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Rapid Decay of Type-II Femtosecond Laser
Inscribed Gratings Within �-switched

Yb��-Doped Fiber Lasers
M. L. Åslund, N. Jovanovic, J. Canning, S. D. Jackson, G. D. Marshall, A. Fuerbach, and M. J. Withford

Abstract—Fiber lasers that utilize femtosecond (fs) laser in-
scribed type-II fiber Bragg gratings within the active medium are
known to produce stable output powers in excess of 100 W during
continuous-wave operation. However, here we show that the grat-
ings undergo rapid annealing when employed as high reflectors in
pulsed -switched fiber lasers operating at average power levels
of less than 0.5 W. We demonstrate that a combination of a high
population inversion and a high optical field seems to drive this
annealing process and point out similarities to photodarkening.

Index Terms—Bragg scattering, optical fiber lasers, -switched
lasers, ultrafast optics.

I. INTRODUCTION

T HERE is significant interest in using fiber Bragg gratings
(FBGs) as narrow linewidth feedback elements in medium

to high power fiber lasers, because they simplify the laser ge-
ometry by reducing the need for external bulk optics [1], [2].
However, conventional Type-I gratings written with UV lasers
have a low power handling capability and anneal out rapidly
with only 15-W continuous-wave (CW) output when used in
an Yb -doped fiber laser [2]. The origin of the photoinduced
annealing was not clearly identified at the time.

The problem of photoannealing can be circumvented by
splicing a section of passive fiber containing the FBG onto the
active fiber, rather than inscribing directly into the Yb -doped
fiber. However, there is a strong interest towards developing
monolithic fiber laser technologies where splicing can be
avoided and to this end fs laser inscribed gratings have been
the most promising method. Ultrastable Type-II damage-FBGs
were written directly into the Yb -doped active core of a
double clad fiber utilizing the fs laser point-by-point (PbP)
technique [3]. The strong structural changes in these gratings
have been measured to be thermally stable to temperatures as
high as 1000 C [4]. Using this approach, a stable narrowband
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Fig. 1. Experimental setup. HR: High-reflector. The inset shows the laser
output peak power as a function of the modulation frequency.

laser with an output power in excess of 100-W CW has already
been demonstrated [5].

In this letter, we explore the power handling capabilities and
performance of these gratings, and report the first evidence of
photoannealing when they are subjected to low average but high
peak power levels within -switched fiber laser cavities.

II. EXPERIMENT

The active fiber used in our experiments was a double-clad
Yb –Al -codoped silica fiber (OFTC Sydney) with the
following parameters: diameter m,
numerical aperture NA , ion-concentra-
tion Yb , Al , and absorption

0.09 dBm at 978 nm. The FBGs were directly
inscribed into the core of this fiber by PbP grating writing.
For that purpose, the fiber was mounted on a high-precision
air bearing translation stage, the outer cladding was stripped,
and fs laser pulses ( nJ, fs, kHz)
from a regeneratively amplified Ti : sapphire laser operating at
800 nm were focused into the active core using a 0.8 NA, 20
oil immersion objective. The FBG, used as the high-reflecting
mirror in the laser cavity, was 15 mm long and had a period of
1.13 m, corresponding to a third-order grating for 1097 nm.

The experimental setup of the -switched fiber laser is shown
in Fig. 1. The pump light (976 nm) from a laser diode array was
focused into the active fiber ( m using a microscope
objective NA , launch efficiency 66 ). The FBG had
a center wavelength of nm and a full-width at
half-maximum (FWHM) linewidth of pm. An ab-
solute measurement of the grating reflectivity could not be ob-
tained due to experimental difficulties in coupling from the core
of the double-clad fiber to the optical spectrum analyzer (OSA).
However, by measuring the laser power that was emitted from
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Fig. 2. FBG-defined (black) and post-FBG-deletion free-running (gray)
�-switched fiber laser output spectra. Insets show magnified FBG-defined
laser spectra for (a) �35 kHz, (b) �10–15 kHz, and (c) �2 kHz modulation
frequency.

the grating end of the laser cavity, we could estimate that the
maximum reflectivity of the FBG was 2.2 dB ( )
at . We observed two somewhat smaller additional reflection
bands at 1064 and 1074 nm, which we attribute to a sampled
super-structure of the grating as a result of small transversal os-
cillations of the translation stage that was used to move the fiber
during the grating writing process [6]. The output end of the
fiber was angle-cleaved to avoid feedback. The output of the
laser was collimated and passed through an antireflection (AR)-
coated bulk-optic acoustooptic modulator (AOM). The angle of
the AOM was set for maximum angular diffraction efficiency
(13%) into a single diffraction order ( ) and the diffrac-
tion efficiency was controlled by the amplitude of the RF signal.
The st order beam was reflected back into the active fiber
core by a high reflecting (HR) mirror while the zeroth order
beam provided the laser output. This configuration has the ad-
vantage that it allows easy control of the amount of feedback
into the cavity. However, due to the low diffraction efficiency of
the modulator, the effective output coupling was very high, i.e.,
the intracavity power was almost identical to the output power.
A relatively short length of laser fiber was chosen to reduce op-
tical nonlinearities and pulse duration.

The angle-cleaved fiber refracted different laser wavelengths
into slightly different output angles. This enabled the HR mirror
to be used for wavelength selective feedback. Due to the rela-
tively short fiber length, the laser line with the shortest wave-
length (1064 nm) provided the highest peak power, the shortest
pulse duration, and the least amount of noise. Thus, subsequent
measurements were taken at this wavelength. The laser was
operated over a range of repetition frequencies , producing
peak power levels of up to kW ( mW,

ns, kHz). The peak power levels as
a function of frequency are shown as an inset to Fig. 1. The
normalized narrowband laser spectrum for this configuration is
shown as a black line at 1064 nm in Fig. 2, whereas the insets
in Fig. 2 show expanded views of that laser line for modulation
frequencies of (a) 35 kHz, (b) 10–15 kHz, and (c) 2 kHz.
The period of the spectral modulation of the laser line is 4.7 pm
in Fig. 2(b) and 7.3 pm in Fig. 2(c). Note that the laser spectrum
is actually much narrower than the bandwidth of the grating,
a feature that is commonly observed in similar laser systems
[6]. Thus, lasing was entirely contained within the center of the
bandgap and dispersive effects like slow-light can be neglected.

It is also worth mentioning that stimulated Brillouin scat-
tering (SBS) is not responsible for the spectral modulations ob-
served. SBS is material dependent and results in both spectral
and temporal break up of the pulse. While no temporal break
up at all was seen on an oscilloscope, the spacing between ad-
jacent spectral peaks as a result of SBS is 66 pm in silica and
none of the spectra in Fig. 2 exhibit such a feature. Moreover,
the spectral separation of the peaks changes with repetition rate
and this would not happen if SBS were the cause. However, we
cannot completely rule out that SBS is present to some extent
in our laser.

After operating the laser for a period of 20 min at varying
frequencies, Hz kHz, a significant drop in output
power coupled with an increase in pulse duration was observed.
The laser output progressively deteriorated over a period of min-
utes until the spectrum of the laser was no longer defined by the
FBG (see Fig. 2). Since we observed no shift in the wavelength
of the laser before that dramatic change in the laser’s spectrum
occurred, we concluded that the average intracore temperature
did not increase sufficiently for conventional thermal annealing
of the grating to set in, as this would imply steady-state average
core temperatures in excess of 1000 C. The pulse duration in
our experiments was a multiple of the round-trip time. At the
low repetition rate investigated here, this implies a gradual intra-
cavity field build-up. Thus, if there was a transient temperature
rise connected, this should manifest itself as a temporal chirp of
the lasing wavelength; the spectral modulation in Fig. 2 may be
an indication of this effect. However, any inferred temperature
increase would only be in the order of a few degrees. We there-
fore conclude that any substantial transient temperature change
must be limited to a local molecular level that can as such not
be responsible for the observed photoannealing.

In order to rule out photodarkening as a contributing factor
the fiber laser was retested with a bulk mirror butted against the
fiber. This restored the initial performance of the laser without
a contribution from the FBG noticeable in the laser spectrum
suggesting that the FBG has been photoannealed.

To test if the -switched pulses themselves were responsible
for the annealing of the grating, we undertook a photoprobe
experiment using a single-mode Yb -doped step index fiber
( Yb wt , Al–Ge codoped) containing a 50-mm-
long 20th-order type-II-IR fs laser written FBG. Since the ac-
tual Bragg wavelength has no influence on this photoprobing
experiment, it was chosen to be 1.55 m. The grating was ex-
posed to near-IR light from a -switched Nd : YAG laser at in-
tensity levels that were significantly higher than those during the

-switching experiment ( nm, kHz,
kW, transmission efficiency 85 ) for 4 h, while its

Bragg wavelength was monitored using an erbium-doped fiber
amplifier (EDFA) and an OSA. There was no observable change
in the transmission spectra of the FBG, hence the -switch
output pulses alone as the cause of annealing can be ruled out.

III. DISCUSSION

Our results show that although type-II fs laser inscribed FBGs
offer excellent performance when used in Yb -fiber laser sys-
tems emitting CW radiation even at very high power levels, their
use in -switched fiber laser systems seems to be severely lim-
ited.
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In our experiments, the Bragg wavelength was not observed
to shift significantly when the laser was operating under a
wide range of power conditions. Further, Type-II FBGs have
been shown to be ultrastable at elevated temperatures and
robust under CW laser operation. The active fiber with the very
same grating that has been used in the experiments reported
here (and that photoannealed after 20 min of operation at

W) has previously already been operated as a
CW laser at W. In a long-term test run h at

W, the laser showed an initial 5% drop in power but
appeared to be stable afterwards [7]. Thus, thermal annealing is
not believed to contribute to the observed erasure of the FBGs
in this study. We attribute it to a complex photoannealing mech-
anism in the presence of both a high population inversion of
Yb and a high optical field, both of which are characteristics
of -switched laser systems.

The individual elements that make up a Type-II FBG consist
of a rarefied region or void and a surrounding region of increased
refractive index. A previous study has shown that the negative
index change associated with the void in gratings written under
similar conditions is responsible for the bulk of the refractive
index modulations [8]. These are inscribed with energies above
the glass damage threshold. The band edge is bridged via mul-
tiphoton absorption (six photons at 800 nm) causing the for-
mation of a plasma that captures photons from the remainder
of the laser pulse [9]. The deposited energy is enhanced due to
avalanche ionization. A pressure shockwave is produced leading
to the breaking of covalent Si–O bonds followed by melting and
subsequent resolidification; rapid quenching leads to glass den-
sification. The shockwave causes material expansion, leading to
the formation of a rarefied core or void [9]. To our knowledge,
photoerasure of Type-II FBGs has not previously been reported.

There are no verified photoerasure mechanisms applicable
to this situation, which could reverse the sequence of events
that lead to fs laser Type-II grating inscription. The linear
near-IR absorption of the glass of the fiber is intrinsically
very low. Moreover, the laser writing process does not induce
any significant additional absorption in the near-IR [10]. The

-switch pulse intensities in our experiment are several orders
of magnitude lower than the required energy levels for direct
multiphoton ionization of the glass, which was confirmed by
the photoprobe experiment. A mechanism of excitation of the
Yb -ions followed by energy transfer and subsequent ioniza-
tion from other excited ions is unlikely as this would have been
observed during operation of low-power distributed feedback
lasers fabricated with standard Type-I UV written FBGs. How-
ever, there are interesting parallels between this study and those
investigating photodarkening in Yb-doped fibers [11], [12]. In
both cases, a high population inversion seems to drive the onset
of the observed effects. Most reports of photodarkening in Yb
fiber systems propose cooperative energy exchanges, including
up to seven Yb atoms, producing local color centers. Although
the specific type of defects that facilitates the photoannealing
process is unknown, the underlying mechanisms are likely to
share some common parts with those attributed to photodark-
ening. This implies that the described processes are likely to

be commonplace within virtually all -switched fiber lasers,
in particular those that are subject to photodarkening. Further
investigations will be needed to identify if the grating writing
process itself creates additional, specific defect sites and to
what extent SBS contributes to the observed photoannealing
process.

IV. CONCLUSION

Rapid photoannealing of ultrastable Type-II-IR FBGs that
were written with a fs laser within the active core of an
Yb -doped fiber and used as reflectors in low average power

-switched fiber lasers is reported. The refractive index mod-
ulations of the FBGs were photoannealed out within 20 min
when subjected to pulses with an average power 0.5 W and
peak powers 8 kW. Initial photoprobing experiments rule out
a direct multiphoton excitation pathway involving the near-IR

-switched pulses. The combination of a very high population
inversion and high incident peak-pulse intensities appears to
drive the process that eventually relaxes the induced refractive
index changes.
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