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Abstract: We describe an Er**-doped aluminosilicate core photonic crystal fibre
laser incorporating distributed Bragg reflectors written by two-photon 193nm
irradiation through an optical phase mask as the feedback elements. The laser is diode
pumped at 980nm and evidence of dual linewidth laser operation close to threshold is
observed. However, at higher pumping levels gain competition preferentially selects
one laser line.
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1. Introduction

Bragg gratings have played a substantial role in enabling practical utilisation of fibre lasers
with diverse parameters, from narrow linewidths to kW powers [1]. Direct writing of gratings
into active optical fibres has been particularly useful. For example, low power compact
grating based lasers are increasingly underpinning ultra-high sensitivity sensor applications
[2]. They can take many forms with a range of parameters determined by the application in
mind. In particular, for sensor applications stable linewidths <10kHz and superior noise
performance can be obtained using phase-shifted linear and ring distributed feedback (DFB)
fibre lasers [3-5]. The flexibility in the surface area of fibre glass systems and their
photosensitive response enables complex lasing phenomena to be generated that have not
previously been observed in solid state lasers. One example is helical feedback operation
(HFB) [6], previously only reported in gas lasers [7], but more recently generated in solid
state form by twisting a DFB fibre laser after its fabrication or twisting prior to grating writing
and subsequently releasing [8]. Thus gratings remain one of the key enabling technologies in
photonic components. More recently, we have extended this capability to pure silica photonic
crystal fibres that are not ordinarily photosensitive to standard grating writing methods [9].
Two-photon grating writing was shown to be feasible without requiring germanosilicate to be
added to photonic crystal fibres, which would often compromise the distinguishing features of
this fibre over conventional fibres. Further, in some lasing systems such as Yb:Er codoped
optical fibres, germanosilica deleteriously impairs energy transfer efficiencies. In this paper
we use this process to write grating pairs that form the resonator cavity in an air-silica
structured fibre (commonly known as a photonic crystal fibre) laser doped with erbium and
aluminium. Photonic crystal fibre lasers are a new area of research so far concentrating
primarily on high power operation [10,11]. The possibility of combining the potential
bandgap properties of photonic crystal fibres with those of longitudinal Bragg gratings
promises to offer higher dimensional confinement solutions that can further tailor and refine
the properties of passive and active filters, as well as fibre lasers for both low and high power
operations.

2. Rare-earth doped photonic crystal fibrefabrication

The photonic crystal fibre is manufactured from a preform consisting of an array of capillaries
drawn down to suitable dimensions. The light-guiding core region itself is fabricated by
modified chemical vapour deposition (MCVD) within a silica preform collapsed such that the
Er**-doped core is approximately 2mm in diameter. A total concentration of ~0.12wt% of
Er,O; is estimated from the measured absorption of 72dB/m at 1530nm. The additional
incorporation of aluminium reduces clustering and promotes greater homogeneity of the rare
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Fig. 1 Relative Index step from pure silica of preform core.
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Fig. 2 White light transmission micrographs of cleaved 100um diameter Er®aluminosilicate-
core photonic crystal fibre. On theright hand sideis a greater magnification of the core region.

earth. To remove excess silica, the outer silica layers are etched away using hydrofluoric acid
until a solid Er**-doped aluminosilicate core surrounded by a thin layer of silica is obtained.
The diameter of 2mm is chosen to be similar to the capillaries used. After etching, cleaning
and drying, this core is inserted into the capillary stack. Figure 1 shows a cross-section of the
preform core. The index step size arises from both the rare earth and the aluminium and is
comparable to that used in conventional fibres, potentially posing some issues with respect to
the propagation properties in the final fibre. This contribution can be removed or tailored by
the addition of index-lowering dopants such as fluorine and boron.

Finaly, the fibre itself is drawn down into three diameters: 125um, 100um and 70um.
Optical micrographs in transmission of the 100um fibre are shown in Fig. 2. The doped core
region is highlighted clearly where light seems to propagate as aresult of the higher index. As
expected an effective lower index silica ring arising from both the small layer of silica
remaining after etching and the collapse of the first ring of interdtitial holes between
capillaries is observed. Comparison of the fluorescence spectra around 1550nm, obtained by
pumping with 980nm, for the three fibres indicates that the confinement and coupling loss at
980nm is least in the 100um fibre. Hence the reported results in this paper concentrate on the
100um fibre. The core diameter is typically large — approximately 14um diameter across the
silicaring and approximately 8.4um across the doped region in the 100um fibre. Despite these
dimensions the main propagation in these fibres at 1550nm is single “mode’, since the
leakage rate of the higher order modes is significant enough to ensure single “mode”
propagation. This is based on calculations on a similar structure without an Er**-doped core
where the fundamental loss is <20dB/km whilst the next highest mode loss is >4x10°dB/km.
Thisloss is compounded by the number of roundtrips within the resonator during lasing.

The small signal gain coefficient of the 100um fibre was determined using standard cut-
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Fig. 3 Gain per unit length of Er*"-doped aluminosilicate core photonic crystal fibre as a
function of wavelength.
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back techniques. Pumping with 980nm through a wavelength division multiplexer (WDM)
from one end whilst sending an appropriate tuneable laser signal wavelength from the other
end through another WDM, alowed the gain profile per unit length as a function of
wavelength to be extracted. Theresults are shown in Fig. 3.
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Fig. 4. Typical characteristic grating growth curves for grating in Er**-doped aluminosilicate
core photonic crystal fibre. Grating strength as a function of fluence is shown on the left and

3. Grating writing

We follow previous work demonstrating strong grating writing in pure silica photonic crystal
fibres using 2-photon irradiation through an optical phase mask. 193nm single-photon grating
writing in non-germanosilicate glasses is aso feasible when hydrogen loading is employed
[12]. However, the use of hydrogen under normal writing conditions produces unwanted OH
formation that reduces the Er** lifetime and hence the effective gain of the fibre. Whilst
hypersensitisation methods can reduce losses [ 13,14], the presence of capillaries meant some
effort is required to determine the optimum hypersensitisation fluence. Consequently, we
decided to pursue the 2-photon grating writing method using an ArF exciplex laser and direct
writing through an optical phase mask to produce 1cm gratings.

The characteristic grating growth curves for two-photon grating writing in the Er** doped
aluminosilicate core photonic crystal fibre are shown in figure 4. From the wavelength shift a
total UV-induced index change of ~2x10™ has been obtained using two-photon excitation of
these fibres. No evidence of saturation is observed. Figure 5 shows a typical grating spectral
profile of the type of grating used in the photonic crystal fibre lasers. This was measured using
an erbium doped fibre amplifier as the broadband source through a short piece of fibre (2cm)
to reduce the absorption. Whilst the fluences for multi-photon grating writing are generally
higher than conventional single-photon grating writing, the use of both germanate and
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Fig. 5. Typical spectra of gratings in Er**doped aluminosilicate core photonic
crystal fibre used as laser feedback elements.
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Fig. 6. Transmission spectra of distributed Bragg reflector (DBR) resonator.

hydrogen has been avoided. For our laser we chose two grating strengths: ~15dB for the input
grating and ~9dB for the output grating. The cavity length inbetween is ~17cm. These values
can be varied to both manipulate the threshold and slope efficiency of the laser. A spectrum of
the two gratings in transmission through about 20 cm of fibre (noting that absorption is
present) is shown in Fig. 6.

4. The photonic crystal distributed Bragg reflector (PC-DBR) fibrelaser

The cavity length of our final laser is ~17cm inbetween gratings. Figure 7 shows a schematic
of one type of configuration employed. The resonator was pumped through a wavelength
division multiplexer (980/1550 WDM). The evolution of the laser signal at the output end as a
function of pump current is shown in Fig. 8. Near threshold there is an onset of lasing at
1536.3nm close to the peak of the gain curve. However, a second laser mode at slightly longer
wavelengths (1536.6nm) with a higher threshold appears and at a pump current of ~140mA
dual laser line operation is observed. As the pump power is turned up, however, this second
mode dominates and suppresses the first mode. This result is explained by the observation of a
weaker grating in the silica surrounding the doped core region after grating writing. Since the
index is lower, during grating writing the effective Bragg wavelength is less than that of the
core region resulting in an apparent second grating within the silica ring. The index difference
between core and silica ring (~0.008 — Fig. 1), with some contribution from the air-hole
cladding, is consistent with the difference in wavelength between the two lasing modes. The
mode field at 1530nm overlaps with this grating and hence some feedback is possible. Whilst
the grating strengths, and therefore the cavity Q, is weaker than the core where the overlap is
greater, the gain at this slightly shorter wavelength is higher (see Fig. 3) and accounts for the
lower lasing threshold. At high pump powers above the thresholds for both modes, the greater
overlap with the core grating ensures the higher cavity Q of the second mode eventually
dominates the dslightly higher gain of the first mode. Gain competition begins to favour the
second mode |leading to a depletion and suppression of the first mode.
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Fig. 7. Schematic example of all-fibrelaser configuration employed.
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Fig. 8. Evolution of the lasing signal as the pump power is ramped up. The onset of two
primary lasing modes is observed — one at a significantly lower threshold than the other.

The laser characteristic curve is shown in Fig. 9. The difference in thresholds and slope
efficiencies for both modes are noticeable — the first mode has a pump threshold of about
28mW and a slope efficiency of ~0.3% whilst the second mode has a threshold of 44mw and
dope efficiency of ~1%. The low slope efficiencies and some of the observed mode hopping
at higher powers are partly attributable to pump multi-moded operation and pump
confinement in both the undoped and doped regions of the core. Both these factors can be
improved.
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Fig. 9. Characteristic laser curve for the photonic crystal fibre DBR laser.

5. Conclusions

In conclusion, we have reported the first photonic crystal fibre laser using distributed Bragg
reflectors written directly into the active fibre. Multi(two in this case)-photon grating writing
enables gratings to be written without the need for complex dopant formulas or the use of
hydrogen that may compromise the lasing performance of the device.
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