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We demonstrate the use of a miniature gain-switched Ti:Sapphire laser for efficient generation of visible supercontinuum light in a highly
nonlinear microstructured optical fiber. This allows for a compact setup that puts out nanosecond pulses of light covering the spectral
range from 410 to 1300 nm. The source offers a low-cost alternative to the mode-locked-laser-pumped systems in the generation of visible

supercontinuum light. [DOI: 10.2971/j€05.2006.06012]
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1 Introduction

Supercontinuum (SC) is a term used for broadband light gen-
erated by nonlinear optical pulse propagation. The main char-
acteristics of the SC light are high brightness, spatial coher-
ence, and spectral flatness. Due to these desirable properties
it has found use, e.g., in applications of spectroscopy, mi-
croscopy and metrology [1]-[4]. A modern SC source consists
of a pulsed laser which provides the pump light and a nonlin-
ear microstructured optical fiber (MOF) in which the spectral
broadening takes place [5]. The pump lasers can be catego-
rized based on the method of the pulsing, i.e., mode-locking
or Q-switching. The mode-locked lasers are typically high per-
formance devices that produce both high average and peak
powers and create pulses that have widths from picoseconds
down to femtoseconds. On the other hand, the Q-switched
lasers used for SC generation have a much lower average
power, peak power, and repetition rate, and they produce
longer pulses that have widths from hundreds of picoseconds
to nanoseconds. In spite of these differences, both types of
lasers have been succesfully used to generate SC light [6]-[8].
The major advantages of Q-switched lasers are their compact
size and low cost [9], which make them ideal for applications
that require only low average power.

A particular need exists for generating SC light that covers the
whole range of visible wavelengths. Such a continuum may
readily be produced by pumping a MOF with a mode-locked
laser such as a Ti:Sapphire laser operating at close to the wave-
length of 800 nm. These systems tend to be rather expensive
and bulky [8]. For many practical applications of visible SC
light a compact and inexpensive source would be preferable,
but unfortunately the SC sources based on Q-switched pump
lasers have not been up to the task. A typical Q-switched laser
for SC generation would be a miniature Nd:YAG laser oper-
ating at the wavelength of 1064 nm, and being pulsed with a
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Cr:YAG saturable absorber [9]. Combined with a proper fiber
the laser will produce a spectrum ranging in wavelength from
600 nm to beyond 1750 nm [7]. However, extending the spec-
trum to cover the whole visible spectrum down to 400 nm
would require a significantly shorter pump wavelength, but
diode-pumped passively Q-switched laser sources producing
wavelengths in the range of 700-800 nm suitable for visible
SC generation do not exist. Certainly, frequency-doubling of
near-infrared lasers operating at close to 1 ym produces light
with even shorter wavelengths in the visible (Nd:YAG; 532
nm), but unfortunately the fiber structures suitable for SC gen-
eration at the visible pump wavelengths become impractically
tiny with core sizes of less than 1 ym [10]. Another option
to generate a shorter wavelength SC is to modify the prop-
erties of the bulk MOEF. Recently, Travers et al. demonstrated a
SC source for visible wavelengths that made use of a cascade
of holey fibers with decreasing zero-dispersion wavelengths
[11]. The same idea was developed further by Kudlinski et al.,
who demonstrated a compact supercontinuum source for vis-
ible wavelengths based on a 1064 nm microchip laser pump-
ing a MOF with a spatially decreasing zero-dispersion wave-
length [12]. However, the tapered fiber was drawn from a sin-
gle preform so that the benefit of large scale production of
fiber was lost. Another approach was demonstrated by Xiong
et al. who used a 1064 nm microchip laser to pump a post-
fabrication modified MOF. The principle of the source was to
use four-wave mixing in the fiber to produce light at 740 nm,
and subsequently use this light to pump a tapered section of
the fiber having a zero-dispersion wavelength at 700 nm [10].

In this paper we demonstrate a compact supercontinuum
source for visible wavelengths that is based on pumping a
highly nonlinear, off-the-shelf microstructured optical fiber
with a miniature gain-switched Ti:Sapphire laser. The pump
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laser is similar to the devices demonstrated by Zayhowski et
al. [13, 14]. It produces broadband nanosecond pulses at 780
nm which, when coupled into to the fiber, generate a smooth
supercontinuum covering the wavelengths from 410 nm to
1300 nm. We compare the results obtained with this setup
with those obtained by using a commercial mode-locked
Ti:Sapphire laser in order to show the differences in spectra
generated by femtosecond and nanosecond excitations in the
same fiber.

2 EXPERIMENTAL SETUP

Gain-switching is an alternative to mode-locking and Q-
switching in the production of pulsed laser light. It allows
the generation of high peak power pulses in laser crystals
that are not practical for Q-switched laser operation because
of a short upper laser state lifetime. In a gain-switched laser
the laser crystal is located in a resonant cavity in which it is
pumped by a short high-energy pulse from another laser. The
intense pumping creates a high population inversion, which
is released in the form of a short output pulse. For visible SC
generation, an interesting alternative is to use Ti:Sapphire as
the gain-switched laser medium and pump it by a frequency-
doubled Q-switched Nd:YAG laser [13, 14]. Such a laser can
be made compact and passively cooled, and its output wave-
length can be tuned over a large range because of the ex-
tremely broad gain in the Ti:Sapphire crystal [15].
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FIG. 1 Layout of the gain-switched Ti:Sapphire-laser-pumped supercontinuum source.

The layout of the gain-switched Ti:Sapphire-laser-pumped SC
source is shown in Figure 1. The three main parts of the system
are the pulsed frequency-doubled Nd:YAG laser, the minia-
ture Ti:Sapphire-laser, and the microstructured optical fiber.
The homemade compact-sized Nd:YAG laser is used to pro-
duce high-energy pump pulses for the Ti:Sapphire laser at the
wavelength of 532 nm. The linearly polarized pump pulses
have an energy of 45 ], and a length of 14 ns. The polarization
of the pump light is aligned along the c-axis of the Ti:Sapphire
crystal in order to achieve maximum absorption of the pump
light. The crystal is located in a plano-convex cavity adjacent
to the plane rear mirror. The Ti-doping of the crystal is 0.15 %,
it is 10 mm long, and it has on both ends a dualband anti-
reflection coating at 780 nm and 532 nm. Absorption of the
pump light was measured to be 90 %. The plane rear mirror
has a high-reflection coating at 780 nm, but lacks antireflection
coating at 532 nm, which results in an 8 % loss of the pump
light. The output coupler has a radius of curvature of —50 mm,
and a reflectivity of 70 % at 780 nm. The cavity length was 53
mm corresponding to a mode radius of 40 ym at the rear mir-
ror. With 37 uJ of absorbed pump energy per pulse, the laser
produces 12 uJ pulses at 780 nm with a pulse width of 6 ns,
and a peak power of 2 kW. The spectrum of the laser output

is shown in Figure 2. It has a full-width at half-maximum of
25 nm. The buildup time of the pulse was measured to be 40
ns. The laser was operated at a repetition rate of 3 kHz corre-
sponding to an average output power of 36 mW.
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FIG. 2 Output spectrum of the miniature gain-switched Ti:Sapphire-laser.

The supercontinuum light was produced by coupling the out-
put of the miniature Ti:Sapphire laser into a highly nonlinear
microstructured optical fiber with triangular hole lattice. The
fiber had a hole-to-hole spacing A of 1.48 ym and a relative
hole size d/ A of 0.7, where d denotes the diameter of the holes.
The group-delay curve of the fiber shown in Figure 3 was cal-
culated from the design parameters using a commercial beam
propagation code [16]. We estimate the zero dispersion wave-
length of the fiber to be at around 750 nm, which puts the
laser wavelength of 780 nm slightly into the region of anoma-
lous dispersion, so that the main process of SC generation is
expected to be degenerate four-wave mixing [7]. Moreover,
the fiber parameters were chosen such that the group-delay
would be matched at the visible and infrared wavelengths in
order to make use of the cascaded cross-phase modulation
(XPM) processes to spread the continuum towards the visi-
ble wavelengths [17]. Light was coupled into the fiber using
an 8 mm focal length aspheric lens with a numerical aperture
of 0.5. The fiber length was chosen to be 20 meters.
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FIG. 3 Calculated group-delay of the microstructured optical fiber as a function of

wavelength.
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3 RESULTS

The supercontinuum spectrum was measured at the output
of the fiber by using an Ando AQ-6315E spectrometer. For 36
mW of input power into the fiber, 9 mW of SC power was
obtained. The measured spectrum is shown in Figure 4 . It is
remarkably smooth, and in particular it shows efficient gener-
ation of visible wavelengths similarly to the results reported
in [18]. The strong generation of the blue wavelengths is at-
tributed to the cascaded XPM processes [17]. The length of the
fiber was 20 meters, but it was observed that the color of the
light changed from deep red to cold white already in the first
10 meters, and it is probable that the last ten meters do not es-
sentially affect the continuum generation, but only cause addi-
tional loss. The dip in the spectrum at around 1.4 ym is caused
by OH ™ -absorption of the long fiber.
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FIG. 4 Spectrum produced by the gain-switched Ti:Sapphire-laser-pumped supercontin-

uum source.

3.1 Comparison to a mode-locked

SC source

We used a commercial mode-locked Ti:Sapphire-laser (Spec-
tra Physics/Tsunami) to pump a 2 m long piece of the same
fiber to see how the spectrum compares to the one obtained
with the gain-switched source. The input pulses were approx-
imately 500 fs long with a peak power of 20 kW. The average
power of the laser was 700 mW, and 200 mW of SC power was
measured at the output of the fiber. The laser was operated at
a wavelength of 780 nm at a repetition rate of 80 MHz.
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FIG. 5 Spectrum produced by pumping 2 meters of the fiber with a mode-locked

Ti:Sapphire-laser

The supercontinuum spectrum produced by the mode-locked
source is shown in Figure 5. Qualitatively, it is quite similar to
the spectrum produced by the gain-switched source. Due to

the higher peak power of the input pulses, the mode-locked
source shows even more efficient generation of visible wave-
lengths and almost complete depletion of the pump at 780 nm.
However, the high peak power pulses lead to the generation
of dispersive waves, which are the cause for the uneven inten-
sity distribution of the blue part of the spectrum [19].

4 CONCLUSION

We have demonstrated a compact SC source for visible wave-
lengths that is based on pumping a highly nonlinear mi-
crostructured optical fiber with a miniature gain-switched
Ti:Sapphire laser generating broadband pulses at 780 nm. The
output spectrum of the SC source covers smoothly the wave-
lengths from 410 nm to 1300 nm, and it compares well with
the spectrum produced by an order of magnitude more ex-
pensive and complex mode-locked Ti:Sapphire-laser-pumped
SC source. The source is simple to construct and makes use
of bulk microstructured optical fiber. We believe that it could
find use in practical applications of visible SC light, where the
high average power or pulse repetition rate of a mode-locked
source is not essential.
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