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Abstract. Phase properties of optical thin film interference  However, the simultaneous generation of multiple pulses
filters are discussed from the aspect of their usage for phaseith different wavelengths but controllable temporal pulse
error free wavelength separation of broadband femtosecorsparation up to now has still required rather complicated
laser pulses. Itis shown that both transmissive or reflective intechniques. One possibility is the extracavity manipulation of
terference filters with high contrast ratios exhibit high cubicthe pulses by spectral filters [7] or Fourier-transform tech-
phase shifts on transmission or reflection, respectively, causiques [8]. The advantage of these methods is that the jitter
ing intolerable distortion in the temporal pulse shape. Webetween the different pulses can be zero, because they all
show, however, that high efficiency wavelength separatiostem from the same original pulse. The main disadvantage
of broadband femtosecond laser pulses can be achieved bffusing high contrast spectral filters is the distortion of the
using low contrast, properly designed reflective optical intertemporal shape of a femtosecond laser pulse. In Fig. 1, the
ference filters directly built into the cavity of the broad spec-computed transmittance and group delay on transmission are
trum, femtosecond pulse lasers or parametric oscillators. Fquotted for a typical thin film realization of a Fabry-Perot-
demonstrative purposes, we implemented the idea for a Kertype, bandpass (transmission) interference filter. In Fig. 2, the
lens mode-locked Ti:sapphire laser, and obtained two-cologomputed reflectance and group delay on reflection is plotted
inherently synchronized, unchirped, femtosecond pulse oufer a possible thin film realization of a (reflective) notch fil-
puts from a single laser oscillator. ter. In general, we found that each realization of both types
of spectral filters show a huge (positive or negative) cubic
PACS: 45.15.Eq; 42.25.Bs; 42.40.Pa; 42.60.Da; 42.65kphase shift around the filters’ central frequencies, distorting
42.79.Bh; 42.90.V the temporal shape of a femtosecond laser pulse being trans-
mitted or reflected by these filters. This physical behavior of
optical interference filters can be understood on the basis of
Broadly tunable laser systems form the basis of modern ophe theoretical works of Tikhonravov [9] and Verly and Do-
tics. In particular, Ti:sapphire-based laser systems are velyrovolsky [10], who showed that “the phase factor will vary
convenient and powerful sources of coherent light, tunableapidly in all small intervals near the amplitude reflectance
over a broad bandwidth. The discovery of ultrafast pulseeros,”i.e., at around the central frequency of an interference
generation by self-mode-locking [1] in these systems wasilter. They also found that “... the physical phase exhibits
a breakthrough for many fields of applications. The high peak phase shift oft rad at the wavenumbers corresponding to
powers of ultrashort pulses are exploited in a variety of nonthe transmittance maxima. The deeper and narrower the pass-
linear optical techniques [2] whereas the short pulse duratiortsand, the sharper the shifts.” In other words: the narrower and
are important for time-resolved spectroscopy [3]. Nonlineadeeper the transmittance band of a filter, the higher the group
optical spectroscopy profited from the possibility of tuningdelay introduced by the filter upon transmission.
the emission spectrum of the pulsed lasers resonant to any For the simultaneous generation of multiple pulses with
optical transition in the investigated material [4]. different wavelengths but controllable temporal pulse separa-
In many spectroscopic applications, the availability of twotion, several groups synchronized the outputs of two separate
or more pulse trains with independently tunable differentavities by coupling them via a common gain medium [11—
spectra is a basic requirement. Typical examples are purmi8]. In these complicated two-color lasers, the jitter between
probe experiments on organic materials [5] and nondegendhe two pulse trains can be reduced to less tAd&n[13].
ate four-wave mixing experiments using pulse trains, eitheHowever, these complicated laser setups are very difficult to
with different spectral positions [6] or with different spec- align and operate; thus, they are rarely used in ultrafast spec-
tral widths [7]. These techniques require a femtosecond laséroscopy laboratories.
system offering multiple, highly synchronized outputs with  Considering all the difficulties and disadvantages listed
independently tunable spectra. above, we came to the following conclusion: because of
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Fig. 1. aComputed transmittance atidgroup delay on the transmission of Fig.2. a Computed reflectance arimlgroup delay on reflection of a thin
a thin film realization of a Fabry-Perot type interference filter having thefilm realization of a typical realization of a (reflective) notch interference
structure of substratéHL)* 2H (LH)* L air, where H and L denote quar- filter having the structure of substrat@.5L H 0.5L)% air, where H and L
terwave thick layers of the higm§ = 2.31) and low @ = 1.45) refractive ~ denote quarterwave thick layers of the higiy & 1.5) and low i = 1.45)
index materials at the central wavelength8®0 nm refractive index materials at the central wavelengti8@® nm

the basic theoretical reasons discussed above, it is impogair was used. Later, chirped mirrors [14] improved the dis-
ble to design optical interference filters for the wavelengthpersion compensation, yieldiridl-fs pulses without the use
separation of ultrabroadband spectrum femtosecond pulse$ prisms [15]. The tunability also profited from the devel-
with high contrast ratios and low phase distortion at theopment of chirped mirrors. Special ultrabroadband mirrors
same time. In femtosecond pulse lasers, however, only a fehave been developed for prism-controlled oscillators. These
percent of the intracavity field is coupled out by somemirrors have a broader reflectance band and improved disper-
partially transmissing laser mirrors balancing the gain andion properties in comparison to usual dielectric highreflec-
the loss in the laser cavity. During our studies we foundfors [16]. This concept of hybrid dispersion control, combin-
however, that it is possible to design optical thin film in-ing a pair of quartz prisms with broadband chirped mirrors,
terference filters with low contrast ratios and with moder-is the basis of our experiment. Figure 3 shows the setup of
ate phase distortions. Placing such low contrast filters intthe linear resonator. Themm-long (path length) Ti:sapphire
ultrabroadband femtosecond pulse laser resonators or opeystal(a = 6.0 cn 1) is pumped with8.5 W at532 nmfrom
tical parametric oscillators, we can build multicolor fem- an intracavity frequency-doubled N€WO, laser. The intra-
tosecond laser sources with inherently synchronized outputsvity dispersion is controlled by two chirped mirrors (CM1,
and no energy loss because of extracavity spectral filtelM2) and a pair of quartz prisms (P1, P2). The two output
ing. We implemented the idea in a Kerr-lens mode-lockeatouplers (OC1, OC2) are installed exactly at Brewster angle
Ti:sapphire laser: we generated ultrashort and thus broatb avoid disturbing etalon effects. Their reflectivity and dis-
band intracavity pulses and used two separate, narrow bampersion spectra are shown in Fig. 4. The output spectra as well
output couples to extract two independent parts of the pulsas the intracavity pulse spectrum are measured with a fiber-
spectrum. The pulses are inherently synchronized since tlmupled spectrometer. The pulse durations, after extracavity
two resulting pulse trains originate from the same internapulse compression with additional chirped mirrors, are deter-
pulses. mined by fringe-resolved autocorrelation measurements.

The generation of ultrashort pulses requires the precise First, we optimized the cavity without the Brewster out-
control of intracavity dispersion. Initially, a fused silica prism put couplers: aB.5-W pumping, the laser delivers 12 fs
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Fig. 4. a Reflectivity andb group delay on the transmission of shortwave
output coupler ¢ontinuous lines and longwave output coupleddshed
lines). The overall values are also plottedbfted line$

pulses with550 mW mode-locked output power a190 nm
when using aT = 16% output coupler. Then, this output
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Fig. 5. Two-color operation: the two extracavity spectra coupled out by the
long wave OC dashed ling and the short wave OQlétted ling together
with the intracavity spectruns6lid line) [17]
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Fig. 6. Pulse spectrum from the long wave OC: measusaliq line) and
calculated by multiplying the intracavity spectrum by the reflectivity of the
long wave OC (¢ircles). Inset respective fringe resolved autocorrelation
trace

An intracavity pulse spectrum, taken from light scattered
off the high reflector (HR) in the longer arm of the cavity,
is shown in Fig. 5 as a solid line. Its full-width-at-half- max-
imum (FWHM) is23.4 THZ.. The output powers ar00 mW
(OC1) and40 mW (OC2) plus the respective values at the
back sides of the OCs. The spectra of the two outcoupled
pulse trains are shown in Fig.5 as a dashed and a dotted
line. They are centered around the intracavity spectrum and
their central wavelengths are separatedlBynm The spec-
tral shape of the pulses is best fitted with a Gaussian shape
rather than @ecl shape. However, the resulting pulse shapes
in the actual setup are determined by the reflection proper-
ties of the OCs. In Fig. 6 the measured pulse spectrum from
the long wave output coupler (solid line) is compared with
a spectrum (circles) calculated by multiplying the intracav-
ity spectrum (Fig. 5) with the reflectivity of the corresponding
output coupler (Fig. 4a). The perfect correspondence shows

coupler is replaced by a high reflector (HR), and the twahat for a given intracavity spectrum the output spectra can be
Brewster OCs are inserted. The positive dispersion of their
two quartz substrates is compensated by moving one of the.

prisms. The vertical slit is translated horizontally to account,
for the small shift of the beam. There is no need for furthe

alignments.

The intracavity pulse spectrum is measured from scattered light resulting
n a poor signal-to-noise ratio. The spectrum is best fitted with a Gaus-
kian pulse shape 3.4 THz FWHM, corresponding to a minimum pulse
duration of188fs.
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needed and thus acts as an additional wavelength-dependent
A loss. This additional loss might be circumvented in a ring-
| cavity configuration.
. In summary, we have suggested that low contrast optical
interference filters, e.g., Brewster angled output couplers can
be well suited for building new and simple lasers or para-
metric oscillators for multicolor operation. We implemented
the idea in an ultrafast, single cavity, Kerr-lens mode-locked
Ti:sapphire laser with two output couplers. First experiments
with two output couplers demonstrate the potential of such
a new laser: two synchronous pulse trains with spectra sepa-
rated byl7 nmare generated. The pulses are nearly transform
limited with pulse durations of abo@4 fs The intracavity
760 780 800 pulse spectrum is broader than the output spectra and spec-
wavelength (nm) trally centered between them. Our results demonstrate that
Fig. 7. Single-color operation without short wave OC: the measured ex-OUr new simple concept exhibits the desired properties: Two
tracavity spectrum dashed ling is well reproduced drcles) by multi-  spectrally different but temporally synchronized pulse trains
plying the intracavity spectrumsglid line) by the reflectivity of long are produced. The individual tunability of the two outputs
wave OC . . . . .
could be realized with laterally structured dielectric coatings
and translation of the respective OC. In principle any desired
tailored by designing the respective reflection profiles of thgulse shapes could also be generated using OCs with cor-
OCs. The fringe-resolved autocorrelation measurements yielgsponding design of the reflection profile. The main results
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the extracavity pulses are chirped since they are coupled olfeferences

at a position of the cavity where the intracavity pulses are

tive dispersion in the cavity, i.e., more prism material in the

beam path. In this case, the better balance of the intracav=.

ity dispersion leads to time-bandwidth products very close to

0.441. However, the resulting pulses outside and inside the#-
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cavity are spectrally narrower and thus longer (6488 THz
at the long wave OC corresponding3d.5 fs).

The spectral distribution of losses in the cavity is an im- 6.

portant point for the operation of our setup. Figure 7 shows
the intracavity spectrum (solid) and the extracavity spectrum
at the long wave OC (dashed) when the short wave OC is re-
moved. The extracavity spectrum is then not at the desired

wavelength although it is still shifted with respect to the in- 8.

tracavity spectrum. The intracavity spectrum as well as the
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narrower and shift to shorter wavelengths when the short,
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