result of the 3% output coupler, the meas-
S L ured modulation depth of 6%, and the nonsaturable losses of
"y about 7% (Fig. 5b). The nonsaturable losses vary slightly de-
pending on the spot position on the SESAM. Since the laser
- is optimized for maximum output power, we have chosen the
smallest value of the nonsaturable losses we obtained in the
2 saturation measurements. In additiog,cw ~ 3lcw because
Bar =18 pJjom at cw operation the laser is pumped3 times above thresh-
AR =A% ] old. With ¢y ~ 2,4+ AR and P, & 2P, (from Fig. 5d) we
ns_ then determine a modulation depthR = 6.4%, which is
consistent with the saturation measurement shown in Fig. 5b.
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2.3 Broadband SESAM with ailGaAs/fluoride Bragg
mirror

1.0 l‘ T T T T 1

Another approach used to obtain a broadband SESAM for
0.8 - ofs 15 fs excitation pulses . sub410fs pulse generation is based dhGaAs/fluoride
/ -~~~ 100 fs excitation pulses Bragg mirrors, which provide a large spectral bandwidth be-
cause of the large difference in the refractive indices of the
fluorides andAlGaAs [69, 70]. Figure 6 shows the meas-
ured wavelength-dependent reflectivity of such a fluoride
Bragg mirror, designed for a center wavelength760 nm
consisting of 4 pairs ofAlg78Ga22As and Cak. They
provide more than twice as much spectral bandwidth com-
pared to the original semiconductor Bragg mirrors consisting
of Alg15Ga.gsAs and AlAs. The maximum reflectivity is
98.5%, which is similar to that of a silver mirror. However,
Fig. 3. a AR-coated SESAM with aAlGaAs/AlAs bottom mirror which in contrast to .the case of a silver mirro.r' the absorber struc-
starts and stabilize84-s pulses with soliton modelocking and a mode- ture can be directly grown on the fluoride Bragg mirror. No-
locking build-up time of~ 3us. b Saturation measurement witt0ofs ~ damage or degradation was observed in preliminary experi-
pulses aB30 nm A theoretical fit using traveling-wave rate equations (Eqs. ments, in which the SESAM on a silver mirror was replaced
17 and 18 in [56]) gives a saturation fluence Idd/cm?, a maximum by such a fluoride mirror. With such a SESAM device we

modulation depthAR of 4.9%, and a nonsaturable logsRns of 3.7%. . .
¢ Degenerate noncollinear pump-probe measurement at a center wa\\/!?:\z(pect better hlgh-power performance in the future.

length 0of830 nmwith 100-fs and15-fs excitation pulses with perpendicular

and parallel polarization, respectively. The bitemporal impulse response

shows a fast time constant @00 fsand a slow time constant @&ps The

excitation level was around 6 times the saturation fluence of the device 2.4 Modelocking build-up time

Reflectivity, a.u.

¢ Time Delay, ps

With (2) we can explain the modelocking build-up time we
the pulsewidth inside the laser cavity changes drastically besbserved with the different SESAMs discussed before. We
cause of the discrete elements with either positive or negatiwdefine the first term in (2) as the saturable absorption coef-
dispersion [25]. Therefore, we compare the modulation deptficient y, because it describes the slope of a fast saturable
obtained from the saturation measurements with the followabsorption 8 = 20o(1+ P/Pa)~1 at zero intensity, where the
ing estimation obtained directly from the starting dynam-saturation power ipa = Ea/za, given a certain mode size on
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Fig.4. a Broadband SESAM based on a low-finesse A-FPSA design that $tarfs KLM pulses with a modelocking build-up time o 3ms The

calculated standing-wave intensity distributions for= 770 nmand 850 nmshow the location of thd5-nm thick GaAs absorber layer in the standing-

wave pattern. At shorter wavelengths we obtain a lower incident intensity, which counteracts the wavelength dependence of the GaAs absorption edge.
b Saturation measurements with100-fs pulses aB00 nmand with~ 13-fs pulses a795 nm A theoretical fit using traveling-wave rate equations (Egs. 17

and 18 in [56]) gives a saturation fluenceldf2pJ/cm? and243.J/cm?, respectively, a maximum modulation deptiR of 0.9%, and nonsaturable losses

ARns of 2.9% and 2.3%, respectivelg.Degenerate noncollinear pump—probe measurements at a center wavele®@thnaiwith 10-fs and 18-fs excita-

tion pulses with parallel polarization. The bitemporal impulse response shows a fast time con&ifg arfid a slow time constant a2 ps The incident

pulse energy density is 40 J/cm?

the absorber, and the incident laser power: AEsa= 2 nJ assuming a saturation fluenEey= 18 uJ/cm?
(Fig. 3b) and a focused laser-mode radius0fum on the
dg —y= @TA 3) SESAM (estimated from ABCD matrix calculations). The
dl |, Ean threshold condition is clearly fulfilled and the calculated

. . . , . value of the modelocking build-up time is on the order of the
Using typical va_llues for our passively mo_delocked T“Sapph'r@xperimental value & us.
laser, a saturation power of the laser gajn= 4 W, a small- Using the SESAM shown in Fig. 5 we observed a slow
signal gain a'mpllltude coefficiegh ~ 0.2, and a normahzed recovery time of onlyza = 730 fs (Fig. 5¢), which is most
upper-state lifetimeli. = 31s/10 ns= 300, we obtain from jixely {0 be because of the post-growth processing. There-
(2) a threshold value fop needed to achieve self-starting of tora” we calculate with (3) thay = 3.2x 10°°W-1 and

modelocking: with (2) a modelocking build-up time of37us, using
1 200 ~ AR~ 0.052 (Fig. 5b),P =5W, and Ep = AEsai=
y>2.8x 10_8W . (4) 1.2nJand assuming a saturation fluenEgs = 40wJ/cn?

(Fig. 5b) and a focused laser mode radius 3@&um on

Here, we assumed that the next neighbouring mode has the SESAM (estimated from ABCD matrix calculations).
couple to the mode at line center to initiate the modelockingi-or the modelocking build-up time we use the satura-
ieem=1. tion fluence of the longel00fs excitation pulse. This is

Using the SESAM shown in Fig. 3, we determine with justified because during most of the modelocking build-
(3) a saturable absorption coefficientof= 1.5 x 107*1/W.  up phase shown in Fig. 5d the second-harmonic signal is
This results in a modelocking build-up time of abdilBps.  very small, which implies that the pulse duration is rather
We used the following measured parameteig 2 AR~  long. The simple theoretical prediction @87us is again
0.05 (Fig.3c), P=5W, o =6ps (Fig. 3c), andEx = in good agreement with the measured value 260ps.
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Fig.5. a AR-coated SESAM design which starts and stabili28ds pulses with soliton modelocking and a modelocking build-up tim@@dus. The
location of the twolO-nmrthick GaAs absorber layers with respect to the standing-wave pattern is sh@&aturation measurement with100 fspulses at

825 nmand with~ 13 fsat 795 nm A theoretical fit using traveling-wave rate equations (Egs. 17 and 18 in [56]) gives a saturation fluédpd/eim? and
54pLJ/cmZ, a maximum modulation depti R of 5.2% and 6%, and nonsaturable losgeRns of 6.8% and 7.7%, respectivelg.Degenerate noncollinear
pump-probe measurement at a center waveleng8lohmwith 10-fs excitation pulses with parallel polarization. The bitemporal impulse response shows
a fast time constant &0 fsand a slow time constant GB0 fs The incident pulse energy densityas65.J/cm? at about 1.2 times the saturation fluence

of the deviced Modelocking build-up time oR0Ous measured with an intracavity chopper. The dynamical behavior of the average output power gives an
estimate for the modulation depth ©6.4% for the SESAM inside the Ti:sapphire laser generafids pulses

d Time, us

Thus, we can still achieve the threshold for self-startingof several milliseconds with strong statistical fluctuations has
modelocking, but the much smaller absorber recovery timbeen measured [71]. From our calculations we observe that
leads to a drastic increase in the modelocking build-ughe modelocking build-up time of KLM is in the range of mil-
time. liseconds and higher. In tt&e5-fs experiment, KLM had to be

It is instructive to have a closer look at the parameters obptimized to obtain self-starting pulses, but self-starting was
a purely KLM system. If we assume a modulation depth ofnever observed without the SESAM.
200 = 0.2, an intracavity laser power &7 W, an absorber
response time d? fs, and a saturation energy 6+20nJwe 2.5 Wavelength dependence

obtain for the saturable absorption coefficignt 2 x 108
to 8 x 10~8 W1 (from (3)), which is very close to the thresh- The results we obtained with the different SESAM designs,

old value (from (4)). This very rough estimation shows thatshown in Figs. 3 to 5, clearly demonstrate the challenge in re-
KLM pulses in thel 0-fs regime typically do not self-start, be- ducing the wavelength dependence of the absorption in semi-
cause of the fast response time. Self-starting pulses with pule@enductors. We have demonstrated that we can reduce the
durations o650 fsand more have been demonstrated by optiwavelength dependence with thin absorber layers at specif-
mizing KLM [71, 72]. However, a modelocking build-up time ic positions with respect to the standing-wave pattern (Fig. 4a
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and Fig. 5a). At shorter wavelengths we have a limitation du¢han715 nmgenerate carriers that rapidly scatter into the

to intervalley scattering between thie and thelL valley in  valley. Therefore, the absorption can no longer be bleached,
GaAs. The difference between the minimum energies of thevhich introduces an additional wavelength filter. As a con-
valley and the valley i9.31 eV in bulk GaAs [73]. Spectral sequence, the center part of a sibfs pulse centered at
components of the pulse spectrum with a wavelength short§t80 nmmay saturate the semiconductor, but the low-intensity
tail at shorter wavelengths will be absorbed. This is the reason
why we could not tune th&3-fs pulses to a center wavelength
shorter tharv70 nmwithout significant pulse broadening or

1.0 . .
AIG pulse break-up by using the broadband SESAM shown in
aAs/ AlAs . . .
o8l mirror Fig. 5 and soliton modelocking.
=
< CaF, /AIGaAs
= 0.6 .
= 2.6 Pulsewidth dependence
8 o4 . . . .
S The population decay in semiconductor materials shows
T oo a typical bitemporal time response consisting of a slow and
a fast time constant. The slow time constagtis in the
0.0 ! 1 L L I range of ps to ns as a result of carrier trapping or recombi-
500 600 700 800 900 1000 nation and the fast time constamy is in the range of a few
Wavelength, nm tens of femtoseconds because of intraband thermalization.

Fig.6. Measured reflectivity of amiGaAs/fluoride Bragg mirror with At high excitation densmes_, the Ca.mers thermallze amongst
four pairs of Alg7sGay22As and CaF, in comparison to a standard €ach other because of carrier—carrier scattering to form a hot
AlAs /Al 15Gay gsAs Bragg mirror with 25 pairs Fermi—Dirac distribution [74]. For high carrier densities the
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Fig. 7. aBroadband SESAM, which supportdd-15 fs pulses with additional KLM assistance and pulses as sho20ds with soliton modelocking.

b Saturation measurement with 100 fspulses aB05 nmand with~ 13 fsat 795 nm A theoretical fit using traveling-wave rate equations (Egs. 17 and 18
in [56]) gives a saturation fluence 6prLJ/cm2 and 80pLJ/cmZ, a maximum modulation deptd R of 3.5% and 3.4%, and nonsaturable losgd?ns of

5% and 4.8%, respectivelg. Degenerate noncollinear pump—probe measurement with parallel polarization at a center wavel8agthnofith 10-fs to

20-fs pulse duration at an incident pulse energy densitydeOpLJ/crnz. The contribution from the thermalization time constant decreases with decreasing
pulsewidth
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urements of Fig. 7c in comparison with the low-intensity reflectivity of the Delay, fs

broadband SESAM of Fig. 7a. The step is caused by the bandedge of Gag$y o |nterferometric autocorrelation of a self-starting5-fs pulse,
achieved directly from the laser, in comparison with an id&8s secl?
pulse at750 nm

thermalization time in bulk GaAs isr 60 fs[61]. Therefore,

the fast-thermalization time constant of the SESAMs is the

slow recovery timera associated with the ultrashort-pulse fast modulation depth and reduce the undesired pulsewidth
generation with soliton modelocking. Thus, the modulatiordependence when we excite high into the conduction band
depth corresponding to this recovery time should be as higbuch that the thermalized carriers can leave the spectral re-
as possible. However, the modulation depth due to the thegion of the excitation pulse towards the conduction-band
malization process depends on the excitation-pulse duraticedge. However, in our current GaAs absorbers this is pro-
(Fig. 4c and Fig. 7c) and decreases with shorter pulses. Utibited by intervalley scattering that occurs for higher exci-
fortunately, the decrease in the modulation depth of the fagation energies. Therefore, more sophisticated semiconductor
component counteracts further pulse shortening. This has teandgap engineering will be required for improved broad-
be compensated for by an additional fast saturable absorbband SESAMs that could support pure soliton modelocking
such as KLM. in the sub10-fs regime.

The pulsewidth dependence of the modulation depth of From a purely phenomenological point of view, we must
the fast contribution is shown in Fig. 7c for the SESAM accept that an increased saturation fluence with shorter pulses
shown in Fig. 7a. The incident pulse energy density ofan counteract further pulse shortening. This can be prevent-
~ 250pJ/cm? was constant for all measurements and ised only by operating the SESAM at an incident pulse energy
about 8 times the saturation fluence of the device (Fig. 7bdensity that fully saturates the absorber also in the final short-
This is a typical excitation level inside the laser. It was showrpulse regime, because the maximum modulation depth does
that the dephasing time decreases with increasing carrier demet depend on the excitation pulse duration (Figs. 4, 5, and
sity in bulk GaAs as well as in GaAs quantum wells [75, 76].7). However, an upper limit is set by the onset of multiple
A dephasing time ok 15fs has been measured at a car-pulsing [38].
rier density N ~ 10t cm=2 [76]. For our experiments, we
estimate from the absorbed pulse energy a carrier density
of about4 x 1083 cm—2. Assuming a density-dependent de-3 Sub-10-fs pulses started by broadband SESAMs
phasing time that scales a$~%°° [76], we would expect
a dephasing time of 6 fs. Therefore, as a first approximation Currently, the shortest pulse produced directly from a laser is
for pulses longer tha@O fs we can neglect coherent effects a self-starting, KLM-assisted (see Sect615-fs pulse where
as a contribution to the pump probe measurements shown abroadband, low-finesse SESAM (Fig. 4) is used as a starting
Figs. 4c and 7c. However at this point, it is not clear if wemechanism [10]. The measured interferometric autocorrela-
can use this scaling law at carrier densities which are neation (IAC) trace is shown in Fig. 9. We have evaluated a pulse
ly two orders of magnitude higher. Further investigations areluration of 6.5fs from the measured IAC trace by com-
required and are in progress. parison with an ideal seétpulse shape. We obtained these

Assuming that coherent effects are negligible, we can givpulses with an average output powe260 mWand a mode-

a qualitative explanation for the pulsewidth dependence itocking build-up time of abouB ms Another key point for

Fig. 7c. Figure 8 shows the spectra of the excitation pulsethis success is the improved dispersion compensation of the
and the low-intensity reflectivity of the SESAM shown in laser cavity obtained by using double-chirped mirrors [22] in
Fig. 7a. A larger fraction of the conduction-band states areombination with a prism pair. Prism pairs are well estab-
excited with broader spectrum. Carriers created bylthés  lished for intracavity dispersion compensation [26] and offer
pulse are equally distributed from the band edge to energiyvo advantages. First, the pulsewidth can be varied by sim-
levels corresponding to a wavelength®@f0 nm The result-  ply moving one of the prisms, and second, the laser can be
ing carrier distribution is closer to a hot quasi-equilibriumtuned in wavelength by simply moving a knife edge at a posi-
distribution than a distribution generated b@&fs pulse at tion where the beam is spectrally broadened. Both properties
760 nm Thus, carrier-carrier scattering that leads to a hoare often desired for spectroscopic applications, for example.
quasi-equilibrium distribution is reduced for the broadbandHowever, the prism pair suffers from higher-order disper-
excitation with thel 0 fspulse. Therefore, we can increase thesion, which is the main limitation in pulse shortening [25].
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Fig. 10. Group delay dispersion (GDD) of the different optical elements Wavelength, nm
in the laser cavity.(-—-—) Calculated GDD of the prism pair and the Fig 11, Reflectivity of the broadband SESAM in Fig. 4, the output coupler
Ti:sapphire crystal(— — ——) measured GDD of the double-chirped mir- (oC), the Spectra Physics high reflector (HR), the double-chirped mirror,
ror and of one Spectra Physics high reflecter;{—) average GDD in both  and the pulse spectrum

measurements

to average GDD. Furthermore, Fig. 10 shows the calculated

Therefore, double-chirped mirrors were designed to show th&DD of the prism pair with40 cm from prism to prism
inverse higher-order group delay dispersion of the GDD ofind a6-mm total prism insertion in combination with the
the prism pair plus laser crystal to eliminate the higher-ordelaser crystal per roundtrip. The contribution of the output
dispersion. coupler is less severe than the contribution from the stan-

Chirped multilayer structures for dispersion compensadard high reflectors, and therefore it is not shown. The net
tion in femtosecond laser systems have been introduced [2GDD of the laser cavity (Fig. 2 in [10]) is given by the
27,28, 77] and are described in more detail by Szipdcs in thisum of all contributing GDD curves of each element. With-
issue ofApplied Physics BChirped mirrors overcome the in one cavity roundtrip, the pulse experiences six reflections
bandwidth limitation and simultaneously provide a means fofrom standard dielectric mirrors and two reflections from
compensation of the group delay dispersion in the laser. Howthe double-chirped mirror. The double-chirped mirror im-
ever, so far the chirped mirror design is done by computeproves the effective GDD in the laser cavity, because the
optimization [21], because a simple chirping of the centeaverage GDD of the double-chirped mirror was designed to
wavelength of the Bragg mirror is not enough [22,78]. Itshow the inverse behavior of the GDD of the prism pair
would introduce oscillations in the group delay for longerif three intracavity mirrors would have been used. Addi-
wavelengths, which penetrate deeper into the mirror. The ogionally, the fitted GDD of the double-chirped mirror slight-
cillations are due to an effective Gire—Tournois interferom-y increases again at longer wavelengths, which counter-
eter, created by partial reflection from the front section ofacts both the reduced slope of the standard dielectric mir-
the mirror, which acts as a transmission grating, and the reors beyond850 nm and the slowly decreasing GDD of
flection at the back of the mirror, which acts as a Bragghe prism pair. Thus, the use of the double-chirped mir-
reflector. ror results in a reduction of higher-order dispersion over a

We call our mirrors double-chirped mirrors after the fol- larger spectral range. However, the oscillations in the GDD,
lowing considerations. The chirp of a mirror can be underwhich are currently due to a limited number of layers in
stood as a continuous increase of the Bragg wavelength the double-chirped mirror design, cause a modulation in the
which is twice the optical thickness of a layer pair. Such a paipulse spectrum. This limited us to only two reflections from
consists of a layer with a low refractive index and one withthe double-chirped mirror. This will be improved in the near
a high refractive index, typically each with an optical thick- future.
ness ofig /4. A simple chirp would be a continuous increase  Figure 11 shows the reflectivity of all intracavity ele-
in the Bragg wavelength caused by continuously increasinments and the pulse spectrum calibrated with respect to the
both quarter-wave layers. In the double-chirped mirrors, wevavelength-dependent sensitivity of the spectrometer. The
chirp not only the Bragg wavelength of the layer pairs, butpulse spectrum changes slightly depending on the position
separatly also the high-index layer in every pair according tef the laser beam on the spectrometer slit. This indicates
a certain power law. The low-index layer in a pair is adaptthe presence of a frequency-dependent mode size, which is
ed so that the total optical thickness is approximatgly2.  typical in subi0fs KLM lasers [62] and needs further in-
A chirp of the high index layer corresponds to a chirp ofvestigations. Therefore, the acquisition of a correct broad-
the coupling coefficient, which is a measure of the couplindband pulse spectrum has still some uncertainties. The pulse
in the reflected wave [79]. In [22] we have shown that anspectrum itself shows significant deviations from an ideal
impedance mismatch at the front of the mirror is responseci shape. We think they are mainly caused by the oscil-
sible for the strong oscillations in the GDD. This mismatchlations in the GDD of the double-chirped mirror. However,
can be avoided by adiabatically switching on the couplinghe double-chirped mirror provides a broad spectral band-
coefficient. width from 650 nmto 900 nmwith a reflectivity as large as

The measured GDD due to one reflection on the double99.8%. The high optical quality of the double-chirped mir-
chirped mirror and that on a standard dielectric mirror (Specrors is due to the low-loss fabrication process with an ion
tra Physics) are shown in Fig. 10. The bold lines corresponddeam sputtering technique [80, 81]. The available bandwidth
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is clearly limited by the bandwidth of the remaining stan-References

dard dielectric mirrors. Therefore, further improvements are
expected when all mirrors in the laser cavity are replaced by 1-
double-chirped mirrors and the oscillations in the GDD are
reduced by an increased number of dielectric layers in the

mirror. 3.

The pulsewidth resulting from the Fourier-transformed

is slightly longer than thé.5 fs. However, considering the 5
uncertainties in the measured spectrum as discussed above,

the agreement is reasonable and we adopt the pulsewidth des.

rived from the interferometric autocorrelation as has been 7- - ; ; ;
8. A.M. Weiner, C.-C. Chang, H.P. Sardesai: OSA Spring Topical Meet-

done before [25, 29, 82].

9.

4 Conclusion

During the last 5 years, the pulsewidth of pulses obtained di-,
rectly from a Ti:sapphire laser has been reduced by a factor

of five, reachings.5 fs. The significant success in achieving 12.

self-starting6.5-fs pulses directly from a laser was possible
only because of the development of broadband SESAMs an
improved dispersion compensation.

The development of broadband SESAMSs is an import-14.
15.

ant contribution in achieving reliable self-starting sLifs
lasers with potentially no critical cavity alignments. So far,
we have demonstrated self-starting, soliton-modelo@!d=id
pulses over the full cavity stability regime. The availabili-
ty of shorter pulses obtained by pure soliton modelocking

depends on further improvements of the broadband SESAMS3.
design. Optimization of the absorber requires a better undert®-

standing of the saturation behavior and the temporal responsg,
on alOfstime scale. In addition, adequate absorbers require
more sophisticated bandgap engineering. There are possibil-

ities to influence the band structure of the absorber in the2l.

SESAM by adding indium or changing to a new matenal
system such as InP.

We have also demonstrated a broadband SESAM, whichs.

starts and supports KLM pulses of a Ti:sapphire laser. Using
such a SESAM, we obtained self-starti6®-fs pulses with
the assistance of KLM. The SESAM shows a flat reflectiv-

ity over more thar200 nmas a result of a balance between ,g.
the wavelength dependences of the absorption in GaAs angl7.
the standing wave pattern. Since we used a quantum weR8.

with a low modulation depth for this SESAM, the wavelength
dependence in the absorber properties is negligible. Owin
to the low modulation depth, this SESAM also has fewer

nonsaturable losses, resulting in an average output power @&o.

200 mW.
Higher-order dispersion of the laser optics and the prism
pairs, and the finite bandwidth of the laser optics are still the;,

and development of chirped and double-chirped mirrors of-

fers a solution to this problem. Our approach, the combinatiors4:

of prism pairs with double-chirped mirrors, has been essenti

a laser. Further improvements are expected in the near fu-

ture with the replacement of all laser mirrors by an improved37.

double-chirped mirror design.
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