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ABSTRACT 
 
The ability to tune the Bragg wavelength of a fibre-Bragg grating (FBG) in an all-fibre laser can offer added 
functionality such as laser wavelength tunability, polarization selectivity,1 and Q-switching.2  Compared to current 
techniques which rely on mechanically straining the FBG to achieve Bragg-wavelength tunability, an all-optical 
technique for tuning an FBG offers potentially faster switching speeds and a more robust and simple cavity.  All-optical 
tuning of the Bragg wavelength of an FBG has been demonstrated previously by resonant optical pumping; however this 
technique has only been applied to passive systems for switching applications.3  In this work, we have further 
investigated this optical-tuning process, experimentally identifying three time-scale regimes, and optimised it for 
application to active systems.  Furthermore, we constructed an erbium all-fibre laser cavity consisting of an output-
coupler FBG and an optically-tunable, high-reflector FBG.  The cavity pumping and the optical tuning of the FBG were 
kept independent.  By repetitively tuning the high-reflector FBG on- and off-resonance with the output-coupler FBG, we 
actively Q-switched the erbium fibre laser at repetition rates up to 35 kHz, limited only by our diode driver.  We show 
that grating tuning at >300 kHz is possible with the existing embodiment, and discuss further potential to operate at MHz 
rates. 
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1.  INTRODUCTION 
 
All-fibre lasers incorporating fibre-Bragg gratings (FBGs) enable simple, compact and robust cavity designs, as FBGs 
may be spliced into the cavity or alternatively inscribed directly into the active fibre.4  Q-switched operation can be 
achieved in an all-fibre laser by modulating the relative spectral alignment of fibre-Bragg gratings in the cavity.5  
Dynamic control of the resonance wavelength of FBGs in fibre laser systems is also useful as a means for laser 
stabilisation, laser wavelength tunability, polarization selectivity and switching.1,5  Typical methods for modulating the 
resonance wavelength of an FBG include thermal, strain and compression tuning.  These methods require bulky 
components to be incorporated into the fibre laser design, which limits their tuning speed and range of application.5 
 
All-optical control of the resonance wavelength of an FBG has the potential to offer remote system control and faster 
switching speeds,6 while maintaining the inherent robustness of the all-fibre laser system.  In order to achieve this, the 
FBG must be inscribed in a fibre with a resonant absorption at an accessible wavelength for optical pumping.  Rare-
earth-doped fibres are an ideal candidate as they are widely commercially available and are easily pumped with common 
diode laser sources.  As rare-earth-doped fibres typically have low photosensitivity, a grating inscription technique which 
relies upon multi-photon absorption of femtosecond laser pulses is advantageous.  Further, gratings directly-written with 
a femtosecond laser have proven stability at high-temperatures7 and under intense optical fields,8 which is favourable for 
fibre laser applications. 
 
All-optical tuning of an FBG inscribed in a Yb-doped fibre has been demonstrated previously by resonantly pumping the 
ytterbium ions.3  Resonantly pumping a fibre doped with rare-earth ions increases the refractive index of the core, which 
then shifts the Bragg wavelength according to the Bragg condition.  The refractive index shift induced by the resonant 
optical pumping occurs via two processes.  Firstly, the excited ions experience non-radiative decay and thus directly heat 
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the doped fibre core.  Secondly, by exciting ions from the ground state to an excited state, the strength of all ground-state 
absorptions is diminished, while excited-state absorptions become possible and gain is made available.  In this case, the 
Kramers-Krönig relations provide that any change in absorption or gain at any wavelength induces a refractive index 
shift (albeit minutely small) at all wavelengths.  (See references 9-11 for information regarding the contribution of 
vacuum-ultraviolet transitions to the measured refractive index shift in the near infrared).  In the aforementioned FBG-
tuning experiments, the technique was applied for switching a passive signal, and the tuning range and tuning speeds 
were limited, which was determined to be due to the relative strength and time-scales of the thermal and population-
inversion contributions to the refractive index shift.  Therefore, for application to active systems (such as a laser system), 
a full understanding of and control over the relative contributions from the optically-driven thermal and population-
inversion effects is required. 
 
In this body of work, we analysed the optical tuning of an FBG in a Yb-doped fibre in both the spectral and temporal 
domains.  For the first time, FBG spectral analysis has been used to investigate the relative thermal/inversion 
contributions to the refractive index shift induced by resonant absorption.  From this analysis, we have identified three 
optical tuning regimes: a long time-scale thermally-dominated regime (limited to seconds), an inversion-dominated 
regime (limited to ~840 s), and a fast thermal regime (limited to ~3 s).  We subsequently built on this knowledge by 
realising an optically Q-switched all-fibre laser.  The Q-factor of the fibre laser cavity was modulated by optically-tuning 
the high-reflector (HR) FBG on- and off-resonance with an output-coupler (OC) FBG.  Q-switching at repetition rates up 
to 35 kHz is demonstrated, and we discuss further potential to operate at up to 1 MHz with this system. 
 
 

2.  EXPERIMENT 
 
2.1 Fibre-Bragg gratings 
 
The gratings implemented in this fibre laser were inscribed using an infrared femtosecond laser and the point-by-point 
technique.  A detailed description of this technique can be found elsewhere.12  The HR grating was inscribed into a 
highly Yb-doped fibre using the following parameters: 200 nJ pulse energy, 30 mm grating length and a period of 
1.589 m.  This grating had a third-order resonance in the C-band with transmission extinction of 15 dB and a linewidth 
(full-width at half-maximum reflectivity) of 65 pm.  The grating target wavelength was chosen to lie within the C-band, 
due to the availability of characterisation systems which operate in the C-band, and as this corresponds to the emission 
band of erbium (a convenient source of in-fibre optical gain).  Yb-doped fibre was selected for the optically-tunable 
grating as ytterbium has no absorption or emission in or near the C-band, thus enabling control of the grating 
independent to the gain in the laser cavity.  A fibre with a high doping concentration (1.2 w.t.%) was selected to 
maximise the resonant absorption per unit length in the fibre, thus maximising the achievable wavelength-tuning range.  
The OC grating was inscribed in an undoped fibre (Corning SMF-28e) using the following parameters: 200 nJ pulse 
energy, 30 mm grating length and a period of 4.242 m.  This grating had an eighth-order resonance in the C-band with 
transmission extinction of 3.6 dB and linewidth of 30 pm.  The gratings were written at high orders to reduce the 
coupling constant and allow longer grating lengths while keeping the grating strength constant, which resulted in 
narrower linewidths.  The ability to write strong gratings at high-orders is unique to the point-by-point technique, as the 
refractive index modification is highly localised.  This means that at higher orders, the duty-cycle of the grating (i.e. the 
ratio of the modification size to the grating period) is increasingly low, which results in greater relative strength in the 
higher-order resonances. 
 
 
2.2 Optical-tuning of the fibre-Bragg grating 
 
Prior to incorporation into the fibre laser system, the optical tuning of the HR grating was tested by observing the grating 
spectrum during continuous-wave (CW) resonant optical pumping.  A schematic of the optical tuning characterisation 
setup is shown below in Figure 1.  The spectrum of the HR grating was probed in reflection using a high-resolution 
(3 pm) swept-wavelength system (JDS Uniphase SWS15100) and up to 200 mW of pump light from a fibre-coupled 
laser diode operating at 976 nm was injected into the Yb-doped fibre via a 980/1550 nm wavelength-division multiplexer 
(WDM). 
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Figure 1  Schematic of the setup for characterisation of the optical tuning of the FBG. 

 
2.3 Optically Q-switched erbium all-fibre laser 
 
Figure 2 shows a schematic of the fibre laser cavity.  The cavity consisted of the HR grating in the Yb-doped fibre, the 
OC grating in SMF and a two-metre length of Er-doped fibre.  Cavity pump light at 976 nm was injected into the Er-
doped fibre through the OC grating via a 980/1550 nm WDM.  A separate 976 nm diode was used to achieve optical-
tuning of the HR grating by directly pumping the Yb-doped fibre.  A second WDM was spliced between the HR and the 
cavity in order to prevent 976 nm light transmitted through the HR affecting the cavity, and visa-versa.  This WDM also 
stopped emission from the Yb-doped fibre (at ~1040 nm) coupling into the erbium laser cavity.  Due to the extra fibre 
from the WDM in the cavity, the total cavity length was 5.9 m.  The OC grating was placed in a heater oven and 
thermally tuned until it spectrally overlapped with the HR grating. 
 

  
Figure 2  Schematic diagram of the Q-switched erbium fibre laser cavity. 

 
In order to Q-switch the fibre laser, the current supplied to the grating tuning diode was modulated using TTL pulses 
from a waveform generator, thus repetitively tuning the HR FBG on- and off-resonance with respect to the OC FBG.  
The output of the fibre laser was monitored using an oscilloscope (2 GHz, 4GS/s) and a fast photodiode. 
 
 

3.  RESULTS 

3.1 Optical-tuning of the fibre-Bragg grating 
 
While monitoring the reflection spectrum of the FBG in the Yb-doped fibre, we resonantly pumped the fibre and 
observed the Bragg resonance shift to longer wavelengths.  Figure 3 (left) shows the reflection spectrum of the grating 
with the fibre immersed in air, without optical pumping, and with 100 mW and 200 mW of injected optical pump power.  
We found that during optical tuning the Bragg reflection peak split into multiple peaks, and the peak reflectivity reduced.  
This distortion was only temporary, and with the pump switched off, the original grating spectrum was restored. 
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Figure 3  Reflection spectra of the FBG in the Yb-doped fibre during resonant pumping.  In this case, the fibre was immersed in air. 

It has been shown that the accumulation of heat in the bulk of the fibre, due to poor heat conduction from the cladding to 
surrounding air, can have a significant effect on the core refractive index.13  In order to alleviate this, we immersed the 
fibre in water to allow efficient conduction of heat from the fibre cladding.  By subsequently repeating the optical tuning 
measurements, we observed a smaller Bragg wavelength shift (25 pm as opposed to 200 pm with the fibre in air), but 
with no distortion of the grating spectrum or loss of peak reflectivity, as can be seen in the right-hand graph of Figure 3.  
Therefore we attribute the smaller observed refractive index shift to be due to the population inversion of the ytterbium 
ions and due to the direct heating of the fibre core; while the dominant contribution to the index shift seen in the left-
hand graph is the core-temperature increase from the accumulation of heat in the fibre cladding.  The time-scale limit of 
this slow-thermal contribution (referring to left-hand graph) is approximately 1 second, therefore at switching rates 
greater than a few Hz, the grating spectrum will constantly be distorted.  As the grating spectrum affects the efficiency 
and stability of the fibre laser, we continued to immerse the optically-tunable FBG in water during the laser experiments.  
Therefore the relevant time-scale limits for the optical tuning (with passive cooling, such as water immersion) are 
~840 s for the excited state lifetime of the ytterbium ions, and ~3 s for the diffusion of heat from the core into the 
cladding.  
 
3.2 Optically Q-switched fibre laser 
 
With the two FBG’s aligned spectrally and cavity pumping of 15 mW, the Er-doped fibre lased at 1536.4 nm with a 
narrow linewidth of 12 pm.  By subsequently injecting 40 mW of light at 976 nm into the Yb-doped fibre, the HR FBG 
tuned off-resonance from the OC FBG, and the Er-doped fibre ceased lasing with 40 dB extinction (see Figure 4).  In 
order to Q-switch the fibre laser at low repetition rates (up to ~10 kHz), the cavity could only be pumped just above 
threshold, or else the fibre would begin to lase in the low-Q state.  This behaviour is characteristic of high-gain systems, 
such as fibre lasers; however it suggests that the cavity could benefit from further optimisation (as outlined in the 
discussion) to maximise the change in Q for the available Bragg-wavelength shift.  Figure 5 shows the output of the fibre 
laser with Q-switch modulation frequency of 10 Hz.  Here we can see the initial pulse with high peak power, followed by 
progressively lower-power pulses, settling to a steady-state. 
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Figure 4  Spectrum of the erbium fibre laser, 
showing suppression of lasing during CW 
optical-tuning of the HR grating. 
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Figure 5  Output of the fibre laser shown with the output of the grating 
tuning diode.  When the grating tuning diode is switched off, the fibre laser 
cavity Q switches high and a series of pulses is output, settling to a steady-
state. 

By increasing the cavity pump power to 115 mW and the FBG-tuning frequency to 15 kHz, the fibre laser exhibited 
stable Q-switched operation.  At increased repetition frequencies, stable Q-switched operation was maintained with 
increased cavity pump power, up to 35 kHz (with 205 mW cavity pump power).  At higher modulation frequencies 
however, the fibre laser failed to Q-switch, and operated in a quasi-CW mode.  The output of the Q-switched fibre laser 
operating at 15 kHz is shown in Figure 6. 
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Figure 6  Output of the Q-switched erbium fibre laser at 15 kHz, shown on two different time-scales. 

The output power of the fibre laser was 1.5 mW at 15 kHz (with 115 mW cavity pumping) and 3.4 mW at 35 kHz 
(205 mW cavity pumping).  The CW output power of the fibre laser was 2.8 mW with 205 mW cavity pumping.  By 
calibrating oscilloscope traces to average power measurements, the peak output power of the laser at 35 kHz was 
determined to be approximately 120 mW.  The inefficiency of this laser is currently due to the many splice losses inside 
and outside the cavity between mode-mismatched fibres, significant scattering loss in the HR FBG (~1.6 dB or 30%), as 
well as low output-coupling of ~50% (whereas 96% output-coupling from a cleaved end-face is typical for many fibre 
laser systems).  There is plenty of scope for improving the efficiency of this laser, however efficiency was not a focus of 
this work.  Nevertheless, this output power is more than sufficient for an oscillator source, and there is potential for 
power scaling by simply splicing on an amplification stage. 
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Given that the Q-switch frequency limit of 35 kHz does not correspond to any of the anticipated grating-tuning time-
scale limits (namely 840 s / 1.2 kHz for the excited-state lifetime of ytterbium, or 3 s / 330 kHz for the diffusion of 
heat from the core into the cladding), we suspected that the grating-tuning diode driver was responsible for the 35 kHz 
limit.  Therefore we measured the output of this diode, which is shown at 15 kHz and 35 kHz in Figure 7.  We can 
clearly see that the diode is not fully modulated at 35 kHz; hence the diode driver is currently responsible for the Q-
switching frequency being limited to 35 kHz.  As the next fundamental time-scale limit is 3 s, we believe that by simply 
using a faster diode driver we would be able to tune the grating at repetition frequencies exceeding 300 kHz. 
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Figure 7  Output of the grating tuning diode at 15 kHz (left) and 35 kHz (right) modulation frequencies.  It can clearly be seen that the 

diode is not fully modulated at the higher repetition rate. 

We noticed that the Q-switched pulse consisted of an underlying modulation which appears to fully return to zero (hence 
the solid appearance of the single-pulse curve on the right-hand side of Figure 6).  By monitoring the peak of the Q-
switched pulse with higher time-resolution (see Figure 8, left), we observed a stable pulse train with full extinction 
(return to zero between pulses) and an inter-pulse spacing of 57.5 ns, which corresponds to the round-trip time for the 
5.9 m cavity.  We observed that this behaviour was always present at all Q-switching rates.  The full-width at half 
maximum (FWHM) duration of the pulses was 7.8 ns at 15 kHz, and 8.1 ns at 35 kHz.  Subsequently, we monitored the 
output of the fibre laser without any Q-switching (no pump delivered to Yb-doped fibre) and observed that the laser was 
still pulsing with similar pulse duration and identical inter-pulse spacing (Figure 8, centre).  We also measured the 
impulse response of the photodiode using a 100 fs pulse at 800 nm (Figure 8, right), and concluded that it was able to 
measure the fibre-laser output pulses with sufficient resolution.  From these results (particularly the sustained pulsed 
output without Q-switching) we conclude that the laser is self-mode-locking; however, we have not yet been able to 
determine the mode-locking mechanism in the cavity, and we are currently investigating this further. 
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Figure 8  Mode-locked output of the fibre laser: during the peak of the Q-switched pulse (left), and during ‘CW’ operation (centre).  

Also, the photodiode response to a 100 fs laser pulse (right). 
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4.  DISCUSSION 
 
In this work, we have applied an all-optical FBG-tuning technique to a fibre laser system for the first time.  By 
monitoring the reflection spectrum of the FBG in the Yb-doped fibre during continuous resonant pumping, we observed 
detrimental effects on the grating spectrum.  However, by passively cooling the fibre we eliminated these detrimental 
effects, and therefore identified that these were due to the accumulation of heat in the fibre cladding.  These results 
demonstrate the importance of thermal management of an optically-tunable FBG, particularly for application to active 
systems, as the stability and efficiency of a system depends upon the feedback from the FBG.  Furthermore, these results 
show that passive cooling should result in increased stability and efficiency of any fibre laser system which includes an 
FBG in an active fibre, which is in agreement with observations previously noted in the literature.14 
 
By incorporating this optically-tunable FBG into a fibre laser cavity, we were able to demonstrate grating tuning at 
repetition rates up to 35 kHz, limited by the grating-tuning diode driver.  Thereby we demonstrated optical tuning 
beyond the time-scale limit given by the excited-state lifetime of the ytterbium ions.  The next fundamental time-scale 
limit for the optical tuning is given by the time for diffusion of heat from the core into the cladding, and this should allow 
switching at rates in excess of 300 kHz with the current embodiment.  However if the Yb-doped fibre can be made to 
lase, then the excited-state lifetime of the ytterbium ions will be drastically reduced (due to stimulated emission), and the 
refractive index shift due to the population inversion may be able to tune the FBG at frequencies greater than 1 MHz (see 
the section on a gain-switching regime in this article6). 
 
The duration of the Q-switched pulses from the actively Q-switched fibre laser ranged from approximately 3 s to 5 s, 
which is similar to previous results for all-fibre Q-switched lasers;2,5 however this pulse duration would limit the Q-
switching frequency of the laser if a fast diode driver was employed.  In addition, the efficiency of the laser is low 
(3.4 mW output at 35 kHz Q-switching frequency for approximately 200 mW pump power).  However, there is 
significant potential for improving the pulse duration, peak power and efficiency of the laser.  Currently there is 
approximately 3.5 m of undoped fibre in the cavity from the WDM, there are multiple splice losses in the cavity between 
mode-mismatched fibres, and there is significant scattering loss in the HR FBG (~1.6 dB).  Reducing the cavity length, 
reducing the cavity losses and optimising the output coupling will result in much shorter Q-switched pulses with much 
higher peak power.  Additionally, for scaling the system to high power, a fibre amplification stage could easily be spliced 
onto the output of the laser, without losing the benefits of an all-fibre laser cavity. 

5.  CONCLUSION 
 
To our knowledge, this is the first demonstration of an optically-driven, active Q-switching mechanism in a fibre laser; 
as well as the first incorporation of an independently optically-tunable FBG into a fibre laser cavity.  This work 
demonstrates that optical tuning of FBGs can be effectively employed in fibre laser systems, and highlights further 
potential for using this all-optical tuning technique to achieve added functionality for all-fibre laser systems, such as 
rapid wavelength tunability and polarization switching (using previously demonstrated all-fibre polarization switching 
geometries1).  However, these will probably require the use of fibres with higher doping concentrations, such as Yb-
doped phosphate or phosphosilicate fibres, to increase the tuning range.  This work also highlights potential for 
application in direct-write active devices. 
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