Gigahertz repetition-rate from direct|y kept small. (A broadband SESAM, previously used in low threshold

diode-pumped femtosecond Cr:LiSAF laser work, rather than a custom designed device, was used Here [8]. It has a
saturation fluence of ~16/cn¥, a modulation depth of ~1.4% and a

A.J. Kemp, B. Stormont, B. Agate, C.T.A. Brown non-satgraple loss of ~1%.) However, _the requirement fqr a.small laser
U. Keller a'nd W Sibbett' ! ! mode_ size in the gain crystal_ (_~Bﬁh minimum beam radius in these
) ’ experiments) means that efficient utilisation of high power but low
Gigahertz repetition-rate, fundamental modelocking of a directly diode- brightne_ss broad are? Iasgr dioples i.S i.mpraCticaI' For this reason, narrow
pumped femtosecond laser is demonstrated for the first time. stripe diode lasers with dlffractlon limited ogtput beams of 50—(_50 mw
Transform-limited pulses of 146fs duration are produced from a Were used. Four of these diodes were combined by the successive use of
compact Cr:LiSAF laser incorporating a semiconductor saturable Wavelength and polarisation coupling techniques to provide up to
absorber mirror and pumped by inexpensive, narrow-stripe red laser180 mW of high spatial quality pump power (see Fig. 1). To further
diodes. increase the intracavity pulse energy, a mirror with just 0.07% transmis-
sion was used as the output coupler. A simple asymmetéavity

Introduction: The growth in demand for broad-bandwidth data commu- design enabled the maintenance of small spot sizes both on the SESAM

nications means that innovative approaches are required to increase tfd in the gain crystal, while keeping the cavity length below the

capacity of present and future optical networks. Wavelength division 150 mm required for a gigahertz pulse repetition rate (see Fig. 1). This

multiplexing, the simultaneous transmission of a number of different Cavity design also retains sufficient intracavity intensity to access the

data streams on separate wavelength channels, requires the generationsinefits of spectral broadening of the pulses due to self-phase modula-

optical pulses across a broad range of wavelengths. Current approach&8n-

use a number of discrete semiconductor lasers to provide each of these

wavelengths independently. One option for future sources may be to

replace such individual narrowband lasers with a single source generat-

ing a large optical bandwidth. Femtosecond (fs) lasers have the potential dichroic PC

to offer such bandwidths, with the additional advantage that, if the pulse )

repetition rate can be made high enough, it may be possible to perform l}{)w’%

optical time division multiplexing, allowing for even higher data rates. If 685 G

such sources are to become practical, the cavity design and pumping %

requirements must be kept simple. 660

For the first time, diode-pumped solid-state lasers have been pas- dichroic

sively modelocked at multi-gigahertz pulse repetition rates using ';1

Nd:YVO, and an intracavity semiconductor saturable absorber mirror

(SESAM) [, producing picosecond pulses at 13 GHz at{indévave-

length[[2]. With additional negative dispersion compensation and under oo, o |

Ti:sapphire pumping, an even higher pulse repetition rate of 77 GHz has

been demonstratéd [3]. Harmonically modelocked fibre lasers can pro-

vide femtosecond pulses at exceptionally high repetition rates, but theseFig. 1 Schematic diagram of cavity design

configurations tend to be complex and require sophisticated stabilisationyr: dichoric high reflector; PC: polarisation beam splitter cube; HWP: half-

electronicd T#]. The ultimate solution would be to generate broad band-wave plate

width pulses directly from a semiconductor laser. Currently, however, Inset: Radio-frequency spectrum of modelocked output

sub-picosecond pulses are only produced by quite complicated diode

::/S;{ ag{éﬁéq\]g;f ;'l%ntﬂc; d; at\(;’si\cl)gll))// f:(? dgllgzjko euolle 0‘;%':2"5 n[:?l;?rlli)z dare The methoq of dispers?on control used has perhaps the biggest impact

vertical cavity semiconductor lasers have produced significantly more2" the footprint and cavity length of a femtosecond laser. The prism-

average output powr[6]. So far, these lasers have produced picosecorpc?sed S.yStemS typlca}l of mos_t femt_osecp nd lasers require component
pulses Sseparations that are incompatible with gigahertz repetition rates. Fur-

. . . . . thermore, given the limited pump powers available, the use of chirped
In this Letter, we describe a directly diode-pumped Cr:LiSAF laser g pump p P

. . mirror structures would result in unacceptable optical losses. In this sys-
that can be fundamentally (i.e. not harmonically) modelocked at a repe- P b A

tition rate in excess of 1 GHz. It produces pulses of 146 fs duration and‘(em’ a feature in the group-delay profile of the dichroic folding mirrors

A ; . ; . (supplied by QTF Inc., FL, USA) at around the lasing wavelength pro-
5.4nm bandwidth using a simple, compact and potentially robust CaVIYyided the dispersion compensation. This feature was not part of the
configuration. '

design specifications of the mirrors. Thus, the provision of sufficient

negative group delay dispersion was integrated within a mirror structure
Cavity designTo achieve robust and reliably self-starting modelocked providing low losses at the laser wavelength (measured transmission
operation, a SESAMJ[1] was used as the modelocking element. The< 0.03%) and high pump transmission (> 95%). By reducing the compo-
main obstacle to modelocking at high-repetition rates with a SESAM isnent count, this allowed for a simultaneous reduction of the parasitic
the tendency of the laser to run modelocked only under a Q-switchedosses and the cavity length, within a simplified, robust and compact
envelope when the intracavity pulse enekgydrops below a certain  cavity design.

level[[7]. As eqn. 1 shows, this energy depends on the saturation fluence

i i

0.99 .01

of, and mode areas incident on, the gain medkyp, andA,, respec- 2

tively, and SESAMF, pandA,, respectively, as well as the modulation g ,§

depth of the SESAMAR [7]. This inequality does not account for € S

soliton-like pulse shaping effects within the laser which will ease this © 5

constraint somewhat, nonetheless the general design considerations that ~ § 2

it reveals remain valid. & 3
Py 850 aésk 860 865 -400 -200 g I(') f2(')0 400
T. f = Ep > \/Fsat7L ’ AL M Fsat7A M AA AR (1) ’anm ezy’ s

For a given average output powy,. and output coupler transmission  Fig. 2 Spectrum and autocorrelation for 146 fs pulses at 1 GHz repetition-
T, increasing the repetition rafenecessarily reduces the intracavity rate

pulse energy and hence the inequality in eqn. 1 becomes progressivel, Spectrum

more difficult to satisfy. This problem is compounded for the broadband b Autocorrelation

gain materials used in directly diode-pumped femtosecond laser systems

because they typically have low stimulated emission cross-sections

and hence high saturation fluences. Results:When modelocked in this integrated cavity design, the laser
For a given SESAM, the intracavity pulse energy must be suitably produced pulses of 146 fs duration and 5.4 nm bandwidth (see Fig. 2).

high, and the mode areas in the gain crystal and on the SESAM must b&éhese pulses were near transform-limited, having a time-bandwidth
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product of 0.32. The repetition-rate of 1.002 GHz was measured using & |IEE 2001 ) 27 September 2001
fast-photodiode and a radio-frequency spectrum analyser. No evidenc&lectronics Letters Online No: 20011008
- S . Ol: 10.1049/el:20011008

of Q-switching was observed in either the radio-frequency spectrum orAJ Kemp. B. Stormont, B. Agate, C.T.A. Brown and W, Sibb:E @llen
. . . . J. , B. , B. Agate, C.T.A. Wi . Si
in the pul§e train (_)bserved ona fast. oscilloscope. Owing to the low OUt'Physics Research Laboratories and Ultrafast Photonics Collaboration,
put coupling required for modelocking, the average output power wasSchool of Physics and Astronomy, University of St. Andrews, St. Andrews,
restricted to ~3 mW, which corresponds to a pulse peak power of 20 WKY16 9SS, Scotland, United Kingdom
At lower repetition rates (~650 MHz) a modelocked output power of E-mail: ajk3@st-andrews.ac.uk
46 mW achieved from a similar cavity configuration with a more opti- U. Keller Ultrafast Laser Physics, Institute of Quantum Electronics, Swiss
mal output coupling of around 1%. Use of such an output coupling atFederal Institute of Technology, ETH Honggerberg HPT, CH-8093, Zirich,

. .. . . . Switzerlandl
gigahertz repetition rates would require the reduction of the spot size on
the SESAM. For the work reported in this Letter, the radius of the spot
was set at a conservative 8@ to avoid any likelihood of damage to the
SESAM.
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