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ABSTRACT

Bragg gratings inscribed in active waveguides combine very efficient reflective properties
with the amplifying capability of rare-earths, which may lead to large amplification and lasing
performance. However, the response of these photonic structures highly depends on the grating
parameters and working conditions, so modeling their behavior and dependences becomes
fundamental. In this work, a numerical method has been implemented to simulate the optical
power propagation along an Er/Yb-codoped integrated waveguide Bragg grating as a function of
its most relevant operational parameters. The results obtained show the optimal conditions to
maximize its performance as a highly amplifying reflector, but also its capability as a monolithic
laser. In addition, the modeling results adequately match experimental values measured in fs-
laser written structures in Er/Yb-codoped phosphate glass, supporting the accuracy of the
numerical method developed and its usefulness for further optimizing these promising photonic
structures.
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1. INTRODUCTION

Active waveguide Bragg gratings (AWBG) consist of a periodic perturbation of the refractive
index inside rare-earth doped waveguides. The Bragg grating (BG) produces an efficient
reflection of a light wave at some particular wavelengths that satisfy the Bragg condition [1,2].
This behavior leads to several current and potential photonic applications and devices in
integrated optics, signal filtering, physical and chemical sensing, and mirrors for laser cavities [2—
7]. On the other hand, the active character of the rare-earth doped material may lead to light
amplification that can overcome the propagation losses so that a power gain can be obtained [8—
10]. Therefore, the combination of both behaviors in such structures leads to promising
photonic applications such as monolithic lasing and amplifying reflectors [11-14].

The BG and AWBG fabrication procedure by means of ultrafast laser pulses has been
intensively developed and improved over the last decades [2,15-18], allowing to work on
several designs and their optimization in order to take advantage of their photonic
properties [6,19,20]. On the one hand, not only the use of uniform BGs has grown, but also that
of non-uniform designs such us chirped, apodized, phase shifted and tilted structures, which
allow controlling their spectral response (bandwidth, smoothness and symmetry) [21,22]. On



the other hand, experimental works regarding AWBGs have also been carried out, in which
amplifying [23] and lasing performance [24,25] is achieved, even for multimode and multicore
lasers [11,26], showing up the capability and usefulness of AWBGs photonic properties.
Nevertheless, the fundamental aspect for a better understanding and optimization of any
potential device is that the response of both passive and active behaviors highly depends on the
grating parameters, the bulk material where it is written, the fabrication process itself and the
operating conditions. Some numerical models have been used in previous works to calculate
separately both the passive BG [19,27] and active waveguide responses [28,29]. However,
although some theoretical works have been done regarding AWBGs [13,30], a more in-depth
study of the fundamental dependences which can drastically modify the AWBG response must
be addressed for the design and optimization of these promising structures.

The main goal of this work is to develop a numerical method that allows us to model the
AWBG reflective response as a function of its main parameters and working conditions. This will
serve for studying the optical power propagation along the AWBG as well as its amplifying and
gain properties. In addition, it will be useful as the basis for optimizing the behavior of these
structures for promising applications such as monolithic lasing and amplifying reflectors. A
theoretical to experimental comparison will be made to ensure the accuracy of the numerical
method results and dependences obtained.

The work is organized as follows. Section 2 presents the experimental results obtained with
two AWBG structures fabricated and characterized by us. Section 3 describes the numerical
method developed to simulate the power propagation along an AWBG. Finally, section 4
presents the simulation results and the discussions.

2. AWBGs EXPERIMENTAL RESULTS

Some uniform AWBGs have been written using femtosecond laser pulses that induce
element redistribution within Er3*/Yb3*-codoped phosphate glasses [17]. The experimental
writing procedure and the passive Bragg grating significant parameters have been previously
optimized [19]. The schematic representation of the experimental set up is shown in Fig. 1.

The laser emits pulses of 350 fs at 1030 nm at a repetition rate of 500 kHz. After crossing a
1.3 mm slit, the beam is focused 150 m underneath the glass surface. First, the guiding core is
written within the phosphate glass, with a refractive index n, = 1.530. A pulse energy of 520 nJ
is employed with a scanning sample velocity of 100 um/s, so that a uniform refractive index
change is generated. After the homogeneous waveguide is written, a periodic refractive index
perturbation is induced by modulating the 500 kHz pulse train with a 10.3 kHz envelope wave
while moving the sample at a scan velocity of 5200 um/s. As a result, the grating period of this
over-imposed index modulation structure is 501.6 nm. Thus, the design Bragg wavelength
corresponds to the main amplification wavelength of the Er** ion (1534 nm). The duty cycle of
the envelope wave is 5%, adequately selected from a previous theoretical-to-experimental
optimization to maximize the Bragg grating reflectivity [19]. As a consequence, gratings with a
passive reflectivity value (hereinafter referred to as R,,) up to R, = 0.85 are produced. Fig. 2
presents the passive spectral reflectivity of three 10 mm long gratings, showing up narrow
bandwidths below 1 nm. Their different reflectivity values are due to the different laser pulse



energies (in the range of 700-780 nJ) used in the second scanning process that produces the
refractive index perturbations (of the order of An = 6 X1073).

In order to study the active behavior, a symmetric bidirectional pump power is injected at
both grating ends (pump wavelength: A = 976 nm). The light emitted in the counterpropagating
direction in a wavelength range around 1534 nm is then registered for several injected pump
powers. Results with the R, = 0.84 AWBG are shown in Fig. 3.

As shown in Fig. 3(a), when the pump power employed is lower than 216 mW, a small
amplified spontaneous emission (ASE) signal is generated by the AWBG, with the expected
maximum peak at around 1534 nm. The higher the pump, the higher the power obtained in the
whole spectral response. On the other hand, as shown in Fig. 3(b), when the pump power
employed is more than 216 mW, the ASE power drastically increases by four orders of
magnitude reaching almost 10 uW, indicating that lasing occurs, but only around the grating
reflective peak, with a narrow bandwidth of 1.6 nm due to the BG filtering. The higher the pump,
the higher the ASE power, at least in the range employed in our case, limited to 245 mW by our
equipment. This behavior has been only observed when the pump power is bidirectionally
injected. This measuring procedure has also been carried out in the other two 10 mm gratings
before mentioned, with passive reflectivities of R = 0.73 and 0.81, showing a similar behavior.

In addition, 5 mm long AWBGs have also been fabricated to check the same dependences. In
that case, any significant ASE signal as the one observed in Fig. 3(b) has not been detected
regardless of their efficiencies and the pump power injected.

Thus, a significant ASE power is detected in experimental AWBGs, which leads to the laser
phenomenon of these structures. However, its performance highly depends on the pumping
conditions and characteristic parameters of the Bragg gratings (length and reflective efficiency).
The combination of all these conditions determines not only the power values obtained but also
whether lasing in the AWBG can be achieved or not. In order to better understand and optimize
the behavior of these structures, the AWBGs amplifying response has to be modeled.

3. NUMERICAL METHOD

A numerical program has been implemented in order to simulate the optical power
propagation evolution within an active Er®*/Yb3*-codoped integrated waveguide working at the
emission spectrum peak wavelength (1534 nm). This theoretical method is an update of the one
employed by Benedicto et al [29], which showed a good theoretical-to-experimental match with
active waveguides. In this work, the Bragg grating consideration has been added to the program
to simulate the AWBG reflective behavior.

3.1. Optical power propagation

In order to numerically simulate the active and reflective behavior throughout the AWBG,
the grating is divided in N small enough uniform sections (20-30 sections/mm). The propagated
power and its derivative are both calculated in each section by using a Runge-Kutta method so
that their evolution along the waveguide propagation direction z can be determined. The next
equation is calculated by the program in each i-th section:
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Three terms are found within the brackets, which govern the final amplification properties
of the AWBG. The first one, A(n,0,z), is a function which determines the Er/Yb-codoped
waveguide active behavior along the propagation direction z depending on the overlapping
factors between the mode intensity and levels population density distributions, 1, and on the
transition cross sections, . More details about this function can be found in [29]. The second
term, a, is the medium’s power propagation loss coefficient. This coefficient only accounts for
the scattering losses, while the absorption cross section losses are already included in the
function A(n, 0, z). Finally, the third term is the main point of this work since it represents the
reflective characteristic of the Bragg grating written along the active medium by means of the
transmission coefficient, t;, of each Az-long section.

These contributions have opposite effects on the propagated power and its derivate: the
active term corresponds to the amplification of light power, while the others may reduce it by
attenuation or internal reflection respectively. It should be noted that the reflective term
contributes negatively to the power derivative in Eq. (1) since the transmission coefficient is
lower than one at the wavelengths in which the Bragg grating is working. The contribution of
these terms may lead to the amplification and even lasing behavior that are to be studied in this
work.

3.2. Iterative calculation

The co- and counterpropagating powers along the AWBG, hereinafter noted by the subscripts
R and L (right and left), can be calculated using Eq. (1) by means of an iterative calculation: the
active functions mutually depend on the power of both propagation directions and eventually a
convergent solution would be obtained. However, a fundamental point must be considered to
our AWBG beyond being a simple active medium: the multiple reflections. A fraction of the
copropagated power Py is reflected by every grating section, so that it turns to contribute to the
counterpropagated power P;, and vice versa. For that reason, an additional term must be added
to Eqg. (1) in both propagating directions:
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where it should be noted that the crossed power terms added to consider the mutual reflective
properties always contribute positively (t < 1), that is to say, they increase the power
derivatives. Therefore, both co- and counterpropagating powers are mutually dependent and
could lead to amplified multiple reflections under the appropriate AWBG properties and
operating conditions. This way, the AWBG may generate an amplified reflected power even to
obtain a significant power gain or the lasing phenomenon. In the later equations, the subscript
i related to the i-th section has been omitted for the sake of clarity since the gratings studied
are uniform perturbation along the propagation axis and therefore the same t; is obtained for
every section).



In order to develop the iterative calculation, boundary conditions must be considered
including the injected pump power and signal power (if such is the case) at both grating ends.
Once all the specific considerations are implemented, the copropagating power evolution along
the z direction is calculated with Eq. (2), considering P, (z) = 0 as starting condition. Then, the
counterpropagating power is calculated backwards analogously, using the already saved Py (z)
values. The P; (z) values are saved for the new iteration, and so on. Using this iterative numerical
method, the signal, fluorescence and pump powers can be determined along the AWBG, so that
the reflectivity, transmissivity and propagation evolution profile within the grating can be
simulated as a function of the integrated AWBG properties and working conditions.

4. SIMULATIONS RESULTS AND DISCUSSION

The aim of this section is to numerically simulate and analyze the main dependences and
behaviors that occurs in the AWBGs. In order to do so, several sets of uniform AWBGs have been
simulated as a function of the most relevant parameters that affect their response. In addition,
the final goal is to compare the numerical results with our experimental AWBGs responses
presented in Fig. 3. For that reason, the experimental Er¥*/Yb%*-codoped integrated AWBG
specifications and working conditions mentioned in Section 2 have been taken into account in
the simulations. The rare earth ion concentrations used are 2.4x10%° m™ and 5.1x10%* m™ for
Er3* and Yb%*, respectively, which correspond to the experimental samples employed. A
propagation loss coefficient @ = 1.3 dB/cm (A = 1535 nm) has been considered, which
represents a typical value for this kind of waveguides [17].

Simulations have been carried out in the 1525-1540 nm range, with a wavelength resolution
of 1 nm. The chosen resolution and working range are a compromise between computational
time and reliable results. As seen in Fig. 2, the spectral reflectivity of the experimental Bragg
grating has a bandwidth below 1 nm, that is to say, lower than the chosen simulation resolution.
For that reason, in order to simulate the Bragg grating contribution in this discretized resolution
spectrum, the Bragg peak has been simply modeled as a delta function with a transmission
coefficient at A = 1535 nm corresponding to the maximum value of the experimental peak.
Although this delta representation is not totally realistic compared to the experimental spectral
profile, its effect to the reflective behavior is expected to be similar due to the wavelength
resolution employed. In fact, several tests have been done to check that considering small values
at both sides of the peak do not represent, by any means, a significant quantitative deviation (at
least for the simulations addressed in this work). Thus, the delta function representation of the
experimental spectra seems to be reasonable. The transmission coefficient at the rest of the
wavelength range has been considered zero, so no reflective effects take place there. Since the
AWBG simulated are uniform, the t(1) values are the same for each grating section in the
numerical calculations.

In order to study the amplification and gain properties of these AWBGs as well as the power
propagation along them, a small 1 uW signal power is injected at the entrance of the waveguide
(z = 0), which is a value far from the active medium to get saturated.



4.1. Amplification pump power dependence

Simulations of a 10 mm long AWBG have been carried out with different bidirectional pump
power values, injected symmetrically at both waveguide ends. The grating simulated in this point
has a passive reflectivity R, = 0.50. The signal power propagation results, normalized to the
injected signal, are presented in Fig. 4 along the AWBG z-direction.

When no pump is injected, the propagated power rapidly decreases due to absorption,
propagation losses and the BG reflections. The penetration length is just about 3-4 mm, so that
just a short effective AWBG length is working as the light is lost before propagating through the
entire grating. However, when the pump power is injected, the penetration length increases and
starts reaching the effects of the pump power injected at the opposite end. As a consequence,
the effective working length of the AWBG increases, leading to an increase of the grating
reflectivity at its entrance (z = 0): from R, = 0.50 to R = 0.90 with just 150 mW bidirectional
pump. When the pump power is high enough, all the grating can be actively working and an
effective gain in the reflected signal power is obtained: R = 1.24 with 300 mW pump.

These simulations show how the AWBG response can drastically vary from a small
amplification of the reflected signal towards a reflector with significant signal gain when
modifying the pump power employed.

4.2. Bragg grating reflective efficiency
The maximum reflectivity of a passive Bragg grating of length L is given by [1]:
Ry max = tanh?®(xL) (3)

where the BG coupling coefficient, k, describes the grating reflective efficiency, and is
determined by the grating parameters and the fabrication process [19]. The higher the coupling,
or the higher the length, the higher the reflectivity (at least until it saturates according to the
tanh function). Nevertheless, an extremely efficient BG would imply negative consequences for
the AWBG since the more reflective, the more difficult the power to reach the other AWBG end,
so the active reflector would not be optimal. On the other hand, another important
consideration on the AWBG length must be taken into account related to subsection 4.1 results:
the penetration length of the AWBG is clearly increased by the bidirectional pump power
injected. When a long grating is considered, more active medium could be working if the
appropriate efficiency and pump power is used to make the propagated power to reach the
entire grating. This is the reason why both dependencies are highly intermixed and an in-depth
study is fundamental.

In order to delve into these dependencies, four sets of simulations have been carried out
with six different AWBG lengths (1.5 to 12.5 mm). Each set corresponds to a different passive
BG reflectivity (R, = 0.40 to 0.80), that is to say, in each simulation set the product kL remains
constant to get the same passive reflectivity, so the grating coupling is properly adjusted. All the
simulations have been done with bidirectional symmetric pump power from 0 to 450 mW. Again,
a 1 uW signal power is injected to the grating entrance. Results are shown in Fig. 5.



Fig. 5(a) shows a logical dependence on the grating length: although the BG reflectivity is the
same, the longer the grating, the higher the reflectivity when the pump power is injected since
more AWBG can be actively working. In addition, according to the results discussed in point 4.1,
amplification of the reflected signal is higher when the pump power is increased, and even a
R = 1.75is achieved in the best case. However, if the pump power is not high enough, the signal
power does not reach all the BG since the pump power injected at the waveguide end is too far
out the reach of the signal power. As a consequence, the AWBG does not work efficiently and
the active behavior is reduced, so that the reflectivity saturates or even decreases. This trend
inversion can be clearly observed with 300 and 150 mW pump power, showing a maximum
reflectivity with 10 and 5 mm grating length respectively.

On the other hand, as the BG passive reflectivity is increased, a fundamental result is shown
up: the amplification and signal gain are clearly favored, Fig. 5(b). The AWBG enters a regime of
amplified multiple reflections: the co- and counterpropagating powers feedback each other
thanks to the combination of the AWBG reflective and active properties which confines and
amplifies the light power. As a consequence, a high signal gain is obtained. If the BG efficiency
increases, this high gain also appears for lower pump power values, Fig. 5(c). It must be noted
thatin all the simulations in this point a limited number of iterations were permitted to minimize
the computational time since only the general dependence is aimed at now. However, when the
grating enters this self-powered regime, it is expected that the active medium would eventually
be saturated when the signal might reach some mW. Nevertheless, this result is highly important
since it represents the first step towards the promising lasing phenomenon.

When the BG passive reflectivity becomes too high, the portion of reflected power in every
grating section is excessive, and the previous trend is inverted: the power is extremely reflected
by every grating section before being sufficiently amplified. Thus, the amplification properties
are then generally reduced, as seen in Fig. 5(d) compared to lower passive BG efficiencies. The
reason of this trend inversion is clearly observed in Fig. 6, where the distribution of signal power
along the z-direction (normalized to the injected signal) of two 7.5 mm AWBGs with different
passive reflectivity is presented. A 450 mW bidirectional pump power is employed in both cases.

The R, = 0.50 AWBG result shows how the power signal is amplified all along the grating, so
the whole grating length is actively working. The propagated power is then confined and
maximized in the grating center, leading to signal gain: the reflectivity at the grating entrance (z
=0) is then R = 1.80. However, the R,, = 0.80 AWBG points out how the signal power is mainly
confined next to the grating entrance when the BG is too efficient. Thus, the AWBG active
properties are not optimized in this case, since the signal does not reach adequately the final
region of the grating and so only a fraction of it is working. As a consequence, the signal
reflectivity obtained at the grating entrance only reaches R = 1.17. For this reason, this AWBG
would be equivalent to a shorter one, and so its active response.

As observed in this point, a compromise between both AWBG intrinsic properties and
working conditions is a key factor in order to optimize the gain/amplification performance.



4.3. Propagation losses dependence

In the previous points, the reflective and active terms in Eq. (2) have been analyzed, but there
is another term which might be also critical to the AWBG performance: the propagation losses.
Obviously, the more attenuation, the more difficult for the power to propagate through the
grating, so that any amplifying effect of the AWBG would be reduced in that case. This critical
dependence is pointed out in Fig. 7, in which a 12.5 mm AWBG has been simulated as a function
of the pump power injected. It must be noted that, despite not having been considered in Eq.
(3), the passive reflectivity depends on the loss coefficient: the more attenuation, the more
power is lost along the grating and therefore the lower the passive reflectivity. In this case, a
passive reflectivity R, = 0.43 is simulated with & = 1.3 dB/cm. It should be noted, as mentioned
in subsection 3.1, that this attenuation coefficient only accounts for the scattering losses, while
those related to the absorption cross sections are already included in the active function in Eq.
(1) and (2). Thus, the absorption losses remain constant in all the simulations since the rare-
earths cross section are not modified in our work. Again, a 1 uW signal power is injected to the
waveguide entrance.

As observed in this result, the medium’s propagation loss coefficient is highly critical and the
AWBG performance within a small range of typical values for these media might be significantly
different. When a 300 mW pump power is used, a R = 0.96 amplification turns to R = 1.45
when the attenuation goes down from 1.5 to 1.1 dB/cm. In the case of a 450 mW pump power,
it turns respectively from R = 1.20 to a high off-axis gain value. Therefore, considering this key
factor is a must in order to any theoretical-to-experimental comparison.

4.4. Amplified spontaneous emission simulations

As mentioned in Fig. 5 discussions, under some particular values of the grating parameters
and pumping conditions, the signal gain starts increasing significantly because the self-powered
multiple reflections regime of the AWBG. Thus, when only the pump power is injected without
any signal power, the active medium would be expected to generate an amplified spontaneous
emission (ASE) signal around the rare-earth most efficient wavelength [28], as observed
experimentally in Fig. 3. On the contrary, the propagation loss coefficient is a parameter hard to
be controlled in the AWBG fabrication process with a significant contribution to the AWBG
response, as seen before.

For those reasons, in order to analyze all these contributions and to simulate our
experimental results, several sets of simulations of a 10 mm AWBG with passive reflectivity R, =
0.80 have been carried out as a function of the pump power injected for different propagation
losses of the medium. Results of the ASE power at 1534 nm are shown in Fig. 8, compared to
the experimental values obtained in Fig. 3(b).

As observed, the values obtained from the simulations reasonably match the experimental
results for losses of the order of those typically observed in this type of waveguides. It should be
taken into account that the BG writing process might slightly increase the bulk media scattering
loss coefficient (typically between 1-1.3 dB/cm [17]) so that a value between 1.30 and 1.43
dB/cm seems to be positively consistent. This represents a very important result which verifies
that the simulation method has been adequately developed and set up, but also that the



experimental fabrication process and the AWBG response are correct and coherent, and only a
higher pump power would be needed to experimentally obtain a high lasing performance in this
case. In fact, this good match indicates that the numerical method could be employed in further
works in order to simulate and optimize the AWBG lasing behavior and design.

Finally, regarding the 5 mm AWBG also mentioned in Section 2, as indicated, significant ASE
signal was not experimentally detected. Considering the theoretical simulations of a 5 mm
AWBG from Fig. 5, it can be seen that the reflectivity does not drastically increase: a significant
gain (R = 1.31) is detected in the best case, but it should be taken into account that the
propagation loss coefficient used in those simulations is « = 1.30 dB/cm, lower than what Fig. 8
results suggest. Therefore, the amplification in 5 mm AWBGs would be even lower, and so, any
ASE signal might not be significant enough, matching again the experimental results.

5. CONCLUSIONS

A numerical method has been implemented in this work to simulate the power propagation
along an AWBG, which takes into account its reflective and active properties. The simulations
carried out have allowed to study and better understand the AWBG response dependences on
the most relevant grating parameters, pumping and propagation losses of the waveguide.
Results have shown that the optimal values of the main AWBG parameters can maximize its
performance as a highly amplified reflectors, which would be quite interesting for its use as
mirrors of a laser cavity.

On the other hand, the AWBG spontaneous emission has been theoretically observed within
a particular BG design (length and efficiency) and pumping. The propagation losses reveal as a
key factor for a future accurate adjustment of the theoretical results to the experimental ones
since it can be affected by the AWBG writing process itself. Nevertheless, the simulations carried
out match adequately the experimental ASE results within an acceptable losses range,
confirming the appropriate development of the numerical method to simulate the AWBG
response, but also the correctness and consistency of the AWBG experimental design and
fabrication process addressed in this work. These positive results are the basis for further works
on the quantitative selection and optimization of the AWBG design as well as for its amplifying
and lasing performance.
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Fig. 1. Schematic representation of the fs-laser induced element redistribution irradiation

setup.
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Fig. 2. Spectral reflectivity of three 10 mm long BGs written within the Er/Yb-codoped

waveguide. The passive reflectivity Ry, around the designed Bragg wavelength is presented.
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Fig. 3. ASE power spectra obtained with the R,, = 0.84 AWBG shown in Fig. 2 when pump
power lower (a) and larger (b) than 216 mW is bidirectionally injected.
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Fig. 4. Normalized signal power along the AWBG propagation direction z as a function of the
pump power injected symmetrically. Co- and counterpropagating powers are shown (blue and
red respectively) and indicated with the arrows. Signal power is injected at z = 0.
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Fig. 5. Simulated AWBGs reflectivities as a function of their length and pump power injected
bidirectionally. In each case, the passive reflectivity remains constant by adjusting the
coupling coefficient to maintain the product kL constant.
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Fig. 6. Distribution of the normalized signal power along the AWBG z-direction of two 7.5 mm
gratings simulated with R, = 0.50 (continuous line) and R,, = 0.80 (dashed line). Co- and
counterpropagating powers are shown (blue and red respectively) and indicated with the

arrows. Signal power is injected at z = 0.
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Fig. 7. Reflectivity of a 12.5 mm AWBG as a function on the propagation losses of the media.
Four values of the pump power have been employed in the simulations. The passive reflectivity
of the grating with a = 1.3 dB/cm is R, = 0.43.
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