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Abstract. Well-characterized pulses in the two-optical- dispersion compensation supporting the bandwidth needed
cycle regime are demonstrated using a Kerr-lens modder a subé-fs Ti:sapphire laser pulse is very challenging.
locked (KLM) Ti:sapphire laser and phase-sensitive di-After passing througli mm of sapphire, the relative group
agnostics. The oscillator employs double-chirped mirrorglelay between wavelength component§@ nmand1 pum
(DCMs) for dispersion compensation, spectral shaping viés 43fs Even for a very thin crystal, a sufs pulse will
wavelength-dependent output coupling, and a semicondutemporally stretch, and it will need to be compressed inside
tor saturable absorber mirror (SESAM) for reliable operatiorthe resonator by one order of magnitude. Unfortunately, the
at up to300 mW output power and with a repetition rate of chirped mirrors commonly used today typically show devia-
~ 90 MHz. In the discussion of the experimental results wetions from the desired group delalgf. These deviations tend
emphasize how spectral shaping can be used most efficiently oscillate with wavelength and increase with the bandwidth
in the generation of the shortest possible pulse supported lof the mirrors [8].
the Ti:sapphire gain bandwidth. In this paper, we describe the key components that al-
low us to obtain shaped pulse spectra with a transform-limit
PACS: 42.55.Rz; 42.60.Fc; 42.65.Re; 42.79.Wc; 42.79.Bhof trwhm < 5 fs directly from a KLM Ti:sapphire laser. The
85.30.De laser employs broadband double-chirped mirrors (DCMs, [8—
10]) for dispersion compensation and a broadband semicon-
ductor saturable absorber mirror (SESAM, [11,12]) to as-
Optical pulses in the two-cycle regime are attractive both besist Kerr-lens modelocking. Spectral shaping is achieved with
cause of their short temporal duration and because of the&r custom-designed output coupling (OC) mirror [4, 13]. We
large spectral bandwidth. Previously, such pulses were onlghow how amplitude an@r phase shaping can lead to a sig-
achievable by extracavity pulse compression [1, 2] or paranificant reduction oftpwym. The laser performance is ana-
metric amplification [3]. Both of these techniques rely onlyzed with phase-sensitive pulse diagnostics, and current lim-
a white-light continuum that is produced using high-energytations are pointed out.
laser pulses. We have recently demonstrated that continuum-
generation can be used directly inside an oscillator to extend
continuous wave (cw) modelocked laser operation beyond the Experimental results
gain bandwidth leading to sufs pulses [4]. Morgner et al.
reported equivalent pulse durations at a slightly longer cenA sketch of our laser resonator is shown in Fig. 1. The folded
ter wavelength [5]. In comparison to the previous sources, thiinear cavity has a round-trip cavity length®m. It employs
laser oscillator offers the advantage of a higher repetition rata SESAM at one end of the resonator and a custom-designed
at lower system complexity. OC mirror as the second end mirror. All other mirrors are
Fourier transform of the gain spectrum with its peakbroadband DCMs from a single coating run. The laser crystal
at 800 nmand its full-width at half-maximum (FWHM) of has a plane-to-plane thickness28 mmand a doping level
200 nm[6] leads to an estimate of abobifs for the FWHM  of 0.25wt%. The maximum output power attained for the
pulse durationrwym achievable with a Ti:sapphire laser. Self 5.8-fs pulse shown in Fig. 2 i800 mWat an absorbed pump
phase-modulation (SPM) can broaden the pulse bandwidtppower of 4.7 W from a frequency-doubled, diode-pumped
and intracavity continuum generation beyond the gain bandieodymium-vanadate laser (Spectra Physics Millennia-X).
width has been observed experimentally [4,7]. While thisOther results presented here were obtained with an argon-ion
suggests that theoretically even shorter pulses are feasiblaimp laser (Coherent Innova 200), a slightly long2iMHz
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cavity and a similar set of DCMs discussed below, but an oth-
erwise unchanged configuration. Figures 2 and 3 show two
sets of spectrum and autocorrelation measurements of this
laser, achieved with the two different mirror sets. In both ex-
amples, pulse shaping via wavelength- dependent OC was
employed as illustrated by the comparison of intracavity and
extracavity spectra in Figs. 2a and 3a. The intracavity spectra
of Figs. 2a and 3a support a transform-limited pulse dura-
tion of trwpum = 6.7 fs and 6.8 fs, respectively, whereas the
extracavity transform limit i$.3 fs in both cases. In Fig. 2
the spectral phase retrieved from autocorrelation and spec-
trum yields trwnm = 5.8 fs [4]; in Fig. 3 SPIDER (spectral
phase interferometry for direct electric-field reconstruction)

Fig. 1. Ti:sapphire laser resonator (M1-M4: double-chirped mirrors, oc:'€sults in a5.9 fs pulse duration [14]. The commonly used

output coupling, FS: fused-silica prisms wi#d cm apex separation and

ideal sech fit would have resulted in a severe underesti-

variable material insertion, SESAM: semiconductor saturable absorber miimation of Tewum (4.5fs in Fig. 2b and4.7 fs in Fig. 3b),

ror). Extracavity, the spectrally dispersed output beam is recombined wit
an identical prism sequence, and the dispersion of the substrate of the o
put coupling mirror is compensated with seven additional reflections o

double-chirped mirrors
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Fig. 2a—c. Sub6-fs laser pulse:a Intracavity and extracavity pulse spec-
trum (spectral power density) measured interferometric autocorrelation
(circles) and calculated tracesglid ling) that results from an ideal seth
fit, yielding a4.5-fs pulse;c measured interferometric autocorrelatiair{
cleg and calculated traces@lid line) that results from a fit to the extracavity

?!_ue to the significant deviation from an ideal seapec-
#rum in both cases. A sicassumption gives an improved

estimate forrpwnm, Fig. 3b, but phase-sensitive diagnostics
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Fig. 3a—c.Sub#6-fs laser pulsea Intracavity and extracavity pulse spectrum
(spectral power densityly measured interferometric autocorrelatiazir{
cleg and calculated tracesglid ling) that results from an ideal sifidit,
yielding a5.9-fs pulse;c measured interferometric autocorrelatiairgles)
and calculated traces@lid line) that results from phase-sensitive charac-

spectrum and intensity autocorrelation [4]. The envelopes of the autocorrderization with SPIDER [14]. The envelopes of the autocorrelation for the

lation for the ideal sechsurround the shaded area. Tihsetin ¢ shows the

ideal siné surround the shaded area. A séelssumption yieldg.7 fs (not

temporal intensity envelope resulting from the phase-retrieval algorithm. Itshown). Theinset in ¢ shows the temporal intensity envelope retrieved

FWHM is trwnm = 5.8 fs. The extracavity Fourier-transform (FT) limit of
rwHM = 5.3 fsis shorter than the intracavity value efwum = 6.7 fs, due
to spectral shaping via wavelength-dependent output coupling

with SPIDER. Its FWHM istrwym = 5.9fs. The extracavity Fourier-
transform (FT) limit of rrwnm = 5.3 fsis shorter than the intracavity value
of Trwnm = 6.8 fs, due wavelength-dependent output coupling
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obviously result in a much better agreement with the meaghe OC mirror. This is demonstrated in Fig. 8 which shows
ured autocorrelation. Surprisingly, for both Figs. 2 and 3a comparison of transverse mode profiles in the yellow as ob-
the retrieved pulses are shorter than the intracavity transerved behind one of the double-chirped resonator mirrors.
form limit. The key ingredients for the performance of the The DCM coating has several sharp transmission resonances
laser are the different types of mirrors, as discussed in thieelow620 nm(Fig. 4) and blocks the main parts of the pulse
following. spectrum, together with additional color filtering provided

with laser safety goggles. After blocking the red and infrared

components in the spectrally dispersed path between the ex-
2 Dispersion compensation with double-chirped mirrors  ternal prisms, the yellow becomes visible also in the output

(DCMs) beam.

The DCMs are designed to provide dispersion compensa-
tion in conjunction with a standard fused-silica prism pair4 Spectral shaping for the reducti f pulse durati
used for fine-tuning of the group-delay dispersion (GDD). pectral shaping for the reduction of pulse durations

The high-reflectance range of the DCMs covers the gairI]-laus' master equation predicts a hyperbolic secant temporal
idth of Ti: hi ignifi I i h -
bandwidth of Ti:sapphire, significantly exceeding the per and spectral pulse shape for KLM lasers [17]. For 404s

formance of standard femtosecond coatings. Figure 4 illu fined model. based di : d soli
trates how longer wavelengths penetrate deeper into the mf2S€rs, @ refined modael, based on diSpersion-managed sol-
ns, predicts Gaussian or super-Gaussian intracavity spectral

ror structure and therefore experience a larger group del : . .
b ger group shapes [18]. Measured pulse shapes in this regime, how-

upon reflection. The DCM coatings are fabricated with ion >~ .
beam sputtering (IBS). Together with online optical monitor-EVeT: génerally exhibita more complex multi-peaked structure
aused by small imperfections in dispersion compensation

i ing th h, thi hod gi iblefd \
Lr;guclitusrl[rllgs]t e growth, this method gives very reproducib e(Flgs. 2a and 3a). In the following, we explore how spec-

For broadband DCMs, the GDD tends to oscillate around@ Shaping can be used for the generation of the shortest
the desired target function (Fig. 5). This is mainly caused b)pulses, and we discuss the implications for the extracavity

the index discontinuity between air and the coating matePu!Se shape.

rial [8]. One method to reduce this effect is the use of a second

DCM with suitably shifted oscillations. Although it has been .
suggested that a pair of chirped mirrors with opposite oscilfl'1 Wavelength-dependent output coupling (OC)

lations should be designed in a single computer optimizatiorf. timize th f fthe | h desianed
process [16], we employ a similar but simpler method, uti- 0 optimize the performance of the 'aser, we have designe

lizing non-normal incidence on a flat folding mirror to shift OC mirrors with different bandwidths and transmissions

the residual GDD oscillation of the DCM coating. We Care_ranging from2% to 8% (at 780 nm). Most of these designs

fully choose the angle of incidence for the best cancellation ofir® based on quarter-wave stacks, where the bandwidth is

the GDD oscillation. As shown in Fig. 5, this approach Worksgoverned by the refractive index ratio of the dielectric coat-
well for most of the high-reflectance raﬁge of the mirrors. N9 materials. The target transmission of these designs are
inversely proportional to Gaussians with transform limits of

about7 fs and centered ne®00 nm Fig. 9a. The reason for
3 Stabilization of Kerr-lens modelocking with this becomes clear in Sect. 4.2. For broadband OC, a thin
a semiconductor saturable absorber mirror (SESAM)  9lass plate can be placed in one resonator arm with one side
anti-reflection coated and the other side uncoated to yield
We use a broadband SESAM with a low-finesse antiresa~resnel reflection. Under certain circumstances, this can lead
nant Fabry—Brot structure to stabilize Kerr-lens modelock-to two outputs of the same spectrum but opposite chirp [19].
ing. The SESAM consists of a silver bottom mirror, fol- In the current work, we alternatively use a broadband OC
lowed by an AlAs spacer layer and the absorbing layersmirror with a chirped dielectric coating. This mirror provides
a 20-nm Ing2,Gap78As quantum well (QW) sandwiched = 5% transmission fron650 nmto 1.1 um (Fig. 9b).
between GaAs layers, see Fig. 6a. The modulation depth
due to bleaching of the absorption KR~ 3.5% over
a bandwidth of400 nm see Fig. 6b. The saturation fluence 4.2 Optimum amplitude shaping
is Fasat~ 180pJ/cn? and the absorber recovery time is
A ~ 2 ps(Fig. 7). Let us assume that the finite gain of Ti:sapphire and the finite
As compared to pure KLM, the cavity alignment and thebandwidth of the resonator mirrors support a maximum band-
starting of the pulsed operation are significantly simplified bywidth of approximately190 THz beyond which the spectrum
using the SESAM. The laser runs for many hours, providingirops to zero. For example, this would correspond to a wave-
stable single-pulse operation in the two-cycle regime with litdength range fron650 nmto 1.1 um. At pulse durations well
tle changes of power or pulse width. Moreover, KLM can beabovelO fs such spectral clipping does not result in any sig-
sustained over a wide range of the cavity parameters. Usingjficant increase of pulse width. In contrast, a broad Gaussian
SESAM-assisted KLM allows us to work in a region charac-amplitude spectrum with a FWHM ofywpm = 100 THzre-
terized by superior beam quality and higher average outpwgulting in a transform-limit 0%6.2 fs, is already stretched to
power. This improvement of beam quality is most apparent intpwym = 6.8 fswith the 190 THzbandwidth limit.
the extreme spectral wings (in our case bet®@ nn), where Infinitely increasing the bandwidth of the Gaussian would
the cavity can no longer provide sufficient spatial mode conresult in a 190THz broad box spectrum with &.7-fs
finement, mainly due to the strongly reduced reflectance dfourier limit. The duration can be decreased further by
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Fig. 5. Group-delay dispersion (GDD) of the double-chirped mirror for in-
cidence angles 05° (dash-dottejl and 20° (dotted, compared with the
design target (solid line). The0® angle is chosen for best cancellation of
the GDD oscillation
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Fig. 8a,b. Transverse mode profiles observed on a screen behind resonator
mirror M1 (Fig. 1): a with the resonator close to the stability limit,
pure KLM action; b with resonator further away from the stability limit,
SESAM-assisted KLM. Photographs taken with a 100ASA slide film (Ko-
dak Elite) and laser safety goggles to suppress the red and infrared
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So far, we have discussed spectral shaping in terms of
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100 — 15 of the pulse, or the contrast ratio between peak and back-
2] a) M/4-like Design - ground intensity, the autocorrelation width, or the smooth-
c - _ Bandwidth: -230 nm ; - ness of the pulse spectrum might be more important criteria.
K= 1 Minimum Transmission: 3% / C 4 S . . .
@ 1i / C < pectral shaping can be employed to improve either of these
€ 1 - F  properties.
g Y - A practical compromise betweepwny and pulse qual-
,‘_’—“ i N C ity is given by a box-shaped spectrum with a Sitemporal
0 nn.--7-|----.--T-]----f----l----.----.---u----- 0 intensity profile. Such a spectrum is achieved when the OC
is inversely proportional to the intracavity power spectrum.
100 - 15 This neglects the influence of the OC on the intracavity pulse
& ] Chirped Broadband Design C formation, which is a good approximation as long as the intra-
S 1 _Bandwidth:-450 nm __ C cavity spectral width is limited mainly by the gain bandwidth.
@ Minimum Transmission: 5% r ' The maximum relative increase of power in the spectral wings
€ L @ is given by ¥ Tmin, WwhereTmi is the minimum transmission
§ 1 P S C of the OC mirror. For the quarter-wave-like mirror designs,
=] ~> [ Sect. 4.1, we assumed intracavity spectra similar to those ob-
0 Frerrrrr - 0 tained with previous broadband DCMs [19]. In the example
600 700 800 900 1000 1100 shown in Fig. 10, shaping a clipped Gaussian spectrum into
Wavelength (nm) a box results in a reduction efwym to 75% of its intracav-

Fi . - ity value. However, it has to be noted that amplitude shaping
ig. 9a,b. Output coupling and group delay upon transmissidg) (of . . .

a commercially available quarter-wave-like/@) coating &, CVI Laser IS always accompanied by phase effects, as explained by the
Corporation) and of a chirped, broadband coating designed %66 rans- ~ Kramers—Kronig relations that prohibit pure amplitude shap-
mission over a bandwidth of more thd460 nm(b). For thex/4 coating, Ty ing, and additional phase compensation is required to fully

is qualitatively similar to the transmission characteristics exploit this reduction ofrwum.
- . 100 4.3 Optimum phase shaping
1 - : . -
e I = . . L
3 ] : r 8 The largest peak-to-average intensity ratio will be reached for
% e ! [ 3 transform-limited pulses. It is possible, however, that devia-
g ] k3 (- - 7 tions from a linear phase reduegynm below the transform-
= 4 v W, [ S limited value (Fig. 11). In this case, more pronounced tempo-
] b, B . . . .
E i N 7 L = ral pedestals arise and the rms duratigg, is increased. At
- ‘+ "‘\. —n o / i \ — \&r
0 T T T 'I — -I_ - T L l T 0
300 400 500 1 - |
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b) Time (fs) —_ — - Medium Chirp
s | e Strong Chirp
Fig. 10a,b.Ideal amplitude shaping by wavelength-dependent output coup g ]
ling: a The intracavity amplitude spectrum (the square root of the spectra > _' __________________________________________________
power density) is a Gaussian with a full-width at half-maximum bandwidth @
of vewnm = 100 THz clipped t0190 THzsupport ¢lotted ling. A minimum s 4
transmission 08% has been assumed. The external spectrum is box-shape E QW S S e
(solid line, shadefl b The semi-logarithmic plot of the temporal intensity - SN PRI — . 5‘_' ......
envelope reveals siRdike side peaks. The intracavity transform-limited 0 1 T | B B o e o B o i o
pulse duration istpwnm = 6.8 fs and the extracavity transform limit is 0 5 10 15 20 25 30
rwHMm = 5.1 fs. The extracavity pulse power &9% and the peak intensity b) Time (fs)

8.7% of the respective intracavity values
Fig. 11a,b.Phase shaping The box-shaped spectrum of Fig. 2a is Fourier-
transformed assuming a constant phassiq line) and with two different
Such a pulse is termed “transform-limited” because a lineamon-constant phasesigsh-dotted medium chirp, dotted strong chirp).
phase will also yieId the smallest rms time—bandwidth prodb The temporal intensity envelope shows increasing side-peaks at decreas-

P - ing peak intensity. The pulse duration iswnum = 5.1 fs at flat spectral
uct Avmstims if it exists at all. Note thatims may not be hase4.6 fs at medium chirp, and.0 fs at strong chirp. Normalized to the

deﬁ_ned for qertain theoretical pulse shapes, for examp]e fQfame average power, the peak intensity for medium chifg# of the
a sin@ function [21]. For some applications, the rise time transform-limited pulse an84% for strong chirp
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the same time, the peak intensity drops, and the instantaneo—,
frequency becomes time-dependent, inducing a chirp on th g
pulse. =
KLM lasers rely on the quasi-instantaneous self-amplitud @
modulation (SAM) of the Kerr-lens inside the crystal. To- 8
gether with unbalanced dispersion and spectral shifts due '
SPM, SAM causes spectral amplitude shaping. Strong sha 2
ing due to unbalanced fourth-order dispersion has been da
scribed previously [22, 23]. In fully dispersion-compensatec—, ]
linear resonators, a Fourier-limited pulse is obtained in theg
center of the gain crystal and at the end mirrors of theg
resonator if the dispersion is equally distributed on botl'a
resonator arms [5]. This results in optimum SAM and conse 8
qguently in shortest intracavity pulses. We therefore designe 5
our laser to provide equal negative group delay dispersiog
(GDD) in both arms [4]. a
Because the pulse is theoretically transform-limited at the
end of the resonator, the extracavity pulse will consequentl
carry a chirp induced by the transmission through the OC
mirror. For the maximum attainable extracavity peak intenFig. 12a,b. Extracavity 6olid line§ and intracavity @otted line} spectral

; ; ; . .power density for a pulse obtainea with 5%-transmission 0f450-nm
Sity, phase shaplng has to be employed to remove this Chlr@émdwid'[h ando with 3%-transmission o230-nm bandwidth. Ina the in-

Currer)tly, W_e u_se DCMs an_d prisms for this purpose. T.hQracavity peak intensity is lower than im due to higher output coupling

potential of liquid crystal devices that allow for both ampli- and a longer pulse duration. ithe transform-limit istrwim = 7.7 fs for

tude and phase shaping [24, 25] needs further experimenﬂadlh spectra, ib it is 6.9 fs for the intracavity pulse an8.3 the extracav-

analysis. ity pulse. The dash-dotted spectrumbiris obtained by additional spectral
shaping of the extracavity pulse and has a transform-limit.5fs

-=— Extracavity

Intracavity (+25)

b)

<+ Extracavity

-----------

o

600 700 800 900 1000
Wavelength (nm)

5 Pulse characterization The third spectrum displayed in Fig. 12b has a Fourier
limit of 4.5fs. This spectrum has been obtained with ad-
Spectral shaping, together with the combination of linear anditional external amplitude shaping. Insertion of thin cop-
nonlinear processes inside the cavity, gives rise to complexer wires into the spectrally dispersed output beam causes
pulse shapes, that require advanced pulse characterizatidiifraction losses for particular spectral components. As ex-
tools. Techniques such as FROG (frequency-resolved optplained in Sect. 4.2, this should allow for a shomtggHm, but
cal gating, [26, 27]) and SPIDER [28, 29] measure amplitud€lue to uncompensated phase contributions, we did not suc-
and phase. If these methods are unavailable, autocorrelatioged in generating a shorter autocorrelation. Larger pedestals
and spectrum provide useful information that can be extracteabserved in the autocorrelation measurements are a side ef-
with suitable algorithms [30]. After a study of the observedfect of this shaping.
pulse spectra and autocorrelations we discuss the results of
SPIDER measurements. For a comparison of methods for the
sub410fs range, including a detailed description of SPIDERS.2 Interferometric autocorrelation (IAC)
and collinear FROG, the reader is referred to [31].
Traditionally, the interferometric or fringe-resolved autocor-
relation (IAC) has been the most widely accepted standard for
5.1 Spectrum pulse characterization. To extract the pulse width from the au-
tocorrelation, a model function is assumed for the pulse shape
With the 450-nm bandwidth OC, Fig. 9b, we observe nearly and both the carrier frequency and the width are fitted [32].
identical intra- and extracavity spectra, both with a transif the shape of the pulse is known, its width will be directly
form limit of tewnm = 7.7 fs (Fig. 12a). In Fig. 12b, shaping proportional to the autocorrelation width.
with an OC mirror 0f230-nm bandwidth is demonstrated. An unchirped sechshape has been frequently used to
The transmission is larger in the spectral wings, and thevaluate autocorrelations of passively modelocked lasers. For
transform- limited pulse duration drops frd® fsfor the in-  spectra that are closer to a box-shape than to a’sece-
tracavity pulse tdb.3 fs for the extracavity pulse. The same and post-pulses lead to wings in the IAC. In such cases,
OC has been used in Fig. 1. That observed pulse spectra ex-sech assumption will only fit to the central fringes of
tend into the yellow, Fig. 8, is a clear indication of strongthe IAC and the true pulse width can be severely underesti-
SPM inside the Ti:sapphire crystal and can be interpretethated, Sect. 1, Fig. 2. A sih@ssumption has been used to
as intracavity white-light generation [7]. As the yellow light obtain a more realistic estimate of the real pulse duration [5].
cannot extract additional gain from the laser medium, it ifHowever, for M-shaped spectra as obtained [5] and for other
most efficiently used with maximum OC. The spectra showrpulse shapes that have significant pre-/amghost pulses (see
in Fig. 12a exhibit stronger amplitude modulation than thoséigs. 10 and 11), a sif@ssumption can lead to an underes-
of Fig. 12b, indicative of weaker SAM due to a lower intra- timation of the pulse width. In Fig. 13, fitting an ideal sinc
cavity peak intensity. The modulation of the spectrum stemgulse to the IAC resulting from an M-shaped spectrum yields
from the residual oscillation of the intracavity GDD [23]. rwhm = 5.5 fs. This corresponds to%% underestimation of
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the pulse width, in spite of the excellent agreementin the cer 8
tral fringes of the IACs. This illustrates that the information in o E
the wings of the autocorrelation must not be discarded in th5 E & 1
decorrelation process. o 5 & T

Although autocorrelations do contain information about g %0 01 q
the pulse shape in addition to the pulse width, a simpleg , | g 3 (\
guess of pulse shape and chirp introduces a severe unc: @ e {\A

50 Time (fs) ©

tainty in the determination of the pulse width. To reduce 8
this uncertainty, additional information is required. For the £ 2 -;
IAC shown in Fig. 2 we have used an iterative algorithm<
that allows for a phase reconstruction from autocorrelatiol j
and spectrum without an a priori assumption of a particu 9
lar pulse shape [1, 30]. The retrievB@-fs pulse duration is 0
10% longer than the transform limit. As the algorithm uses €) Delay (fs)

only the dc part of the IAC, a comparison of reconstructedig. 14. aSPIDER trace: spectral interference pattern between the two up-
and measured IAC provides an independent test of the reenverted sheared spectri;retrieved phase and spectrum;measured
sult. The retrieved phase, however, still depends on how th@foco”el'%“?” doté) C%mp?'ed with the one Ca'ct’r']atedbf“?”: fe”ile"ed .
squared deviation between measured and retrieved autocorfl™, B 209y 2 CEEI FURCRCl BE B e ScSalt e o
lation is weighted. For a more accurate determination frongansform-limit is5.3fs. Theinsetin ¢ shows the retrieved temporal pulse
autocorrelation and spectrum, a high-dynamic-range intensitnvelope revealing pedestals on a semi-logarithmic plot
autocorrelation would be required.

40

5.3 Spectral phase interferometry for direct electric-field ~ |€ads to a strongly M-shaped external spectrum, Figs. 3a

reconstruction (SPIDER and 14b.
( ) To provide a cross-check between the different measure-

For a full characterization of the pulses, we chose a SPIment techniques, we reconstructed the IAC trace from the
DER version that was specifically designed for dibis  SPIDER data. A comparison with the independently meas-
pulses [14]. In the SPIDER apparatus, a pair of identicatired IAC is shown in Fig. 14c. Great care was taken to com-
replicas of the pulse, slightly delayed in time with respectpensate for the different path lengths in air between the laser
to another, are spectrally sheared by upconversion. From tteand the two diagnostic measurement set-ups. With the re-
interference of the sheared spectra, Fig. 14a, the phase tofeved SPIDER data, we have simulated the influence of
the original pulse can be deduced by a simple, non-iterativepectral shaping in our autocorrelator, caused by color fil-
algorithm. ter glasses (Schott BG3, BG38, BG39) and second-harmonic
From the retrieved spectral phase the spectral group delapnversion efficiencyl(0-um ADP crystal, cut for800-nm
is calculated, as shown in Fig. 14b. The corresponding puls8HG), on the IAC. We find that such filtering introduces
(inset of Fig. 3c) has a duration atwnm = 5.9fs, which  no significant systematic errors in our IAC measurement.
is 11% above the transform-limited value 6f3fs but 15%  The deviation between the two traces in Fig. 14b is very
shorter than the transform-limit of the intracavity spectrum.small, confirming the excellent agreement of our diagnostic
In this example, shaping has been used to increase the spegethods.
trum on the long-wavelength side, with an OC mirror trans- The retrieved group delay in Fig. 14b exhibits small os-
mission 14 times larger f0830 nmthan for 720 nm This cillations with a rms amplitude ol.5fs between690 nm
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and 920 nm which stems from the residual dispersion os-References

cillation of the DCMs. Outside this range, the group delay
increases rapidly. This has to be compared with the char-1.
acteristics of a typical quarter-wave OC mirror shown in
Fig. 9a, which exhibits a nearly constant group delay be- 2
tween 700 nm and 900 nm Outside this range, the group 3
delay roll-off is qualitatively similar to the one observed
with SPIDER. We therefore attribute the measured group 4.
delay to the effect of both the OC coating and the DCMs
used for external dispersion compensation. Mirror coatings
could, in principle, be designed to compensate for the di-
verging group delay in the high-transmittance region of
the OC coating. However, it is not reasonable to fabricate 6
new high-reflecting mirrors for every kind of OC mirror
that could possibly be used. Alternatively, adaptive phase g
control has been demonstrated for longer pulses, and is
certainly attractive for use with pulses in the few-cycle 9.
regime. 10

11.
6 Conclusion

12.
We have obtained suB+s pulses directly from a SESAM-
assisted KLM Ti:sapphire laser. Our results show that spectra) ;.
shaping provides an efficient way to produce shorter pulses
and to extend the spectrum of the modelocked pulses be-
yond the gain bandwidth. With the yellow light generated 14-
in our laser, we have a clear indication of intracavity white-
light continuum generation. We have carefully characterize
our pulses with SPIDER and determined durations below thes.
intracavity Fourier transform limit. The small residual chirp
can be attributed mainly to the dispersion of the OC mir-17-
ror. As pointed out in Sect. 4.3 (Fig. 11), phase shaping coulqL8
even be used to pustrwum below the extracavity trans- '
form limit. Using the entire gain bandwidth of Ti:sapphire,
an intracavity5.5-fs pulse appears to be achievable. Simi- 19.
lar spectral shaping would then result in a sufs pulse.
This clearly demonstrates that, even with the pulses reported,
in this paper, there is still some potential for shorter pulses
and the ultimate limit for Ti:sapphire lasers has not yet beere1.
reached. A remaining challenge in this regime is the reduc-
tion of dispersion oscillations and the compensation of the??:
external phase.

The wide frequency combs of ultrafast pulses allow for
new applications in precision frequency metrology. Based
on the ocatave-spanning spectra of two-cycle pulses, novel*
schemes have been proposed which give access to a measufe-
ment of the carrier-envelope offset (CEO) phaseo [33]. 26.
Controlling ¢ceo, @ predicted phase dependence of nonlin-27.
ear optical processes can be explored, which is expected to
be significant only at pulse durations of two cycles or below. 28:
The scope of new applications clearly motivates the quest fof>:
shorter and shorter pulses. 30.
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