
COIN - ACOFT 2007
24 - 27 June 2007, Melbourne, Australia

Tunable spectral enhancement of supercontinuum with long-period
gratings

Jeremy A. Bolger', Dong-Il Yeom', Graham D. Marshall2, Dane R. Austin1, Boris T. Kuhlmey', Mick J.
Withford2, C. Martijn de Sterkel and Benjamin J. Eggleton'

'ARC Centre for Ultrahigh-bandwidth Devices for Optical Systems (CUDOS), School of Physics,
University of Sydney, NSW 2006, Australia;

2CUDOS, Centre for Lasers and Applications, Department of Physics, Macquarie University, Sydney,
NSW 2109, Australia.

Abstract - We demonstrate tunable spectral enhancement
of supercontinuum with a long-period grating. The spectral loss
of the grating evolves into a peak whose position can be tuned
by varying the temperature or the ambient index around the
grating.

I. INTRODUCTION

It is well known that a number of processes associated with
the formation and evolution of temporal optical solitons in
photonic crystal fibre (PCF) lead to supercontinuum

12generation' . The large spectral broadening of
supercontinuum, often spanning more than an octave, has led
to applications in optical frequency metrology3, optical
imaging4 and wavelength division multiplexing5. Recent
research has concentrated on developing methods to control
the spectral density of concentrated regions of the
supercontinuum, via tapering6, UV post-processing7 or with
an in-line fibre Bragg grating (FBG) written into the fibre
creating the supercontinuum8.
Here we report a significant extension of the method of

narrow-band spectral enhancement. We use a long-period
grating (LPG), a periodic coupling between the guided core
mode of an optical fibre and modes of the cladding, to create
a spectral enhancement which can be tuned over a wide
spectral range by heating or by immersion of the LPG in
index matching fluid.

respectively, and A is the period of the perturbation. Since
the cladding is in intimate contact with the environment, the
energy in these modes is usually rapidly lost by interactions
with the polymer coating, bends in the fibre or fusion splice
points. The result is a series of narrow loss resonances at
wavelengths given by the effective indices of the spectrum of
cladding modes. The spectral positions of cladding mode loss
resonances are very sensitive to changes to the ambient
temperature'0, and to the refractive index of the medium
surrounding the fibre cladding". Propagation in the presence
of SPM can transform these loss features into sharp spectral
enhancements according to the development of refs. [9].
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II. PRINCIPLE OF OPERATION

We have recently presented9 an analytical model providing
insight into the fundamental physical processes involved in
the process of spectral enhancement such as reported in ref.
[8], showing it to be the result of pulse propagation in the
presence of SPM, arising from the altered vector sum of
initial and nonlinearly generated fields when the input pulse
has been pre-filtered to create a narrow phase or amplitude
feature. With this insight we consider here optimum filters
for narrow-band enhancement of supercontinuum spectra.
Long-period gratings (LPGs)'0 are periodic perturbations of
the core of an optical fibre, which couple light between the
confined core mode and the propagating modes of the
cladding of an optical fibre (cladding modes). They arise at a
wavelength X satisfying k=(ncore-nclad)A, where ncore and nclad
are the effective indices of the core and cladding modes

Fig. 1.: Schematic diagram showing how the ultrafast
Ti:sapphire laser travels through PCF1, generating
supercontinuum, then travels through short length of UHNA
fibre containing LPG, creating a tunable loss feature, then
finally undergoes SPM in PCF2, creating spectral
enhancement. Inset: Experimental output spectra at high power
(3.5 kW) and at low power (0.8 kW).

The principle of our method is schematically shown in
Fig. 1. In the first stage, an ultrafast laser pulse propagates
through a length of highly nonlinear PCF, creating a
broadband supercontinuum. The output of the PCF is then
coupled into a high numerical aperture fibre (UHNA)
selected for mode-matching to the initial PCF, and in which
an LPG has been written. In this second fibre, the phase
velocity of the propagating light is modified near the
resonant coupling wavelengths of the LPG, which leads to a
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different phase development within narrow spectral bands
around the resonances. In further propagation after the LPG,
the light which has been coupled into the cladding modes by
the LPG is lost by absorption in the fibre jacket, resulting in
sharp spectral loss features.

In the third propagation stage the supercontinuum, which
has now been modified by the LPG, is coupled into a second
piece of PCF, chosen for high nonlinearity and low
dispersion. After nonlinear propagation in the second PCF
stage this results in a spectral enhancement appearing near
the LPG resonance. The spectral enhancement can be tuned
by heating or by changing the refractive index of the medium
around the LPG.

III. CONSTRUCTION OF THE DEVICE

Our device is created by splicing together three different
fibres each chosen to optimise its role in the enhancement
process. The first fibre, PCF1 in Figure 1, is a 50 mm long
photonic crystal fibre with mode field diameter of 1.4 ptm, a
nonlinear coefficient of y-0.104 W lm-1 and a dispersion zero

at 749 nm. The input pulses, generated by a mode-locked
Ti:sapphire laser emitting 75 fs FWHM pulses at 777 nm are
spectrally broadened in this fibre. The LPG is written in the
second fibre, a short 50 mm length of hydrogen-loaded
Nufern UHNA fibre. This fibre has second mode cutoff at
900 nm, and a mode-field diameter of approximately 2 ptm.
The optimum LPG pitch for coupling to cladding modes in
this fibre is of the order of 25 ptm. The gratings, of length
20 mm and period 25 ptm, are inscribed in the UHNA fibre
by UV laser exposure. Finally, the third section is a 700 mm
long length of a different photonic crystal fibre. This second
PCF has a dispersion zero at 868 nm and a nonlinear
coefficient of y-0.049 W lm-1, and can generate strong self-
phase modulation of the perturbed supercontinuum pulse.
The fibres are spliced together with low loss.
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Fig. 2. Left: Modelling results showing the result of propagation
through the device at a peak power of 0.8kW (blue line, lower)
and 3.5 kW (red line, upper). For simplicity only a single LPG
resonance has been included in the model. The diagrams on the
right show close-up views of the modelled spectrum near to the
LPG resonance at the high power (top) and at the lower power

(bottom), showing how the spectral loss feature transforms into a

spectral enhancement at the high power.

Figure 2 shows simulated results of the spectral intensity
after low- and high-intensity propagation through the system.
In our simulation we include only a single LPG resonance

near 887 nm for simplicity. All parameters used in the

simulation, such as fibre length, nonlinearity, dispersion and
grating strength are chosen to match the conditions in the
experiment. As the expanded diagrams on the right-hand side
of Fig. 2 show, the supercontinuum spectrum at low powers
contains a narrow and deep loss feature due to the transfer of
power into a non-propagating cladding mode. At high powers
this loss has transformed into a sharp spectral enhancement
compared to the level in absence ofLPG (dashed line).

IV. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 3 shows spectral measurements taken at the output
of our device. The inset shows spectra acquired at several
temperatures, showing two LPG resonances which have been
converted into enhancement peaks approximately 7.5 dB (5.6
times) greater in intensity than the continuum, by
propagation in the presence of SPM. In the different curves
of this diagram the temperature of the LPG has been varied
from 25 °C to 280 'C. The temperature increase causes a
continuous red shift of the positions of the spectral peaks,
demonstrating the thermal tunability of the spectral
enhancement.

890 -28- 250C
C ~~~~~~~~~L

~880- E3
Th B40-

a) 850 860 870 880
a7 870 - Wavelength (nm)

o 860-
C

850-

50 100 150 200 250 300
Applied temperature (0C)

Fig. 3. Diagram showing how the resonances L1 and L2 are
tuned with increasing temperature. The inset shows examples of
spectra measured at several temperatures.

The main diagram shows the positions of the two
resonances, initially at 845 nm and 864 nm (respectively
labelled L2 and L1 in the figure), monitored as the
temperature of the sample is increased. This diagram shows
how the position of each of the enhancement peaks shifts
linearly as a function of temperature by approximately 0.054
nm/°C. Thus the spectral enhancement peaks are thermally
tuned, jointly almost continuously covering a spectral
bandwidth of 35 nm.

When the fibre containing the LPG is immersed in a fluid
of refractive index 1.45, matching the refractive index of the
fibre cladding, the core to cladding mode coupling is
extinguished. In the low power case the loss resulting from
coupling to the cladding mode vanishes. At higher powers
when the enhancement mechanism is active, the presence of
the fluid causes the removal of the enhancement feature. By
this means the spectral enhancement can be turned on and off
by external means.
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The manipulation of the spectral power density by a
combination of nonlinear optical processes and external
control represents a novel paradigm in waveguide-based
nonlinear optics. The nonlinear interaction between an
optical pulse and the continuous waveguide can be modified
in real time without the necessity to couple light out of and
back into the waveguide. As an application in frequency
metrology this tunable enhancement method could be used to
increase the flexibility of optical frequency chains for
frequency metrology'2. If implemented in the
telecommunication wavelength band it could be used to
permit tunable transfer of power to spectral lines for
continuum-based spectrally sliced wavelength-division
multiplexing5.

V. CONCLUSION

In summary, we have demonstrated a tunable local
enhancement in the spectrum of a fibre-generated
supercontinuum using a long-period fibre grating. Such a
tunable spectral increase offers a new approach to device
design employing waveguide nonlinear optics and points to
several direct applications.
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