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ABSTRACT

Recent developments in the construction of Erbium-doped fibers have seen parallel progress in the measurement techniques
to characterise these fibers.

In this paper, we discuss a simple method of obtaining threshold power amplification of Erbium-doped fibers. The method
can be used to measure the threshold power of this particular fiber. As a result, the predicted threshold power value is in very
good agreement with the experimental resuits obtained. We have based our measurements of the amplified spontaneous
emission on both the forward and the backward directions of the fiber axis.

We also report on other parameters such as Erbium doping concentration, the spectrum of absorption, and cross sections,
with the objective of obtaining data for comparison of predicted threshold amplification with actual threshold amplification,
when the Erbium-doped fibers are used in laser systems[1].

Index Terms:
Erbium Doped Fiber, Threshold Power Py,, Amplified Spontaneous Emission

1.Introduction:

Many methods of characterisation in optical fibers have been proposed [2]. However, in the rare-earth-doped fiber
conventional methods, with certain modifications, are used with newly developed methods to obtain particular parameters in
this kind of fiber. In the literature, we find that this kind of fiber is found to have the characteristics of propagation shown in
Figure 1.

The behaviour and the parameters of the optical fibers are needed to build new systems and devices. Such as active fibre
devices among which fibre lasers are one of the fast developing examples [3].

Moreover these parameters can reveal the type of fiber that we are working with.
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Figure 1. The basic parameters of propagation

Theoretically, a rare-earth ion has a lifetime t during which, by means of a spontaneous process, it returns to its ground state
and emits a photon, which has no coherent properties. The process repeats by itself so the photons in the active medium are
multiplied. This process is known as 4mplified Spontaneous Emission or ASE.
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The collection of photons eventually reaches a certain value where the special fiber begins to produce a LASER signal. This
means that the pump signal has been absorbed and converted into a signal with coherent properties. Using an estimation of
this process, we can obtain a value of threshold power of the fiber. In other words, the boundary between stimulated process
and spontaneous process, called threshold power.

2. Background

To start with, we take the atomic rate equations corresponding to their populations for the three level laser system, due to
that an Erbium-doped fiber amplifier operates as a three-level system at room temperature, the three level laser system
approximation is justified for Er’*-glass fibers, as shown by Desurvire et. al. [4] and we can also take a series of equations for
a piece of fiber with length dZ. [4]. To avoid the trivial solution, we have ignored propagation loss.

The relationship between the respective densities of the signal beam intensity /s, the ion densities at those respective levels,
and the cross sections in a fiber can be expressed through the following equation [5-7].
aI, =(U:N2_04N1)[: (1)
dz
Where o, and o, are the emission and absorption cross section coefficients, respectively. Is, it corresponds to intensity of
photons per unit frequency.
Moreover, the dependence of the pump intensity on length is given by

dI @
j = —O'leIp

Where o, is the pump absorption cross section. On the other hand, the dependence of the ASE signal intensity also is given
by

dI’:lSEi = t[csNz - caleASEi + hvo NyAv (3)
z

In equations 1-3, we can observe that 7, is the pump intensity, Ly is the amplification spontaneous emission intensity, / is
the Plank’s constant and v correspond to the wavelength at ASE signal, and vs the energy of a ASE photon. As well the + in
equation 3 corresponds to the ASE direction of propagation, we must remember that the spontaneous emission is amplified in
both directions of the fiber axis, where the sign (+) indicates that the ASE and the pump signal both travel in the same
direction, whereas the sign (-) indicates that the ASE and the pump signal both travel in opposite direction. The constant Ay
corresponds to the bandwidth of spontaneous emission, ca, cb, and os are the cross sections of the fiber, and finally, Ni is the

population density for levels i=1,2,and 3.

Note that for the system. We simply assume /s=0, and then equation (2} is equal zero.

I,

— =0, #
Z (
So, we also can write the equation which described the inversion population and it is very useful for describing of the
proposed method.
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3. Results

In general, the work consisted in both theoretical and experimental process. The set-up showed in the figure 2 can be
explain as follows. A fiber of known length L was placed in the configuration, a pair of dichroic mirrors with H7@1550nm
and HR@980nm were placed at each cleaved ends of the fiber. A 7i-Sa Tunable laser was used as the pump source, which
operated at 980nm. In addition, a pair of Germanium photo-detectors were used for measuring the ASE signal.

The use of this equipment allows the measurement of the ASE signal in both directions. In the experiment the dichroic
mirrors were used because we needed to remove the pump signal from the data. In that case, the photo-detectors only took the
signal at around 1550nm, which corresponds to the wavelength of the ASE. The characterisation of the mirrors resulted that in
the 1550 nm wavelength region is transmitted though them, while the 980nm pump wavelength is reflected into the common

output fiber.
Ti-Sa
Laser
Er**-doped fiber
[‘_] L=75m
! @980nm
| |
: 'S D1
Dichroic \\\\"~~"~"~""""""-~ -~
Mirror
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Figure 2. Experimental configuration for the measurement of ASE.

Using a relation between the forward and backward direction at signals, we obtained our data. This is plotted against the
pump signal in the figure 4(a). As can be seen, we can calculate the threshold power, for /455 4sz=1. These results are
relevant when the Er-doped fibers are used in laser systems.

During the experimental part we have also built a code using MatLAB software which is enable us to calculate the
threshold power. However, with this software we need other parameters such as &,,5,,0; (cross sections) t (lifetime) and p
(concentration of ions), which prior to that were characterised.

The atomic rate equation and equations 1,2, and 3 of system were used in the programme to resolve the behaviour of pump
signal and generation of spontaneous emission.

The description of how the code works is as follows. Without pump power the fiber presents high attenuation for signal
with a wavelength of 1,55um. When the pump power is increased, the attenuation decreases which means that the pump
power decays in an exponential way, hence the case is that the pump power reaches 0 at the end of the fiber. This pump
power is referred to as the threshold power. For a long span of fiber, the pump power decreases along the fiber. So, as the
pump power increases, the threshold conditions will be firstly provided at the initial part of the fiber. The ASE signal
propagating in a forward direction will be initially amplified, but then it will be attenuated. The backward ASE signal is
amplified by the closest part of the fiber to the input and immediately exits the fiber without attenuation.

It can easily be seen that the power of the backward ASE must be higher than that of the forward ASE. When the pump
power reaches the threshold level at the output end of the fiber, neither forward nor backward ASE suffers attenuation. In this
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case, equal power on both outputs is expected. So, the pump power at the fiber output end corresponds to the point when the
ratio between backward and forward ASE reaches the value land its corresponding value of power is equal to the threshold
power. In our calculation, we obtained a value for the threshold power of 120uW. This behaviour is illustrated in Figure 3.
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Figure 3 Method for characterisation of the threshold pump power.

The procedures of the code can be reviewed as follow, first of all we calculate the ASE(+) signal in one direction. That
value is introduced in the second part of the program for calculating of opposite 4SE signal. Also we needed to find a relation
between the forward and backward signal value, and the data were plotted in Figure 4b., and the pump power corresponding
to the power in the input or launched pump power into the fiber to obtain the pump in the output and with the help of the
figure 5 which shows the pump in the output of the fiber in relation to the pump in the input and the latter value corresponds
to the threshold power.

In addition to this procedures we measurement other parameters. The cross sections were calculated by means of the pump
power which was later applied to rate equation. Also the absorption coefficient in the fiber was measured using the cut-back

method.
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Figure 5. Comparison between theoretical data and experimental data of the pump signal.
4. Discussion and Conclusion:

There are many methods of characterisation of special parameters. However, most of them are very complex which makes
the development of simple methods very relevant. Here we have described one method of measuring threshold power. This
method provides a simple way of obtaining the threshold power in any doped fiber. The fiber to be tested, a pump laser, a pair
of detectors and a pair of dichroic mirrors are only needed in this layout. As our results have shown, there is high agreement
between calculated and experimental threshold power value.

In summary, we obtained the following parameters:
The threshold power is Py,=100uW in experimental study and Py=120pW in computer simulation. In general the predicted
value is in very good agreement with the experimental result.

The attenuation at 980 nm for the fiber was measured to be 2.14 dB/m. In that case we used the cut-back method. Data such
as 5,=5x10” cm’, 5,=1.9x10% cm’, and p=98ppm were obtained by means of measurement of the pump power.
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pressed as each emitter got feedback from adja-
cent microcores but no feedback of its own emis-
sion. The second feature was the beam shaping
caused by diffraction of the output radiation at
the edges of the central circle. The diffraction led
to a well shaped beam with a central peak, which
width corresponded to 8 = 1.22A/D. The far-field
cross-section for zy; = 470 um is shown in Fig. 3.
‘We obtained an output power of 5.5 W at a slope
efficiency of 16%. The energy contained in the
central far-field lobe was 10%. This is about 6
times higher than expected for a completely cou-
pled MCF without beam shaping elements. In
conclusion we have demonstrated that the novel
mirror design increases not only the intermodal
discrimination and the phase-locking but also
combines a lot of energy in the central lobe and
generates a well shaped far-field distribution.
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Tuning characteristics of cladding-pumped
neodymium-doped fiber laser

R. Selvas, J. Nilsson, Optoelectronics Research
Centre, University of Southampton, Southampton
SO17 1BJ, England; email: rs@orc.soton.ac.uk

Neodymium-doped glasses and crystals make ex-
cellent laser materials, and have been in the fore-
front of laser technology for the last three de-
cades. This includes fiber lasers [Snitzer, Mears,
Polaroid, Zellmer]. In the current drive for high-
power cladding-pumped fiber lasers, however,
neodymium has been overtaken by ytterbium as
the dopant of choice for sources around 1 um,
because of the superior efficiency of ytterbium.
Still, the four-level Nd** -ion is preferable to the
two-level Yb>* -ion when reabsorption would be
a problem.

Here, we investigate the spectral characteris-
tics of a cladding-pumped neodymium-doped
fiber laser (NDFL) in a tunable configuration.
The experimental set-up is shown in Fig. 1.
Pump light from a fiber-coupled diode bar at 808
nm (Thomson-CSF) was launched into a 5 m
long double-clad Nd-doped fiber (NDF) fabri-
cated in house. The NDF had a 10 pm, 0.12 NA
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CWM4 Fig. 3. Emission cross-section spec-
trum as determined from fluorescence measure-
ment.

core centered in a 220 um diameter non-circular
inner cladding. The fiber was coated with a poly-
mer outer cladding for a nominal inner-cladding
NA of 0.48. The pump absorption was 0.6 dB/m.
The pump launch end of the fiber was perpen-
dicularly cleaved, providing a 4% reflecting out-
put coupler. The incident pump power was 15 W,
of which 7 W could be launched into the NDF. In
a free-running configuration with a perpendicu-
larly cleaved facet also in the far end of the fiber,
the NDFL produced up to 1.4 W of output pow-
er at 1062 nm, with a slope efficiency of up to
36% with respect to absorbed pump power. For
wavelength-tuning, the far end of the fiber was
instead angle-cleaved to suppress reflections and
an external diffraction grating provided a wave-
length selective tunable feedback. We estimate
the fiber-to-grating-to-fiber reflectivity to ~20%.
Because of the short fiber length and weak pump
absorption, we double-passed the pump. Howev-
er, we had previously tried longer fibers, and
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808 nm N / Nd-ti(l)f:t:_l ggu:ble- \
fiber-coupled N
pump diode U \_I U \ :
i
Dichroic !
Dichroic chrol :
mirror Lens (HT 1060 nm, +
(HT 808 nmm, Laseroutput  Mirror HR 808 nm)
HR 1060 nm) power (HR at 808 nm) ZCro.ordcr
reflection (for
monitoring)
CWM4 Fig.1. Experimental set-up.

found that the fiber length did not significantly
alter the emission spectrum.

Figure 2 illustrates the tuning characteristics
of the laser. A maximum output power of 0.83 W
is reached at a wavelength of 1063 nm. This
wavelength corresponds to the peak of the emis-
sion cross-section spectrum determined from a
fluorescence spectrum and shown in Fig. 3. Away
from the peak, the power drops off rapidly, with a
spectral shape correlated to the emission cross-
section spectrum. This behavior is unusual for
strongly saturated rare-earth doped fiber lasers.
Similar behavior has been reported before from
tunable NDFLs,” but with output powers of a few
milliwatts. Figure 2 includes a simulated curve
for our strongly saturated NDFL, which shows an
almost constant output power over the tuning
range of the laser. The difference between calcu-
lated and actual behavior may be caused by inho-
mogeneous broadening of the transition: The
model calculations assumed a purely homoge-
neously broadened transition, but with inhomo-
geneous broadening, a lasing field at, say, 1100
nm would be unable to compress the gain at 1060
nm. Then, significant power is generated around
1060 nm and is lost from the cavity at the grating
end when the laser is tuned away from 1060 nm.
‘We measured this power, and it is also plotted in
Fig. 2. In order to improve the efficiency for
wavelengths away from 1060 nm, we modified
the laser cavity by angle-cleaving also the pump
launch end of the fiber and using a diffraction
grating for feedback also there. At a tuning wave-
length of 1100 nm, for example, the power from
the laser (determined from the zero-order reflec-
tion power from the grating) at 1060 nm was
small. Thus, we believe that with more careful
cavity designs, an NDFL can operate efficiently
also at wavelengths away from the 1060 nm emis-
sion peak.
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Raman amplification and pulsed lasing in cladding-pumped ger manosilicate fiber
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Abstract: We report for the first time Raman amplification in a cladding-pumped fiber.
The double-clad germanosilicate fiber was pumped by a Q-switched Er-Yb co-doped
fiber laser at 1570 nm. The power conversion efficiency was up to 36%, with a slope of
64%.

OCIS codes: (060.2320) Fiber optics amplifiers and oscillators, (140.3550) Lasers, Raman, (140.3510) Lasers,
fiber

Introduction: Cladding-pumped rare-earth-doped fibers and Raman fiber devices have been
two of the most compelling advances in the area of fiber amplifiers and lasers in recent years. Both
cladding-pumped fibers and Raman fiber devices are primarily high-power devices. Cladding-pumping
enables pumping with multi-mode pump sources that deliver high-power at a low cost. The core of the
double-clad fiber can still be single-moded, so that robust single-mode amplification or lasing can be
realized. Cladding-pumped silica fiber lasers and amplifiers have been demonstrated at 980 nm [1, 2, 3]
and 1020 — 1150 nm [4] with Yb-doping, 1050 — 1120 nm with Nd-doping [5], 1530 — 1620 nm with
Er-doping (normally with, but also without, Yb co-doping) [6], and 2000 — 2200 nm with Tm-doping
[7]. These rare earths can be pumped by widely available high-power diode sources at around 800 nm or
910 — 980 nm.

Raman gain requires high pump powers. Raman fiber lasers are therefore only efficient at high power
levels. On the other hand, Raman devices are very flexible in that gain is available at arbitrary
wavelengths with the right pump source. Thus, a popular configuration for distributed Raman
amplification at 1550 nm is to use a cascaded Raman laser as a pump source at 1450 nm (where rare-
earth doped lasers are not available), which is in turn pumped by a high-power cladding-pumped Y b-
doped fiber laser at 1060 nm. Besides this example, cladding-pumped fiber devices have many other
real and potential applications in telecom and other areas, such as high-power fiber amplifiers, and
sources for remote sensing (e.g., lidar). Raman amplification can be used for distributed or lumped
amplification in telecom systems, but also more generally as a means for wavelength conversion
(notably in cascaded Raman lasers).

Cladding-pumped Raman fiber devices, an exciting combination of multi-mode pumping and Raman
amplification, have recently been proposed [8]. With such devices, single-mode gain can be created at
arbitrary wavelengths with multi-mode pump sources (at the right wavelength). Conversdly, any
multimode source with sufficiently high power can be Raman-converted to a single-mode beam in a
double-clad fiber configured as an amplifier or as a laser. One is no longer restricted to the absorption
and emission bands of rare earths. While cladding-pumped Raman fiber devices require pump powers



of, say, 100 W, such powers are available from fiber sources as well as traditional bulk sources. For
example, a multimode Nd-doped fiber laser with 1 kW of output power was recently reported [9]. With
pulsed sources, the required peak powers can be achieved with relatively modest average powers.

Here, we report for the first time Raman amplification in a cladding-pumped fiber, without any rare-
earth doping. We believe that this is an important step towards a whole class of new optical amplifier
devices based on brightness-enhancing nonlinear conversion of multimode pumps, including not only
Raman converters but also Brillouin and optical parametric converters[10, 11].

Set-up: Our experimental set-up isshown in Fig. 1. We used a Q-switched Er-Y b co-doped fiber
laser in a multi-fiber (GT-wave) arrangement [12]. See inset in Fig. 1. It was pumped by a pig-tailed
multi-mode laser diode with 2.4 W of fiber-coupled output power at 910 nm. It generated up to 320 mW
of average output power at high repetition rates (e.g., 70 kHz). In our experiment, we used the laser at
low repetition rate, where it generated pulses with energies up to 40 pJ with pulse durations down to
200 ns and with atimejitter of ~5 ns. The lasing wavelength was 1565 — 1570 nm. The output from the
fiber laser was free-space coupled into the double-clad Raman fiber (DCRF) via a dichroic mirror.
Though the Q-switched fiber laser produced a single-moded output, we took great care to ensure that
the pump beam was launched into the inner cladding, rather than the core, of the DCRF. Following all
measurements presented here, we cut the DCRF a small distance from the pump launch end, and
evaluated total launched pump power as well as pump power launched into the core by splicing the
DCREF to a piece of standard single-mode fiber. We could launch up to 88% of the output power from
the Q-switched fiber laser into DCRF. Of this power, typically 10 — 15% was in the core. We varied the
launched pump power, without changing the pulse shape, repetition rate, or fraction of power in the
core of the DCRF by inducing a bend-loss on the output fiber of the Q-switched fiber laser.

In the DCRF, the pump source generates Raman gain with a peak wavelength of 1680 — 1690 nm.
Unfortunately, we did not have a signal seed source at that wavelength, and we therefore had to resort to
the rather complicated set-up of Fig. 1, which effectively generates its own signal seed. However, we
emphasize that the Raman converter itsdlf is very simple, consisting only of the DCRF. The pump-to-
signal conversion takes place in a single amplification pass. Thus, we consider the boxed portion of the
set-up to be a cladding-pumped Raman fiber amplifier with input and output ends according to the
figure. Besides being ssimple, the DCRF is also quite versatile in that it can be used with any pump
source emitting within the wide transparency window of the fiber.

Alternatively, the set-up in Fig. 1 can be viewed as a synchronously pumped pulsed Raman laser.

The DCRF had a pure silica outer cladding and germanosilicate inner cladding and core, with different
germanium contents. The inner cladding had a diameter of 21.6 um and an NA of 0.22 with respect to
the outer cladding. The core had a diameter of 9 um and an NA of 0.14 with respect to the inner
cladding, leading to an estimated cut-off wavelength of 1630 nm. The core propagation loss was
3.1 dB/km at 1550 nm. The loss for light in the inner cladding was 2.3 dB/km at 1550 nm. The fiber
was 1.4 km long. Since Raman gain is essentially instantaneous and since the pump pulse is much
shorter than the DCRF, the pump pulse creates Raman gain that travels with it through the fiber.
Therefore, the Raman gain is much higher for signal light traveling with the pump than it is in the
counter-propagating direction. Consequently, the signal at the output end of the DCRF will also be



pulsed, and temporally coincident with the pump pulse.

Perpendicular to OSA,
Cleave Monochrometer,

Dichroic Power Meter

Mirror
HR@1560nm [ ‘l‘ “““““ '

. o
3506T@1680nM. ! DCRF | ?:"gungltgrr { WDM @Mirror
1
<— | IJLAL:J
1680nm 0 L
: Variable

1
oetens - ! Attenuator

N
()

YDb/Er fibre AOM:Acousto-Optic Modulator

Fig. 1. Experimental setup for cladding pumped Raman fiber amplifier.

The signal pulse emitted from the DCRF continues on through the other componentsin the cavity. At its
output end, the DCRF is spliced to a fused fiber coupler fabricated with standard single-mode fiber (NA
0.12, core diameter 8 um). The splice loss between standard single-mode fiber (SSMF) and the DCRF
was ~0.5 dB for the core mode. By contrast, since the cladding SSMF does not guide light, all pump
light except the small fraction in the coreis lost here. The coupler had a nearly flat wavelength response,
and coupled out 40% of the incident power at ~1680 nm. The loss for the through-path was 4.3 dB at
1690 nm. This monitor coupler was then spliced to another, wavelength-selective, coupler. It had a low
transmission loss (~2 dB) at the first stokes wavelength (~1680 nm) but a high loss at the second stokes
wavelength as well as at the pump wavelength. Thus, it served as a filter that suppressed higher-order
stokes generation. The couplers were followed by a variable optical attenuator (minimum insertion loss
at 1550 nm 1.4 dB) that allowed us to change the cavity loss. Finally, there was ~10 km of standard
single-mode fiber (loss at 1690 nm 5 dB). A high-reflecting mirror was butted to the fiber in the far end.
We estimate the reflection loss to 2 dB.

The signal pulse is reflected back through the cavity all the way to the pump launch end of the DCRF.
There, 4% is reflected again from the perpendicularly cleaved fiber end. At the same time, a new pump
pulse is launched into the DCRF. The reflected signal light acts as a seed for the conversion in the
cladding-pumped Raman fiber amplifier. Because the mode-selection that occurs in the SSMF and the
low mode-coupling at splice and reflection points, the reflected signal is aimost exclusively coupled to
the core mode. The roundtrip cavity loss was ~55 dB. The roundtrip time was 115.27 us, so the Q-
switched fiber laser had to be carefully adjusted to a repetition rate of 8.6754 kHz for synchronous
pumping. We used this repetition rate throughout. The pulse energy became 30 uJ and the pulse
duration was 210 ns. Thus, the maximum peak power became 140 W, or 540 times the average power.
Thisratio remained constant also with an attenuated pump beam.

In an alternative configuration, a section of the DCRF was moved from its original location to a position
between the VOA and the 10 km SSMF. At this point, the DCRF is un-pumped, so this way we could
change the effective length of the DCRF without changing the total length or loss of the cavity.



Unfortunately, this set-up does not allow us to monitor the pump power remaining at the end of the
DCRF. We cannot measure the pump power without breaking the DCRF. But if we do that, the cavity is
destroyed and there is no longer any input signal seed. Nevertheless, we did measure transmitted pump
power with the cavity opened at the end of the DCRF (1.4 km) , and found it to be ~68 mW for
100 mW launched.

Results: Figure 2 shows the DCRF gain vs. pump power for 1420 and 940 m long DCRFs. The
gain was determined by varying the total cavity loss via the VOA, and adjusting the pump power until
threshold for lasing was reached. The gain slopes are 1.5 dB/mW and 1.0 dB/mW, respectively. The
effective lengths become 1000 m and 740 m. These numbers are in good agreement with theory, given
the uncertainty in evolution of polarization and modal power distribution, and that the high Ge-content
increases the Raman cross-section. Beyond the plotted range, laser threshold could not be reached
because of the onset of strong ASE. Still, because of the high pump power, a gain of almost 70 dB could
be reached. Figure 3 shows the output power from the DCRF vs. pump power for 1420 and 940 m long
DCREFs. For these measurements, the VOA was set to its minimum loss value. The output power was
evaluated by measuring the power exiting the coupler monitor port with a thermal power meter and
recalculating it to the power coming out from the DCRF. The thresholds are 37 mW and 61 mW, and
the slope efficiencies are 60% and 64% for the longer and shorter fiber, respectively. For both fiber
lengths, the power in the core at the output end becomes significantly higher than in the input end: The
highest pump power launched into the core was 10— 20 mW. This demonstrates brightness
enhancement via Raman amplification of a signal in the core with a pump beam substantially launched
into the inner cladding.

At high pump power, higher-order Raman generation can occur. In Fig. 3, we restricted the pump power
to values for which this was negligible. Thus, since higher-order generation occurs more readily in
longer fibers, the maximum pump power for the 1420 m fiber is lower than that of the 940 m fiber.
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Fig. 2: Gain vs. pump power. Fig. 3: Output power vs. pump power.

To study this further, we simulated our device in the cw regime, using simple, well-known equations for
stimulated Raman scattering [13]. Since higher-order Raman conversion is very important in limiting
the efficiency of these devices, this was also included in our simulations. The interactions of the pump
and 1% and 2™ Stokes waves are given by the following equations:
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where Py, Py, and Pg, are pump, 1% Stokes, and 2™ Stokes powers. « and A are corresponding
absorption coefficients and wavelengths. g, and g, are Raman gain coefficients for 12 THz and 26 THz
frequency shift, respectively, corresponding to the experimentally obtained shifts. Pump wavelength is
1564 nm and 1%, 2™ Stokes wavelengths are 1690 nm and 1810 nm. A is the effective area of the fiber
mode. The 3" term in Eq. 1. represents the interaction between the pump and 2™ Stokes directly. We
consider only 1% and 2™ Raman shifts because the 3" Raman is very small and can be neglected. Signal
seed source powers from the synchronously pumping scheme were calculated from the measured power
and the total cavity loss. 1% Stokes powers are 2.3x10* mW for 90 mW pumping power and 8.43x10*
mW for 140 mW pumping, respectively. We used the experimentally obtained Raman gain coefficient
of ¢;,=0.233 Np/km/mW for the Raman gain peak. For the Raman gain between the pump and 2™
Stokes, we used the Raman gain spectra in Ref. 13. The absorption coefficients are 0.53 km™* for tp,
0.714 km™ for ag, and 0.9 km® for ag. We used the laser repetition rate of 8.6754 kHz for
synchronous pumping and the pulse duration time was 210 ns, which means the maximum peak power
IS 540 times higher than the average power.

Figure 4 shows simulation results of pump, 1% and 2™ Raman power evolution along the fiber
for 90 mw and 140 mW pump power using the Eg. 1 to EqQ. 3.
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Fig. 4. Simulation result of pump, 1% and 2™ Raman power evolution aong the fiber
(@); 90 mW pump power, (b);140 mW pump power

As we can see in Fig. 4(a), there is no 2™ Raman conversion with 90 mW of pump power within 1.42
km of fiber, but with 140 mW of pump power in Fig. 4(b), higher-order Raman starts to appear after
~1 km of fiber. At 1.4 km, practically all 1¥ order Raman power has been converted to 2™ order Raman.
These characteristics are in agreement with the experimentally observed behaviour.

Figure 5 shows experimentally obtained output spectrum, measured with an optical spectrum analyzer



on the monitor output port for afiber length of 940 m and a pump power of 140 mW. Unfortunately, the
spectrum analyzer was limited to wavelengths up to 1750 nm, whereas the second stokes occurred at
~1810 nm. However, we also used a monochromator to resolve higher-order stokes radiation and for
temporal measurements. Figure 6 shows output pulse shapes at the wavelengths of the pump and first
and second stokes beams, measured with the monochromator and a germanium detector. We see that the
signal at the second stokes wavelength is much weaker than that at the first stokes wavelength.
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Fig. 5: Output spectrum after 940 m of DCRF. Fig. 6: Output pulse shapes

Discussion: Compared to rare-earth doped fibers, the Raman gain efficiency is quite low,
especialy in large structures. It is still relatively straightforward to reach high gain with pulsed pump
sources. Even cw pump lasers (fiber and non-fiber ones) of sufficiently high powers are becoming
increasingly available. In alaser configuration, the cavity losses can be sufficiently low for thresholds of
a few watts, given a gain efficiency of the order of 1 dB/W (cw). Still, cladding-pumped Raman fibers
only seem realistic with inner-cladding diameters of a few tens of microns, rather than with hundreds of
microns as is common with rare-earth doped cladding-pumped fibers. This limits the scope for
brightness enhancement and the high pump intensities required (pulsed or cw) presently preclude direct
diode pumping. On the other hand, when suitable high-power pump sources are available, there are
several advantages of Raman devices over rare-earth ones. Besides the flexibility in wavelength, the low
loss of germanosilicate fibers allows the use of much longer devices, so that the heating per unit length
can be small. At higher powers, however, the Raman conversion can occur in fibers as short as a few
meters. Then, the small quantum defect of Raman scattering in silica simplifies the thermal
management.

The length of the Raman fiber converter is important. A longer fiber leads to a higher gain efficiency in
the small-signal regime. Therefore, it will be easier to reach threshold with a longer fiber. However, for
higher powers, secondary Raman scattering occurs, this too with lower threshold for longer fibers. If
thisisto be avoided, there will be an upper limit on the pump power for a given fiber length. A shorter
fiber has a higher upper limit. In Fig. 3, for pump powers up to 100 mW, the 1420 m fiber is better than
the 940 m one. For higher pump powers, second-order Raman scattering occurs in the 1420 m fiber.
Conseguently, one can reach higher output powers with 940 m of fiber than with 1420 m, if sufficiently
high pump power is available. Though a wavelength-suppressing filter could be used to suppress
higher-order Raman scattering, this may be difficult to realize in practice.

Besides higher order Raman scattering, Raman scattering in the cladding should also be avoided. Since
the core and cladding compositions are quite similar, and since the pump intensity is essentially ssimilar
in the core and inner cladding, the Raman gain will be similar in the core and inner cladding. If asingle-
moded output is required, one must then seed the core-mode (or provide mode-selective feedback in a
laser).



The measured slope efficiency of up to 64% is as high as it reasonably can be with the loss in our fiber,
given that al light quanta have t propagate through the whole length of fiber, as signal or pump
photons. A lower-loss fiber or a shorter fiber (as appropriate for higher pump powers) would reduce
total loss and thus improve slope efficiency. It is interesting to note that because of the nonlinear pump
absorption, Raman devices can actually have quantum slope conversion efficiencies exceeding unity
over alimited power range. Our fiber was indeed operating in that power range.

Conclusions: In conclusion, we report for the first time results on amplification in a cladding-
pumped Raman fiber. We used a Q-witched Er-Y b co-doped fiber laser operating at 1565 — 1570 nm as
a pump source. The power conversion efficiency was up to 36%, with a slope of 64%. We believe that
cladding-pumped fiber devices present a very exciting alternative for amplification and brightness
conversion at high powers.
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Moreover, SMN is significantly suppressed when
the SOA switches from absorption to gain. These
results provide information about the mecha-
nism of SMN suppression by SOAs, which is
under further investigation.

The width of the uncompressed output pulses
was also measured at different Igg,. As shown in
Fig. 3, the pulse width increases with Ign,. This
behavior was studied with a simple numerical
model, which followed the Kuizenga-Siegman
approach.® The pulse duration was assumed
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CThR5 Fig. 3. The uncompressed output
pulse width varies with the driving current of the
SOA.

much shorter than the carrier lifetime in the SOA
so that the time-dependent gain can be expressed
analytically.’” The small signal gain was deter-
mined by experiment and the saturation energy
was considered proportional to Igos. The
linewidth enhancement factor was assumed to be
3.5. Other parameters were the same as in the ex-
periment. The gain of the EDFA was adjusted to
keep the average power a constant. The agree-
ment between the simulation result and the ex-
perimental data demonstrates the validity of the
model. Work is in progress to establish a more
complete model to study the effects of the SOA
on both SMN and pulse properties.
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Q-switched 980 nm Yb-doped Fiber Laser
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Double-clad rare-earth doped fiber lasers
pumped by high brightness laser diodes are very
efficient and compact sources of cw and pulsed
radiation. Ytterbium-doped fiber lasers (YDFLs)
have been demonstrated at around 1100 nm in
cw configurations with output powers of 110 W'
and in Q-switched operation with pulse energies
approaching 10 mJ.” Ytterbium can also emit at
around 980 nm, with output power of around
1 W demonstrated in cw operation.” Here, we
present a Q-switched 980 nm cladding-pumped
YDFL with 1.2 uJ of energy and 60 W of peak
power in pulses shorter than 20 ns at repetition
rates of up to ~0.2 MHz and 250 mW of average
output power for repetition rates between 0.2 and
0.65 MHz. A pulsed 980 nm source with high
peak power and good beam quality is attractive
for frequency conversion, e.g., frequency quadru-
pling to 245 nm.

A Q-switched cladding-pumped 980 nm
YDFL presents two challenges: Its pronounced
three-level nature leads to a high threshold and
potential problems with strong amplified sponta-
neous emission (ASE) at 1030 nm.* Because of
this, a high pump intensity and low cladding-to-
core area ratio is needed for efficient operation.
We used a jacketed air-clad fiber® that provided a
tight pump confinement in a 28 pm diameter
inner cladding with a high NA (up to 0.5)%). See
inset in Fig. 1. Furthermore, the small inner
cladding results in a high pump absorption and
thus short device lengths, which promotes high
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peak powers with Q-switching. The second chal-
lenge is the large absorption and emission cross-
sections of Yb at ~980 nm. This leads to a low
saturation energy, which limits the energy storage
and pulse energy. Our fiber had a core NA of
~0.11, a diameter of 6.5 um, and a measured cut-
off wavelength of ~900 nm. The robust single-
mode character of the core ensures a diffraction-
limited output beam. However, in such a core a
saturation energy of 1-2 1J can be expected.
Our experimental set-up is shown in Fig. 1.
We could launch up to 2.6 W of pump power into
the Yb-doped fiber from a 915 nm diode source.
The single-pass pump operating absorption was

3 dB. An AOM was used for Q-switching. With
the AOM in a blocking state, the fiber generated
260 mW of ASE in the forward direction (towards
the AOM end) and 120 mW in the backward di-
rection.

We Q-switched the laser by on-off modulating
the AOM. The pulse energy and average output
powers with and without ASE are shown in Fig. 2.
The ASE build-up time was 5-6 pis. Increasing the
pulse separation beyond this value did not in-
crease the output pulse energy, but merely led to
more ASE being generated between pulses.

The AOM provided some wavelength selec-
tion and it was in fact possible to tune the laser to
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1030 nm. We did not determine the linewidth of
our laser, except that it was below the 2 nm reso-
lution of our spectrum analyzer.

With a saturation energy of ~2 pJ it should be
possible to obtain pulse energies of at least 10 uJ
with good on-off modulation of the AOM. How-
ever, the deflection efficiency of our AOM was
only 20-30%. Since the AOM was double-passed,
the feedback in the AOM end was not much more
than 1%, i.e., comparable to the 3.5% feedback of
the cleaved front-end of the fiber. Thus, we be-
lieve we lost more than half of the output energy
in the AOM end. Rough.measurements con-
firmed a similar power output from the two ends
of the fiber. Furthermore, we measured the
switching time of our AOM to 100 ns. In a short
high-gain fiber cavity the pulse build-up time is
quite short. We believe that the switching time of
our AOM may have been large enough to induce
excess losses.

The pulse duration is shown in Fig. 3. Because
of the short fiber length we had clean single
pulses of durations down to 20 ns. The peak
power was ~100 W.
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260-GHz Soliton Train Modulational
Instability Laser in Highly Nonlinear Fiber
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1. Introduction

Modulational instability (MI) in optical fibers
can be used to obtain high-repetition-rate pulse
trains for potential research-and-development
applications in telecommunications. MI yields
short pulses from continuous-wave (CW) light
when amplitude fluctuations are amplified and
compressed due to self-phase modulation (SPM)
and anomalous dispersion in a fiber." Efficient
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100 nm) and is realized when nonlinear materi-
als, such as optical fibers, are pumped by picosec-
ond optical pulses. It occurs due to the combined
effects of self-phase modulation, cross-phase
modulation, and parametric four-wave mixing, It
is noteworthy that the generated SClight has high
coherence and high SNR. Optical cartiers are ob-
tained by spectrally slicing individual longitudi-
nal modes from the SC spectrum. Therefore,
multiple <arriers (multi-wavelength CW lights)
can be generated by utilizing a wavelength de-
multiplexer whose chanmel spacing equals the
repetition rate of the pump pulses. In Fig. 1, the
source laser was a 1538 nm mode-locked laser
diode {ML-LD), generating a 4.3 ps, 12.5 GHz
pulse train.® It was then amplified with an EDFA
and coupled into a polarization-maintaining
(PM) 5C fiber.? The output spectrum exhibited
more than 100 nm spectrum broadening,. The fig-
ure shows that over 1000-channel, 12,5 GHz-
spaced optical carriers are generated. The spec-
trurn around 1560 nm, which is more than 20 nm
(200 ch) from the pump laser wavelength, ex-
hibits equally-spaced optical carriers.

Noise characteristics (RIN and Q-factor) of
each optical frequency were measured after one
frequency was extracted with a 12.5-GHz-spaced
AWG DEMUX.? The channel crosstalk of the ad-
jacent oprical frequencies was greater than —21 dB.
The SNRs were calculated by integrating the RIN
measured from 100 MHz to 2.5 GHz, and the Q-
factors were measured after externally modulat-
ing each channel in a LINBO, modulator at 2.5
Gbit/s (2> — t PRBS). Figure 2 shows the wave-
length dependencies of the SNR and the Q-factor.
The SNR ranged from 21 dB to 35 dB for 100 nm
range, The Q-factor exceeded 18.3 dB (BER <
107"} for the wavelength range of 1512-1580 nm,
which is sufficient for multispan transmission.

Intanany (SARADV)
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3. DWDM transmission experiment:

Figure 3 shows the experimental configuration
for 10-Gbit/s DWDM transmission employing a
single SC-MCS. More than 100 channels
{1535-1555 nm) with equal spacing of 25 GHz
on the ITU grid were generated from the SC-
MCS. In this experiment, a normal dispersion
and dispersion flat fiber was utilized as the SC
fiber.'® The optical power of each channel at the
SC fiber output ranged from 8 dBm to 13 dBm.
Two sets of odd and even channels were divided
by two 50-GHz-spaced AWG-demultiplexer/
multiplexers (DEMUX/MUXs). The odd and
even channels were modulated independently
with a 10-Gbit/s NRZ format (2*' —1 PRBS), and
then ¢combined with orthogonal polarization to
yield a 106-channel, 25-GHz-spaced 10-Gbit/s
DW DM signal. The inset in Fig. 3 shows the spec-
trum of the DWDM signal. The DWDM signal
was injected into a recirculating loop. A 60 km
A renlarged single mode fiber (SMF) and a 20
km reverse dispersion fiber (RDF) were employed
as the transmission fibers in order to achieve, si-
multaneously, chromatic dispersion compensa-
tion and reduce optical nonlinearity.'" The fiber
input power of each channel ranged from -9
dBm to—6 dBm. The Q-factors after transmission
exceeded 15.6 dB, which is equivalent to a BER of
107 in 106 channels (1535.82~1556.76 nm).

4. Conclusion

The paper reported the multiple optical carrier
generation (over 1000 channels with 12.5-GHz
spacing) from a single supercontinuum source. It
was confirmed that these carriers have sufficient
SNR to achieve Q-factors above 18.3 dB. The
channel spacing is strictly determined by the mi-
crowave mode-locking frequency of the source
laser and so Hz-level accuracy is possible. A trans-
mission experiment utilizing the SC source was
also presented. A 106-channel, 25-GHz-spaced,
10-Gbit/s transmission over 640 km with Q-fac-
tors of greater than 15.6 dB was achieved. The re-
sults show that the SC-MCS can be applied to over
100-channel DWDM systems. By improving the
flatness of the SC spectrum, over 1000-km trans-
mission is achievable. It is expected that SC-MCS
will be a key technology in realizing WDM net-
works that offer hundreds of wavelengths. A part
of this work was supported by Telecommunica-
tions Advancement Organization of Japan (TAQ).
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Introduction
Stimulated Raman scattering in optical fibers find
many important applications in telecommunica-
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tions, in particular in Raman amplifiers and
lasers. Although stimulated Raman scattering is
intrinsically a quite weak process, the tight con-
finement and low loss of optical fibers allow for
quantum conversion efficiencies approaching
unity in fiber Raman devices, with threshold
pUmp powers as low as a watt or 50.1 However, in
order to realize efficient devices with conven-
tional fibers with a raised-index core, fiber
lengths of several hundred meters or even several
kilometers are often used. This is often a draw-
back. On the other hand, holey fibers can be fab-
ricated with an order of magnitude smaller core
areas, with a corresponding increase in the
Raman interaction and reduction in device
length. Recently, holey fibers with effective areas
as small as a few square microns have been used
for Raman amplification as well as all-optical
Raman modulation.” $till, these devices were op-
erated with pulsed pump sources, to overcome
the limitation of the relatively low average pump
power that was available.

Many Raman devices need to operate in a
steady state rather than pulsed mode. Here we re-
port on a holey fiber Raman laser {HFRL)
pumped by a continuous-wave {cw) ytterbium-
doped fiber laser operating at 1060 nm. The
HFRL emitted up to ~0.7 W at a wavelength of
1110-1120 nm. To our knowledge, a holey fiber
Raman device with cw pumping has not been re-
ported before. Though the output from the HFRL
in this instance exhibited strong relaxation oscil-
lations and was thus ternporally noisy, we believe
that with better cavity designs stable cw operation
will be possible.

Experimental set-up and resuits
Figure 1 depicts our holey fiber Raman laser set-
up. The inset of Fig. 1 shows a scanning electron
micrograph of the fiber we used in our experi-
ments. The single material silica fiber had a core
diameter of ~1.9 pm and an outer glass diameter
of 125 pm. The relatively large hole sizes result in
a tight mode confinement and thereby in a high
optical nonlinearity. The effective nonlinear
mode area was measured to be 2.9 pm? at 1550
nm. At 1060 nm, it was calculated to be 2.7 um®
for the fundamental mode (the fiber was slightly
multi-moded there). At the pump (1060 nm) and
Stokes (~1115 nm) wavelengths, the propagation
losses were ~55 dB/km.

For pumping the holey fiber, we used a ran-
domly polarized ytterbium-doped fiber laser that
provided up to 9 W of fiber-coupled output

YDFL
(1060 nm}

1060/ O Focal

1240 nm

power in a continuous wave at 1060 nm (Fig. 1).
This power was launched into a pig-tailed polar-
ization-insensitive isolator. Despite its high inser-
tion loss of 2.1 dB, we were forced to use this iso-
lator to prevent unpredictable interactions
between the HFRL and the Yb-doped fiber laser.
The isolator was then spliced to a 1060/1240 nm
WDM coupler. The backward port of the coupler
was terminated with a feedback-free arrange-
ment, and was used for characterizing the output
from the HFRL. After passing through the WDM
couplet, the pump power was launched into free
space via a perpendicularly cleaved fiber end. The
output beam was collimated with a ~3 mm focal
length aspheric lens and then focused into the
holey fiber via another, ~-1.1 mm focal length as-
pheric lens. The holey fiber had simple perpen-
dicular cleaves in both ends. It was 40 m long,
which lead to a single-pass transmission loss of
2.2 dB (40%) for pump and Stokes waves. The
path-averaged single-pass power was thus 78% of
the launched power. However, the pump was ac-
tually double-passed via a high-reflecting mirror
that was butted to the far end of the fiber. We
evaluated the resulting feedback to practically
100% (at the pump wavelength). Thus, total
pump absorption was 4.4 dB or 64%, in the ab-
sence of any nonlinear pump depletion. A detec-
tor was placed behind the mirror to measure
pump leakage, and to enable us to evaluate single-
pass pump transmission. In the pump launch
end, the cavity was closed by the 496 Fresnel re-
flection from the fiber facet{s}.

At low powers, we evaluated the launch effi-
ciency into the holey fiber to 65% (relative to the
incident power between the two lenses). We also
evaluated the back-coupling efficiency from the
holey fiber into the WDM coupler fiber to be
~40% at 1060 nm (relative to the returning
power between the rwo lenses). This value is
lower than the forward-coupling value because of
the bi-moded nature of the holey fiber (while it
was single-moded at 1550 nm).

It was possible to maintain a high launch effi-
ciency also at high powers. For example, in one
experiment in which the isolator was removed we
were able to transmit 3.2 W of 8.9 W incident to
the holey fiber, indicating a launched pump
power of 5.5W. The cw power density at the holey
fiber was thus 0.2 GW/cm?, which demonstrates
the excellent power handling capability of silica
holey fibers. Still, in this case there was no high-
reflecting mirror butted to the fiber, and faser
threshold could not be reached.

Holey fiber

Lens
De
tec
tor

length
WDM Focal l_lgg'mm High-
length reflecting
3.10 mm mirror

WR6 Fig.1. Experimental set-up with scanning electron micrograph of holey fiber cross-section.

Figure 2 shows the laser characteristics of the
HFRL of Fig. 1. Figure 2a shows the laser output
power vs. incident power. The laser output power
was measured with an optical spectrum analyzer
at the return port of the 1060/1240 nm WDM
coupler, but we compensated for the characteris-
tics of the coupler as well as for the back-coupling
efficiency, Thus, the quoted output power refers
to a point berween the lenses in Fig. 1. We as-
sumed the back-coupling efficiency to be 40%,
which is the value measured at low powers. How-
ever, at higher powers, the back-coupling effi-
ciency may well have been somewhat smaller
since it was difficult to keep the launch stable
then. Figure 2b further illustrates this point,
showing single-pass transmitted pump powet
measured after the mirror but recalculated to a
point inside the fiber, just before the mirror, rela-
tive to incident power. The transmission de-
creases for higher incident powers, even before
there is any significant pump depletion via stim-
ulated Raman scattering. Figure 2c shows the
laser output power vs. launched pump power, as
determined from a measurement of transmitted
pump power. In this case, pump depletion could
be significant for the highest power, so there is no
linear relation between launched and transmitted
pump power. Nevertheless, we have made simple
estimates for the nonlinear scattering to enable us
1o assess the launched pump power also in this
case. The maximum output power was (.75 W for
a launched pump power of 3.9 W and the slope
efficiency was around 70%. The threshold of the
laser was ~2.9 W with respect to launched power.
This should result in a round-trip Raman gain of
around 12 dB. Taking background losses and re-
flection from external fiber facets into account,
we estimate that the round-trip loss of our cavity
may be around 16 dB, which is m fair agreement:
with our estimated Raman gain.

Figure 2d, finally, shows an output spectrum
measured with the OSA off the WDM port. The
spectral characteristics of the coupler have been
compensated for, but not the back-coupling loss
from free-space into the coupler fiber.

We also investigated the temporal characteris-
tics of the Yb-doped fiber laser as well as of the
HFRL. The Yb-doped fiber laser was quite stable,
without any power fluctuations detectable at a
100 MHz measurement bandwidth. By contrast,
the output from the HFRL appeared chaotic in
nature, with large modulation of the output
power with no evident pattern and with moder-
ate peak powers. While a pulsed output is often,
undesirable, it does not necessarily affect slope ef-
ficiency or threshold. Thus, we believe we could
obtain similar power characteristics in a cw out-
put, with a better cavity design. Several effects
may lead to an unstable cutput, e.g., the presence
of higher-order modes, polarization effects (and
we did not investigate temporal polarization
characteristics of the Yb-doped fiber laser), as
well as coupled cavity effects, given that a butted
mirror as well as multiple perpendicularly
cleaved fiber ends were present. On the other
hand, a pulsed pump source would have resulted
in other power characteristics.

In conclusion, we have presented a holey fiber
Raman laser pumped by a continuous wave Yb-
doped fiber laser. We believe this to be the first
such device presented the literature. In one con-
figuration we were able to launch up to 5.5 W of
pump power into the holey fiber, with a cw power
density of 0.2 GW/cm?. In another configuration,
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WR6 Fig.2. a: Output laser power vs. incident pump power. b: Relative single-pass pump transmis-
sion vs. incident pump power, ¢: Output laser power vs. launched pump power., d: Output spectrum for

3.9 W of launched pump power

we obtained ~0.7 W of laser output for a
launched pump power of 3.9 W and a slope eff-
ciency of 709,
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1. Introduction

Recently there has been great interest in pulse
sources with high repetition rates to satisfy the
large demand for information capacity and to de-
velop fast logic devices in optical communication
systems. Electronics-based and direct modula-
tion technologies have been widely investigated
but are generally limited to repetition rates of
around 40 GHz, although some exceptions have
been demonstrated. Passive optical modulation
techniques have, however, proven successful in
obtaining repetition rates of up to a few terahertz.
For example, rational mode-locking of fiber
lasers, split semi-conductor laser cavities and var-
ious laser beating techniques have all demon-

strated high-quality ultra-short pulse trains. An-
other powerful passive technique, modulational
instability (MI), can be used to obtain high-qual-
ity pulses with repetition rates in excess of 100
GHz in optical fiber devices. MI refers to the tran-
sition from continuous-wave (CW) light to short
pulses when amplitude fluctuations on the CW
light level are amplified and compressed due to
the interplay between self-phase modulation
{SPM) and anomalous dispersion in an optical
fiber. Pulses from MI have been generated in both
single-pass’ and ring cavity laser? configurations,
with the latter demonstrating lower CW back-
grounds. Furthermore, more efficient self-in-
duced ring cavity configurations have been pre-
sented which use an intracavity erbium-doped
fiber amplifier (EDFA} as a complementary gain
mechanism.”

Current systems have the drawback of requir-
ing high pump intensities to exceed the threshold
for MI due to the low nonlinearity in most fibers.
This pump requirement can be decreased
through the use of highly nonlinear dispersion-
shifted fibers (HNL-DSF) with nonlinear coeffi-
cients typically ten times that of standard fiber.
Recently HNL-DSF has been employed in a vari-
ety of nonlinear effect-based devices such as fiber
Raman amspliﬁers“ and broadband wavelength
converters,

In this paper we present a self-induced M ring
laser based on HNL-DSF and an EDFA that pro-
duces a CW train of soliton pulses at a repetition
rate of 260 GHz. Pulses exist in the average soli-
ton tegime and are shown to separately experi-
ence anomalous dispersion and SPM around the
cavity.

2. Experiment
The experimental set-up for the modulational in-
stability fiber ring laser is shown in Fig. 1. The

AX=12.8nm

HNL-DSF

WR7 Fig. 1. Experimental configuration of

the modulational instability ring laser

intra-cavity EDFA provided up to 600 mW of op-
tical power and initiated the lasing process
through amplified spontaneous emission (ASE)
build-up in the ring. SPM occurred in 607 m of
HNL-DSF that was kindly provided by Sumit-
omo Electric Industries, Ltd. The HNL-DSF had
a low dispersion slope around 1.55 pm with a
zero-dispersion wavelength at 1552 nm and a
nonlinear coefficient of 21 W 'km™. A tunable
bandpass filter {TBPF) with a bandpass of 12.8
nm was included to optimize the modulational
instability process by encouraging lasing around
the zero-dispersion wavelength of the cavity. A
polarizer (POL.) and two polarization controllers
(PC) were also used to stabilize and optimize the
system due to the high polarization-dependence
of modulational instability. It was found that the
cavity had a high dispersion that discouraged ef-
ficient M1, To compensate for the high disper-
sion, 4 m of dispersion-compensating fiber
(DCF) was added to the configuration. 20% of
the laser power was extracted via an optical cou-
pler.

The MI laser was simultaneously analyzed in
an optical spectrum analyzer (OSA) and a second
harmonic generation autocorrelator {(SHG-AC)
at a ratio of 1:99 by using a tap coupler. Another
piece of DCF was included after the ring output
coupler to compensate for the dispersion intro-
duced by the external measurement fibers.

3. Results and Discussion

The spectrum and autocorrelation of the opti-
mized modulational instability laser output are
shown in Fig. 2 and 3, respectively, for an EDFA
output power of 280 mW. As can be seen in Fig. 2,
the laser output centered around 1540 nm
demnonstrates a lobe structure that is characteris-
tic of modulational instability. The overall spec-
trum had an approximate 3-dB bandwidth of 8.5
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WR7 Fig. 2. Output spectrum of the opti-
mized modulational instability laser
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Cladding-pumped Raman fiber amplifier

J. Nilsson, J. K. Sahu, J. N. Jang, R, Selvas, D. C. Hanna
Opieelectronics Research Centre, University of Southampion, Southampton SO 17 1BJ, England
phone: +44 23 8059 3101, fax: +44 23 8059 3142, email: jn@orc.sofon.acak

A. B, Grudinin
Southampion Photonics, Phi House, Enterprise Road, Chilworth Science Park, Southampton SO16 7NS, England

Introduction: Cladding-pumped rare-earth-doped fibers and Raman fiber devices have been two of the most
compelling advances in the area of high-power fiber amplifiers and lasers in recent years. Cladding-pumping enables
pumping with multi-mode pump sources that deliver high-power at a low cost. The core of the double-clad fiber can
still be single-moded, so that single-mode amplification or lasing can be realized. Raman gain requires high pump
powers and Raman conversion is therefore only efficient at high power levels. On the other hand, Raman devices are
very flexible as gain is available at arbitrary wavelengths with the right pump source. Cladding-pumped Raman fiber
devices Tepresent a natural progression to multi-mode pumping and Raman fiber devices [1]. While cladding-pumped
Raman fiber devices require pump powers of, say, 100 W, such powers are available from fiber sources as well as
from traditional bulk sources. For example, a multimode Nd-doped fiber laser with 1 kW of output power was
recently reported [2]. With pulsed sources, however, the required peak powers can be achieved with relatively
modest average powers, Here, we report for the first time Raman amplification in a cladding-pumped fiber, without
any rare-earth doping. We believe that this is an important step towards a whole class of new optical amplifier devices
based on brightness-enhancing nonlinear conversion of multimode pumps, including not only Raman converters but
also Brillouin and optical parametric converters. {3, 4]

Set-up: Our experimental set-up is shown in Fig. 1, We used a Q-switched Er-Yb co-doped fiber laser in a multi-fiber
(GT-wave) arrangement. Here, we used the laser 8.7 kHz repetition rate, where it generated pulses at 1565 —
1570 nm with energies of 30 pJ and durations of 210 ns. Thus, the peak power became 140 W, or 340 times the
average power, The time jitter was ~5 ns. The output from the fiber laser was free-space coupled into the double-clad
Raman fiber (DCRF) via a dichroic mirror. Though the Q-switched fiber laser produced a single-moded output, we
took great care to ensure that the pump beam was launched mto the inner cladding, rather than the core, of the
DCRF. Following all measurements presented here, we cut the DCRF a small distance from the pump launch end, and
evaluated first total launched pump power and then power in the core by splicing the DCRF to a piece of standard
single-mode fiber. We could launch up to 88% of the output power from the Q-switched fiber laser into DCRF, 10—
15% of which was in the core. We varied the launched pump power by inducing a bend-loss on the output fiber of the
Q-switched fiber laser, without changing the puise shape, repetition rate, relation between peak and average power,
or fraction of power in the core of the DCRF.

In the DCRF, the pump source generates Raman gain with a peak wavelength of 1680 — 1690 nm We did not have a
signal seed source at that wavelength, and therefore had to resort to the rather complicated set-up of Fig. I, which
effectively generates its own signal seed. However, the Raman converter itself is very simple, consisting only of the
DCRF, The pump-to-signal conversion takes place in a single amplification pass. Thus, we consider the device under
test to be the cladding-pumped Raman fiber, with signal and pump beams launched into its left end in Fig. 1.
Alternatively, the set-up can be viewed as a synchronously pumped pulsed Raman laser.

The DCRF had a pure silica outer cladding and germanosilicate inner cladding and core. The inner cladding had a
diameter of 21.6 um and an NA of 0.22 with respect to the outer cladding. The core had a diameter of 9 um and an
NA of 0,14 with respect to the inner cladding (estimated cut-off wavelength 1630 nm). The core loss was 3.1 dB/km
and the inner cladding was 2.3 dB/km, both at 1550 nm. We used different fiber lengths of around 1 km. Simce
Raman gain is essentially instantaneous and since the pump pulse is much shorter than the DCRF, the pump pulse
creates Raman gain that travels with it through the fiber. This makes the Raman gain essentially uni-directional, and
the signal at the output end of the DCRF will also be pulsed, temporally coincident with the pump pulse.

At its output end, the DCRF is spliced to a fused fiber coupler fabricated with standard single-mode fiber (NA 0.12,
core diameter 8 um). The splice loss between standard single-mode fiber (SSMF) and the DCRF is ~0.5 dB for the
signal traveling in the core mode. By contrast, since the cladding in the S8MF does not guide light, essentially all
pump light is Jost here. The coupler had a nearly flat wavelength response, and coupled out 25% of the incident
power at ~1680 nm. This monitor coupler was then spliced to another, wavelength-selective, coupler. It had a low
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transmission loss (~2 dB) at the first stokes wavelength (~1680 nm) but a high loss at the second stokes wavelength
as well as at the pump wavelength. Thus, it suppressed higher-order stokes generation. The couplers were followed
by a variable optical attenuator that allowed us to change the cavity loss. Finally, there was ~10 km of SSMF (loss at
1690 nm 5 dB). A high-reflecting mirror was butted to the fiber in the far end with an estimated reflection loss of
2 dB. The fong SSMF delayed the signal feedback to match the low repetition rate of the pump.

The signal pulse is reflected back through the cavity all the way to the pump launch end of the DCRF. There, 4% is
reflected again from the perpendicularly cleaved fiber end. At the same time, a new pump pulse is Jaunched into the
DCRF. The reflected signal light acts as a seed for the conversion in the cladding-pumped Raman fiber amplifier.
Because the mode-selection that occurs in the SSMF and the low mode-coupling at splice and reflection points, the
reflected signal is almost exclusively coupled to the core mode. The roundtrip cavity loss was ~55 dB. The roundtrip
time was 115.27 ps. The Q-switched fiber laser was carefully adjusted to this for synchronous pumping. We varied
the effective length of the DCRF without changing cavity length by moving a section of it from the location shown in
Fig. 1 to a position between the VOA and the 10 km SSMF, where the DCRF is un-pumped.
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Fig. 1: Experimental sefuaip.

Results: Figure 2 shows the DCRF gain vs. pump power for 1420 and 940 m long DCRFs. The gain was determined
by varying the total cavity loss via the VOA, and adjusting the pump power until threshold for lasing was reached.
The gain slopes are 1.5 dB/mW and 1.0 dB/mW, respectively, or 2.8 dB/W and 1.9 dB/W with respect to peak
power. The effective lengths become 1000 m and 740 m. These numbers are in good agreement with theory, given

the uncertainty in evolution of polarization and modal power distribution, and that the high Ge-content increases the
Raman cross-section,
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Fig. 2: Gain vs. pump power. Fig. 3: Output power vs. pump power.

Figure 3 shows the output power from the DCRF vs. pump power for 1420 and 940 m long DCRFs, with the VOA
at its,minimum loss value. The output power was evaluated by measuring the power exiting the coupler monitor port
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and recalculating it to the power coming out from the DCRF. The thresholds are 37 mW and 61 mW, and the slope
efficiencies are 60% and 64% for the longer and shorter fiber, respectively. For both fiber lengths, the power in the
core at the output end becomes significantly higher than in the input end: The highest pump power launched into the
core was 10 — 20 mW. This demonstrates brightness enhancement via Raman amplification of a signal in the core with
a pump beam substantially launched into the inner cladding.

At high pump power, higher-order Raman generation can occur. In Fig 3, we restricted the pump power to values for
which this was negligible. Thus, since higher-order generation occurs more readily in longer fibers, the maximum
pump power (and ouptut power) is lower for 1420 m than for 940 m fiber length. Figure 4 shows the output
spectrum for a fiber length of 940 m and a pump power of 140 mW. Unfortunately, the spectrum analyzer was limited
to wavelengihs up to 1750 nm, whereas the second stokes occurred at ~1810 nm. However, we also used a
monochromator to resolve higher-order stokes radiation and for temporal measurements. Figure 5 shows output
pulse shapes at the wavelengths of the pump and first and second stokes beams, measured with the monochromator
and a germanium detector. The second stokes signal is much weaker than the first stokes signal.
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Fig, 4:-Output spectrum after 940 m of DCREF. Fig. 5: Outpuf pulse shapes

Discussion: Despite the low Raman gain efficiency, it is relatively straightforward to reach high gain with pulsed
pump sources. Even cw pump lasers (fiber and non-fiber ones) of sufficiently high powers are becoming increasmgly
available. In a laser configuration, the cavity losses can be sufficiently low for thresholds of a few watts, given a gain
efficiency of the order of 1 dB/W. Still, cladding-pumped Raman fibers require inner-cladding diameters of a few tens
of microns rather than hundreds of microns as is common with rare-earth doped cladding-pumped fibers. This limits
the scope for brightness enhancement and the high pump intensities required presently preciude direct diode pumping.
On the other hand, there are several advantages of Raman devices over rare-carth ones, Besides the flexibility in
wavlength, the low loss of germanosilicate fibers allows the use of much longer devices, so that the heating per unit
Jength can be small. The smail quantum defect of Raman scattering in silica further simplifies thermal managernent,

The length of the Raman fiber converter is important. A longer fiber leads to a higher gain efficiency in the small-
signal regime, making it easier to reach threshold with a longer fiber. However, for higher powers, secondary Raman
scattering occurs, this too with lower threshold for longer fibers. To avoid this, the pump power used with a given
fiber length must be limited. A shorter fiber has a higher limit. In Fig. 3, for pump powers up to 100 mW, the 1420 m
fiber is better than the 940 m one. For higher pump powers, second-order Raman scattering occurs in the 1420 m
fiber. One can then reach higher output powers with 940 m of fiber than with 1420 m, with appropriate pump power.
(Though a wavelength-suppressing filter could be used to suppress higher-order Raman scattering, this may be
difficult in practice.) Raman scattering in the cladding should also be avoided. Since the core and cladding
compositions are quite similar, and since the pump intensity is essentially similar in the core and inner cladding, the
Raman gain will be similar in the core and inner cladding. If a single-moded output is required, one must then seed the
core-mode (or provide mode-selective feedback i a faser)

Conclusions: In conclusion, we report for the first time results on amplification in a cladding-pumped Raman fiber.
We used a Q-witched Er-Yb co-doped fiber laser operating at 1565 — 1570 nm as a pump source. The power
conversion efficiency was up to 36%, with a slope of 64%. We believe that cladding-pumped fiber devices present &
very exciting alternative for amplification and brightness conversion at high powers.
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Cladding pumping technology for next generation fiber

amplifiersand lasers

Kalle Yla-Jarkko, Shaif-ul Alam, Paul W. Turner, John Moore, Southampton Photonics Inc., Southampton, United
Kingdom; Johan Nilsson, Romeo Selvas, Daniel B. Soh, Christophe Codemard, Jianto K. Sahu, Optoelectronics
Research Centre, University of Southampton, Southampton, United Kingdom.

Abstract: We discuss recent advancesin cladding-pumped fiber technology considering various applications of
GTWave fiber amplifiers and 977 nm ytterbium-doped fiber devices based on jacketed-air clad fibers.

1. Introduction

Since the introduction of rare-earth doped double-clad fibers over a decade ago [1], cladding-pumping technology
has broadened the application area of fiber lasers and fiber amplifiers. Output powers of hundreds of watts can be
achieved from diode pumped single-mode fiber devices making fiber lasers serious contenders for lamp- and diode-
pumped Nd:Glass lasers in material processing industry [2],[3]. In this paper we review recent developments of high
power cladding pumped lasers and amplifiers based on both Er:Yb and Y b-doped fibers. We pay particular attention
to the emerging cladding-pumping technology based on jacketed-air clad ytterbium-doped fibers operating in the
region of 977 nm.

2. High Power Single Frequency MOPA

In a number of applications, such as spectroscopy and frequency doubling, a narrow linewidth and low relative
intensity noise (RIN) performance is desired. For these purposes an all-fiber tandem comprising DFB fiber laser and
a power-amplifier (so called MOPA configuration) looks to be the most viable solution. Mgjor limiting factor of the
all-fiber solution is stimulated Brillouin scattering (SBS). However, the detrimental effect of the SBS can be
suppressed by choosing the gain medium of the power amplifier so that the SBS threshold is increased. This can be
achieved by shortening the length of the amplifying media and/or by adjusting the diameter of the doped core. In our
experiments the power amplifier was based on GTWave fiber.

A GTWave fiber assembly typicaly consists of one doped and two or more pump fibers, which are in optical
contact and share a common external lower index coating. Thus pump light being launched into pump fiber
propagates freely through all fibers in the assembly [4]. Depending on the application, the outer diameters of the
signal and pump fibers can vary greatly whereas the core size is typically fixed for the 1.55 um wavelength region
by the requirement of single-moded outpuit.

Most suitable medium for high power fiber lasers in the 1.55 um region is double-clad Er:Yb co-doped fibers
where Y b-ions absorb pump light and then non-radiatively transfer energy to Er-ions [5]. In the MOPA for power
range from 1 W to 10 W, we use a DFB fiber laser with output power of 10 mW and a GTWave fiber assembly
containing two pump fibers and one Er:Yb co-doped signal fiber (core diameter 8 um, NA=0.12). The outer
diameter of the fibers is 80 um. The impact of SBS is minimized by having a high absorption coefficient of the
doped core (~200 dB/m @915 nm) allowing the use of only 10 m long gain medium. An output power in excess of 5
W was achieved for alaunched pump power of 25 W without any noticeable SBS. The power amplifier was pumped
by two 915 nm multimode pump modules capable of delivering up to 15 W of optical power in 0.22 NA, 100 um
diameter, pump fiber. As shown in Fig. 1(a) fiber laser has a slope efficiency of about 30%. Inset of the figure
illustrates the variation of SBS threshold as a function of SMF length added at the output of MOPA. This shows that
by keeping the output pigtail of the fiber laser short, output powers in excess of 10 W can be achieved by scaling up
the pump power. Further improvement can be achieved by shortening the length of the amplifying gain medium
with 977 nm pumping or by increasing the diameter of the doped core.

Another application of cladding-pumping technology is low cost L-band (1570-1610 nm) amplifiers pumped by
single 980 nm multimode diode. For this type of applications GTWave assembly can f. ex. consist of a pump fiber
with 60 pm outer diameter and a pure Er-doped fiber with core diameter of 10 um (NA 0.1). Depending on the
output power requirements the number of pump fibers and pump modules can be increased. With one 977 nm pump
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module pigtailed to a fiber with a 50 um core and capable of delivering up to 1.5 W of optical power, a L-band
EDFA with a saturated output power of 21 dBm can be realized (see Fig. 1(b)). Amplifier exhibits 30 dB gain with
gain flatness of +1 dB over 1570-1607 nm spectral band and simultaneous noise reduction and transient suppression
of the amplifier can be achieved by using again clamping seed signal (A=1564 nm).
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Fig 1. (8) Output power of the MOPA as a function of launched pump power. Inset shows the variation of SBS threshold as a

function of SMF length added at the output of MOPA.. (b) Gain and noise figure of the cladding-pumped EDFA as the gain-
clamping laser isturned on/off. Input signal power is—20 dBm and the clamping power is—3 dBm.
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3. Jacketed-air clad ytterbium-doped fibers

Recent advances in development of high power high brightness laser diodes and mature silica fiber fabrication
technology [6], [7] have opened up new application areas for cladding pumping technology. One of the most
spectacular examples of advanced cladding pumped devicesis a 977 nm Y b-doped fiber laser based on jacketed air-
clad fibers, see Fig. 2(a) The fiber consists of doped core, pump cladding and low index secondary cladding formed
by athin glass mesh with awall thickness comparable to the wavelength. By introducing silica-air outer cladding in
double-clad fibers the NA of the inner-cladding can be increased enabling the decrease of the inner-cladding
diameter without sacrificing the efficiency of the pump coupling. This increases the overlap between the pump and
signal fields and hence the output power from the diode-pumped fiber lasers can be raised without boosting the
pump power [8].

There are two major difficulties in developing an efficient single-mode, cladding-pumped 980 nm ytterbium-
doped fiber source: high threshold intensity of the two-level 980 nm transition and undesired lasing at 1030-1040
nm due to quasi-four level energy transition and weak re-absorption. These difficulties can be overcome by using
high brightness pump source and fiber geometry with low inner-cladding-to-core ratio to reduce the lasing threshold.
For a practical single-moded device having a threshold below 500 mW the inner-cladding diameter should be
between 20-30 um. At the same time the NA of the inner-cladding needs to be increased considerably compared to
the NA of the conventional double-clad fiber (NA=0.35...0.47). In order to realize a high inner-cladding NA, we use
a jacketed air-clad (JAC) geometry, which is based on robust reproducible conventional silica fiber technology [9].
With this technology an inner-cladding NA higher than 0.7 can be achieved.

Figure 2(a) shows a cross section of the Yb-doped JAC fiber, where the multimode inner cladding is formed
from a thin mesh of silica glass. This resulted in very low pump leakage and hence high numerical aperture of the
inner cladding. The core is single-moded with a cut-off of 950 nm (core diameter=9 pm, NA=0.1). The pump
absorption at 915 nmis 6 dB/m. In order to suppress unwanted gain at 1040 nm we have utilized ring-doping of Y b-
ions.

By using JAC fiber and a high brightness pump source a high power 977 nm Y b-doped fiber source can be
achieved from simple ASE source or fiber laser using broadband feedback from a mirror or wavelength-selective
narrowband reflectors such as fiber Bragg gratings. The output power from a fiber laser is shown in Fig. 2(b). The
fiber laser has an output power of 3.5 W and slope efficiency of 65%. In this case the JAC fiber had a 10 um, 0.1
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Fig. 2. (a) Cross-section of jacketed air-clad fiber. Inner cladding diameter 20 pm, NA 0.7. (b) Output power and slope efficiency
of the JAC fiber laser as a function of absorbed pump power. Threshold and slope efficiency for the fiber laser are 260 mW and
65%.

NA core centered in a 28 um diameter inner cladding with a high NA of up to 0.5 [10]. The benefits of the laser
configuration compared to the ASE-source are that the output is less sensitive to back-reflection and the achievable
output power is higher. The drawback of the laser is more complicated structure, as an external feedback is required
to produce emission at 977 nm. For a practical device the reflectivity of the fiber Bragg grating needs to be ~10%
with aFWHM of 0.2 nm [11].

4, Conclusions

We have reviewed the recent progress of cladding-pumped fiber lasers based on GTWave fiber assembly and Y b-
doped-jacketed air-clad fiber. By using high brightness multi-emitter diode pumping and with suitable tailoring of
GTWave fiber the output power from single frequency source can exceed 50 W. Mature fiber technology and high
brightness pump sources have also promoted development of cost-effective high performance double-clad optica
amplifiers and fiber lasers in the wavelength regions previously dominated by core-pumped devices (L-band
amplifier) and semiconductor diodes (970-980 nm).
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ABSTRACT

We assess different power limits of cladding-pumped fiber lasers. Despite recent advances in pump sources, these are
il primarily limited by available pump power. We find that it should be possible to reach output powers beyond 1 kW
in single-mode ytterbium doped fiber lasers. Experimentally, we have realized an ytterbium-doped fiber laser with 272
W of output power at 1080 nm, with an M?-value of 3.2, aswell as an erbium-ytterbium co-doped fiber laser with 103 W
of output power at 1565 nm, with an M%vaue of 2.0. We believe these are the highest-power ytterbium and erbium-
ytterbium fiber lasers ever reported.

Keywor ds: Fiber laser, power-scaling, diode-pumping, wavelength-tuning

1. INTRODUCTION

Cladding-pumped fiber technology has revolutionized fiber lasers over the last decade, increasing output power from
less than 1 W with traditional core-pumping to well over 100 W [1], [2], [3]. Even 1 kW of power has been reached in
multi-mode designs [4], when several devices have been arranged in series or in parallel. For output powers below 100
W, afew diode bars or multi-emitter laser diode assemblies are adequate pump sources. However, for powers beyond the
100 W levd, diode stacks seem to be a better choice. The increasing availability of suitable diode stacks and the
possibility of efficient fiber launch make them very attractive for pumping of high-power fiber lasers. At the ssmetime,
while fibers proved very reliable at powers up to ~100 W, it is clear that further power-scaling to the kW level with
diode stack pumping requires significant fiber optimization in terms of fiber composition, pump coupling, and/or overall
devicelayout. Thisis especially true when a single-mode output is required.

We will present recent work on high-power fiber lasers and amplifiers at University of Southampton and Southampton
Photonics. We will cover work in the 1 and 1.5 um spectral regimes with ytterbium-doped and erbium-ytterbium co-
doped fibers, aswell as power scaling via stack-pumping to several hundred watts of output power. We will also discuss
relative advantages of fiber lasers compared to traditional bulk lasers, and highlight strengths of cladding-pumped fiber
devices in areas such as broadband amplification, wavelength tuning, and operation at wavelengths where fiber lasers
perform particularly well. We will adso discuss narrow-linewidth devices, since nonlinear degradation arising from
nonlinear effects such as stimulated Brillouin scattering is seen as a weakness of high-power, cladding-pumped, fiber
SOUrces.

2. THE CASE FOR HIGH-POWER CLADDING-PUMPED FIBERS AND STACK-PUMPING

Rare-earth (RE) doped fiber lasers were demonstrated as early as the 1960s [5], [6], [7]. Nevertheless, for many years
they remained relatively obscure with performance far inferior to that offered by their “bulk” (i.e.,, non-waveguiding)
counterparts like Nd:YAG lasers and gas lasers such as argon ion lasers. While bulk lasers can be lamp pumped or
pumped by eectrical discharges, it is essential to use laser sources for pumping of rare-earth doped fibers. However, at
the time, laser pump sources were generdly large, costly, and inefficient, and rare earth doped fiber devices offered no
compelling benefits that outweighed the disadvantages of laser pumping. This changed in the mid 1980s, with the
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redization of rare-earth doped single-mode high silica fibers with low loss [8], [9], [10]. A single-mode core ensures
robust single-mode operation, which is necessary for many applications. Furthermore, the tight beam confinement of a
single-mode fiber leads to low laser thresholds, even though glass hosts (normally used for fibers) intrinscally have
higher laser thresholds than crystal hosts (normally used for bulk lasers). RE-doped single-mode fibers congtitute a glass
gain medium with which low-threshold lasers, and high gain amplifiers (with a high gain efficiency) can be realized
relatively easily. The trandtions in glass are spectrally much broader than they are in crystals, which is important for
broadband amplification, tunable lasers, and for short pulses. Crucialy, high gain can be reached even in three-level
systems with pump powers as low as a few milliwatts. A low propagation loss is important since it allows for devices
many meterslong, and thus for fibers doped sufficiently lightly for concentration quenching to be avoided.

These advantages of rare-earth doped fibers enabled the erbium-doped fiber amplifier (EDFA) [11], which can be used
in optical communication systems. The EDFA has been a most compelling reason for the further development of rare
earth doped fiber technology as well as of single-mode laser diodes at 980 and 1480 nm, for use as compact, low cost,
and efficient laser pump sources.

While it is easy to reach, say, 40 dB of gain in an EDFA, bulk devices are not appropriate for high-gain broad-band
amplifiers. Especially in case of a rare-earth doped glass amplifier, their large beam size leads to a low gain efficiency,
and the short length essentially rules out a high gain. For example, in an erbium-doped glassit is difficult to reach more
than 1 dB gain per centimeter. A crystalline amplifier is more efficient and allows for higher gain, but with a narrow
bandwidth. In addition, in abulk amplifier alarge number of modes would see the high gain, leading to large amounts of
undesired amplified spontaneous emission and making it difficult to ensure single-mode operation.

Inner
cladding

Figure 1. Schematic drawing of double-clad fiber.

The considerations for high-power devices are partly quite different from those for high gain and low power devices
such as the EDFA. The very low threshold and high gain efficiency possible with a single-mode core are important
features for low-power devices, but less important at higher powers. On the contrary, a small single-mode core is a
serious obstacle to power-scaling of fiber lasers. Initially, fiber lasers as well as EDFASs were simple structures with a
single core for guiding both the signal and the pump light, implying that sngle-mode pump diodes must be used. The
limited power of single-mode diode pump sources has then limited the output powersto ~1 W. Conseguently, cladding-
pumping has been developed as a method to overcome this limitation [12]. Cladding-pumped fiber lasers do not require
single-mode pump sources, but can still produce a single-moded laser output. In this case, afiber that guides light in the
inner cladding, typically a so-called double-clad fiber (DCF), must be used. See Fig. 1. A DCF has a primary waveguide
(the core) for guiding the signal, surrounded by a lower-index inner cladding. Both of these are made from glass. The
inner cladding also forms the core for a secondary waveguide that guides the pump light. The inner cladding is
surrounded by an outer cladding of lower refractive index polymer or glass to facilitate waveguiding. In either case, the
fiber may have a further layer of polymer for protection. Typically, the fiber is rare-earth doped throughout the core,
while the inner cladding is undoped. The core is located within the inner cladding and forms a part of the pump
waveguide, so pump light propagating in the pump waveguide reaches the core and excites the laser-active rare-earth
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ions. Since the gain medium is till arare-earth doped glass, the gain remains spectrally broad, allowing for broadband
amplification and wavelength tuning.

With a sufficiently thick inner cladding, it is at least in principle possible to launch arbitrarily large amounts of pump
power into a double-clad fiber. This would mean that the usable pump power is only limited by the power delivered by
the pump sources at hand. However there are many disadvantages with a thick inner cladding, and in practice a limited
inner cladding diameter will restrict the amount of pump power that can be launched. The launched pump power
obvioudy limits the output power from the fiber laser, and istherefore of principal importance for high-power operation.
Power handling and power conversion efficiency are other important factors. By contrast, the threshold is quite low for
high-power fiber lasers, and therefore normally insignificant. We will next discuss these limitations, in order to estimate
the power limit of a cladding-pumped fiber laser.

We start with the pump power that can be launched into a fiber. We assume here a simple end-pumped configuration.
Various aternatives for side-pumping exist, with the pump light propagating either aong the core or perpendicular to it.
These may allow for more pump power to be launched, but only insofar as thicker or longer fiber arrangements can be
used.

To reach the power limit of doped fibers will require kilowatt class pump sources. Diode stacks seem most suitable at
such power level. At Southampton we have state-of-the art diode stack sources capable of delivering approximately 0.4
kW of pump power into a 0.4 mm diameter inner cladding at an NA of ~0.3. With athicker inner cladding and a higher
NA, we will be able to launch more pump power (with a higher-power pump source). Inner cladding diameters of upto 1
mm may be feasible, but fibers thicker than that rapidly become difficult to manage. With a 2.5 times thicker inner
cladding, we would be able to launch roughly 2.5 kW of pump power with an appropriate pump source of similar
brightness. It may be possible to increase the NA somewhat, but on the other hand, higher-power pump sources are
normally less bright than lower-power ones, offsetting the benefits of a higher NA. Thus, we take 2.5 kW as the
maximum pump power that currently can be launched through the end of a double-clad fiber. Note though that this
power will increase as brighter pump diodes become available in the future.

Once the pump power has been launched, the fiber has to efficiently convert it into usable laser output. Neodymium and
ytterbium are the most efficient fiber dopants for which high-power diode stack pump sources are available, for Nd at
~808 nm and for Yb at 910 — 980 nm. High-power Nd-doped and Y b-doped fiber lasers both emit at around 1060 nm,
with relatively large variations in wavelengths depending on device configuration and host composition. Neodymium's
1060 nm trangition is a four-level system, which means that the threshold can be insignificant and that low-brightness
pumping can be used. Thisis utilized in fiber embedded lasers, in which a large pump cavity allows for simple, high-
power, but relatively low-brightness pumping. Three Nd-doped fiber embedded lasers were recently combined for atotal
output power of over 1 kW [4]. However, because the pump cavity is quite large, the doped volume must also belargein
order to absorb the pump, especially since sdlf-quenching limits the maximum allowable concentration of neodymium.
Unfortunately it is difficult to achieve single-mode operation in a long, large-diameter, core. By contrast, ytterbium isa
quasi-four level system at 1060 nm, with significant reabsorption. Therefore, a high pump intensty must be used to
excite a sufficient fraction of the Yb-ions. This aso means that it becomes easier to absorb the pump, alowing for a
smaller core, especially since Yb can be used at higher concentrations than Nd. In addition, an ytterbium-doped fiber
laser (YDFL) can be more efficient than a neodymium-doped fiber laser (NDFL). Thus, YDFLs look more attractive
than NDFLs, at least when a high-brightness output is needed. Diffraction-limited or nearly diffraction-limited YDFLs
with well over 100 W output power have been reported [1], [3]. We regularly attain 80% power conversion efficiencies
in our Yb-doped fiber lasers, suggesting that 2 kW and 4 kW of output power would be possible with 2.5 kW of pump
power launched in one or both ends of the fiber.

It isfar from obvious that a fiber can handle such high power without failing. While powers of over a kilowatt have been
reported, this was in heavily multimode designs with large cores. A single-mode realization is much more challenging,
because of the higher power densities involved and the risk for optical damage. Certainly, one should not strive for a
small core, but for alarge core that can still operate on a single mode. We have demonstrated previously a Q-switched
YDFL with 2.3 mJ pulses with 10 kW of peak power, corresponding to a power density of 6.5 W/um? (650 MW/cm?)
[13], aswell as aholey fiber Raman laser with a cw power density (of the pump) of 2 W/um? [14] without reaching the
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damage threshold. These values can be compared to the damage threshold of bulk silica of ~20 W/um?. Though a cw
YDFL islikely to have a damage threshold lower than the pure silica and pulsed peak power values, we estimate a cw
damage threshold of ~1 W/pm? for our rare-earth doped fibers, or possibly a few times more. Special fiber terminations
such as end-caps may have to be used to reach such damage threshold [15]. Still, a drawback of the end-pumping
scheme is that the optical power densities and heat generation peak at the pump launch end. Schemes that use distributed
injection of the pump power into the doped fiber, and leave the ends of the doped fiber free to be terminated in a damage
resistant manner, are preferable from this point of view. The GTWave fiber is an example of such a scheme [16]. We
also note that recently demonstrated cladding-pumped Raman fiber lasers [17] can be fabricated with a pure silica core,
likely to have a higher damage threshold than an ytterbium-doped one.

With a cw damage threshold of ~1 W/um?, akW class fiber laser will require a core area of ~1000 um? or more. Such a
core will not be intrinsically singleemoded at ytterbium wavelengths. However, there are several ways of achieving
single-mode operation of a multi-mode core, e.g., with a mode-selecting taper [18] or with selective excitation of the
fundamental mode. For example, stable spatial fundamental mode operation has been demonstrated in a 50 um core fiber
amplifier [19], i.e., with a core area of 2000 um?. Thus, though these estimates are relatively uncertain, they do suggest
that a multi-kW single-mode fiber laser isviable.

Besides optical damage, heat generation can also destroy an optical fiber, viatherma damage of the coating, fracture, or
even melting of the core. However YDFLs are exceptionally good in terms of thermal management for two reasons. The
high efficiency means that the fraction of absorbed pump power that is converted into heat can be less than 15%. Thus,
the heat generation in the fiber will be approximately 150 W per kilowatt of output power. Furthermore, the fiber
geometry means that heating can be distributed over a long length, and because of the proximity of the heat-generating
core to the fiber surface, heat-sinking can be quite efficient. Brown and Hoffmann have evaluated fracture limits in
optical fibers to over 0.1 kW/cm of generated heat [20], which is orders of magnitude larger than the heat that will be
generated in kW-class fiber lasers. Thermal damage of the coating as well as melting of the core can occur at lower
power levels, but can be mitigated by a suitabl e heat-sinking arrangement, as well as by using long fibers with low levels
of power conversion per unit length. In practice, we have operated erbium-ytterbium co-doped fiber lasers that generated
approximately 100 W of heat per meter [21].

The fiber geometry is then quite good from a therma point of view. Furthermore, the ability to maintain a tight pump
confinement, given by the spot size that the pump beam can be focused to at the relatively high inner-cladding NA,
means that the threshold isrdatively low, typically a few watts. Thus, the elongated geometry, as well as the benefits of
pump and signal waveguiding, are key advantages of cladding-pumped fiber lasers for high power operation. The high
pump intensity also enables operation of systems with high ground-state absorption, such as ytterbium’s two-level
transition at ~980 nm [22], albeit with significantly lower output power than at the quasi-four level transition at ~1060
nm. Besides, a glass host brings advantages in terms of wide wavel ength tunability and access to different wavelengths
in generd. For example, for high-power operation in the “eyesafe’ 1550 nm wavelength regime, erbium-ytterbium co-
doping is often used, but this only work well in glasses.

There is a large variety of different high-power bulk lasers, with different gain media, cavity configurations, and
pumping schemes. Y tterbium-doped crystal lasers [23] (e.g., Yb:YAG) are emerging as the preferred choice for high-
power bulk solid state lasers. Thermal issues are critical for these lasers, and therefore, crystals, with superior thermal
properties, are favored over glass hosts. Though Yb:YAG lasers with many kilowatts of output powers have been
demonstrated, the non-waveguiding nature and large therma gradients lead to aberrated thermal lensing and, therefore, a
poor beam quality at high powers. Single-mode lasers operate at significantly lower powers. Compared to fiber lasers,
the efficiency of Yb:YAG lasersis lower (but still quite good). Furthermore, the absence of tight waveguiding of the
pump leads to a pump beam size that is significantly larger than in a fiber laser, and the larger signal beam impliesthat a
larger number of ions need to be excited to reach sufficient gain than with a fiber laser. This leads to high thresholds that
may well exceed 100 W even in quasi-four level systems such as Yb:YAG at ~1040 nm.

Because of the high efficiency and the beneficial effects of a waveguiding core on beam quality, high-power cladding-
pumped fiber lasers seem likely to surpass bulk lasers in many areas, not least those for which a glass host brings
particular advantages. However, the fiber geometry does have drawbacks: The tight signal confinement restricts energy
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storage to, say, values of the order of 10 mJ, while some pulsed laser applications require higher pulse energy than that.
Furthermore, the tight signal beam confinement, together with the long length and high powers, means that well-known
fiber nonlinearities such as stimulated Raman scattering, stimulated Brillouin scattering (for narrow-linewidth beams),
and sdlf-phase modulation (for pulsed light) occur quitereadily in cladding-pumped fibers. For example, at a wavel ength
of 1 um with an effective spot area of 100 um?, we get a Raman gain of 4x10° dB/m/W, a Brillouin gain of 2 dB/m/W,
and anonlinear phase shift of 2x10° rad/m/W. Nonlinear effectsin fibers are further discussed in ref. [24]. Still, exciting
results on the amplification of single-frequency beams in Yb-doped fiber amplifiers have recently been published [25].
An output power of 20 W has been achieved experimentally in anearly diffraction-limited beam, from a 9 m fiber with a
30 um diameter core [25]. This power was limited by available pump power, while the SBS limit was estimated to
~100 W. With shorter fibers, as should be possible with higher pump absorption (e.g., with 975 nm pumping instead of
the 915 nm pumping used in ref. 25), the SBS limit would be several hundred watts, ultimately limited by attainable
pump absorption, thermal limits, and the core size. In the past, we fabricated fibers with similar area ratios with peak
absorption at ~975 nm of 12 dB/m, resulting in device lengths of 1.5 m [21]. This was an erbium-ytterbium co-doped
fiber, but can equally well be realized without erbium, for operation at ~1060 nm. Thus, we believe that with appropriate
fiber design, with alarge, highly doped, core for a high pump absorption, SBS thresholds will be well above 100 W.

3. RESULTS

The case for cladding-pumped high-power fiber lasers is quite strong, made even stronger by recent results, enabled by
developments in fiber and diode pump technology. We will next review some of our recent high-power results with
ytterbium doped fibers operating at ~1060 nm [26] and erbium-ytterbium doped fibers operating at ~1550 nm [21], [27],
aswell asresults on tunable fiber lasers [28].

Y tter bium-doped fiber laser

Signal output Diode stack

@1060~1100 nm HT @975 nm @975 nm
HR @1 um

HT @975 nm
HR @1 um
_,—v{‘~ ------ -----» Unabsorbed pump
I >
- SR
Double-clad

Yb-doped fibre

Figure 2. Yb-doped fiber laser arrangement comprising a diode-stack pump source.
HR: high reflectivity, HT: high transmission.

Y tterbium-doping is attractive for high-power cladding-pumped fiber lasers because of the high efficiency and high
pump absorption that are possible. Figure 2 shows our setup for high-power YDFLs. Our pump source is a beam-shaped
diode-laser stack at 975 nm, coupled into the double-clad Y b-doped fiber through a combination of lenses. We set up an
YDFL made with afiber fabricated at the University of Southampton. The fiber was 5 m long and had 30 um diameter
Y b-doped core. The D-shaped inner cladding had a 375 um diameter, and was coated with a low-refractive-index
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polymer outer cladding for a nominal inner-cladding NA of 0.48. The small-signa absorption at the pump wavelength
was 3—4dB inalmlong piece of fiber. The pump launch efficiency was more than 85%. A laser cavity was formed
between a perpendicularly cleaved, 4% reflecting, facet in the pump launch end of the fiber and an external, high-
reflecting mirror in the other end. The laser output was taken through the pump launch end. A dichroic mirror separated
the output beam from the pump beam (Fig. 2).

The laser output power characteristics is shown in Fig. 3, together with an output spectrum [26]. The maximum laser
output power was 272 W and the dope efficiency with respect to absorbed pump power was 85%. The laser spectrum
was centered a ~1080 nm, and extended from 1070 nm to 1100 nm. The output power increased linearly with output
power. There was no evidence of a power limit from nonlinear scattering or any other undesired effect. The fiber is
mu;ti-moded and no attempts were made to operate the laser on a single mode. We measured the beam quality factor
(M9 to 3.2

300+

®  Measured
250 4 — Linear fit

Slope efficiency ~85%
200 4 207
-30

.40

150 -+

100 -

Signal power [W]

50 -

-9?.0I40 I 10I50 I 10I60 I 10I70 I 10I80 I 10I90 I 11I00 I 11I10
Wavelength [nm]
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Absorbed pump power [W]

Figure 3. Output power characterigtics of ytterbium-doped fiber laser. Inset: laser output spectrum.
Erbium-ytter bium co-doped fiber laser

The attraction of erbium-ytterbium co-doped fibers is their unsurpassed performance in the important, “eye-safe’, 1550
nm wavelength region. In an erbium-ytterbium co-doped fiber, pump photons are initially absorbed by Y b-ions. Then,
the energy is transferred nonradiatively from excited Yb-ions to Er-ions, resulting in de-excitation of the Yb-ions and
excitation of the Er-ions. Ytterbium has a larger absorption cross-section than erbium, as well as a much broader
absorption band, from 910 to 980 nm. Furthermore, Yb can be incorporated in much higher concentrations than Er,
thanks to its relative immunity to self-quenching. In total, this means that a fully adequate pump absorption of several
dB/m can be reached, even in fiberswith alargeinner cladding-to-core arearatio.

We set up an erbium-ytterbium co-doped fiber laser (EYDFL), very similar to the YDFL in Fig. 2, based on a fiber
fabricated in house. The fiber was 5 m long and had 25 um diameter erbium-ytterbium co-doped core. The D-shaped
inner cladding had a 400 um diameter, and was coated with a low-refractive-index polymer outer cladding for a nominal
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inner-cladding NA of 0.48. We were able to launch up to 340 W of pump power into the fiber, of which 295 W was
absorbed. Thus, the operating pump absorption was ~87% or 9 dB. Also for the EYDFL, a laser cavity was formed
between a perpendicularly cleaved, 4% reflecting, facet in the pump launch end of the fiber and an external, high-
reflecting mirror in the other end. The laser output was taken through the pump launch end, and a dichroic mirror
separated the output beam from the pump beam.

The laser output power characteristics is shown in Fig. 4, together with an output spectrum [27]. The maximum laser
output power was 103 W at 1565 nm, with an M2value of 2.0. The slope efficiency was ~40% for low powers, with
respect to launched pump power, and close to 50% with respect to absorbed pump power. There is aroll-off at higher
powers, caused by ytterbium-lasing at ~1060 nm, as the ytterbium-excitation increases at high pump levels. We estimate
the heat generation to over 100 W/m near the pump launch end at maximum pump power.

We believe that the parasitic ytterbium-lasing can be suppressed, for an increased dope efficiency at ~1560 nm. In Fig.
4, the threshold for ytterbium lasing is approximately 70 W, at which point the 1565 nm power is ~25 W. However, we
have operated EYDFLs that are similar except for having thinner core and inner cladding, at higher power densities
without seeing parasitic Yb-lasing. A 4 m long fiber with a12 um diameter core and a 125 um diameter inner cladding
generated 17 W of output power at 1560 nm with a pump power of 44 W at 915 nm, without any Yb co-lasing, and
without any roll-off of the 1560 nm power [21]. If these values are scaled to alarger core size, they suggest that 1560 nm
output powers of 70 W should be possible with a 25 um core without any Y b co-lasing or roll-off.

Our results underline the impressive power capacity of erbium-ytterbium co-doped fibers, and of doped fibersin generd.

Though the efficiency and output power are much lower than with an YDFL, there are few, if any, high-power |asers that
can compete with an EY DFL in this spectral regime.

120~

® Qutput @1565 nm
100 Slope efficiency ~30 %
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o
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o
I

Power [dB]

N
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Laser power [W]
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20+ Slope efficiency ~43 %

1550 1555 1560 1565 1570 1575 1580
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Launched pump power [W]

Figure 4. Output power characterigtics of erbium-ytterbium co-doped fiber laser at ~1565 aswell as ~1064 nm.
Right: laser output spectrum at ~1565 nm.

Tunable fiber lasers
Wavd ength-tunable rare-earth doped fiber lasers are attractive because of the high efficiency of rare-earth doped gain

media and the broad emission linewidths in glass hosts. We have studied wavelength-tunable fiber lasers for severa
years. Figure 5 summarizes our results [28]. Though these investigations were performed with [ower-power pumping,
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we expect that the benefits of new higher-power pump sources and improved fibers will have full impact on the
performance of tunable fiber lasers, resulting in higher pump powers and al so extended tuning ranges.

40 I I I I I

¥y \ |

Output power [dBm]

20 R | | | | |
1000 1200 1400 1600 1800 2000 2200

Wavelength [nm]

Figure 5. Tuning ranges of different cladding-pumped fiber lasers (logarithmic wavelength scale). The curves at ~2 um
are for a Tm-doped fiber of two different lengths, and the curve at ~1550 nmisfor a Er-Yb co-doped fiber. At ~1 um, the
three dashed curves on top are for three different lengths of a Yb-doped fiber, the solid curve isfor a Yb-doped fiber with
a small inner cladding area, and the three dotted curves are for three different Nd-doped fibers.

4. CONCLUSIONS

We have analyzed the power-limit of end-pumped fiber lasers and estimate that it should be possible to reach output
powers beyond 1 kW in single-mode ytterbium doped fiber lasers. Though nonlinear degradation may be a problem for
some applications, the thermal properties of fibers and short fiber lengths possible with high concentration, large core,
and high-brightness pumping suggest that the limits are quite high and have not been reached yet in general.

Experimentally, we have realized an ytterbium-doped fiber laser with 272 W of output power at 1080 nm, with an M-
value of 3.2, aswell as an erbium-ytterbium co-doped fiber laser with 103 W of output power at 1565 nm, with an M-
value of 2.0. We bdieve these are the highest-power ytterbium and erbium-ytterbium fiber lasers ever reported.
Y tterbium-doped fiber lasers are most efficient of all rare-earth doped fiber lasers, and erbium-ytterbium co-doped fiber
lasers are the most efficient type of high-power laser of any kind operating in thein the “eye-safe’ wavelength region at
around 1550 nm.

Despite the rapid improvements of the output power of high-power fiber lasers, evidenced by these and other results, itis
till limited by the available pump power. Single-mode fiber lasers with 1 kW of output power are not fundamentally
beyond the fiber technology of today, and with appropriate fiber designs such lasers will be realized as soon as
appropriate pump sources become available. We expect the rapid improvements to continue, and spread to more refined
fiber lasers such as single-polarization, narrow-linewidth, wavel ength-tunable, and pulsed sources. We believe that fiber
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lasers are leading candidates for various high-power applications, and will be chosen over bulk lasers, not least when the
broad linewidths of glass hosts are advantageous.
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ational wavelength of the laser can be set with
high precision using our tuning-package. The
laser also remained lasing in single mode opera-
tion across the large mning range with side-mode
extinction ratio >55dB,

The relative intensity noise (RIN) is also charac-
terized @ 1553.45nm and 1535.5nm under the
same pumping-conditions as described above.
These tesults are summarised in Fig4. The RIN
floors at about -150 dB/Hz (>10MHz), which is
only slightly higher than our normal fibre DFB
noise level (fypically less than -155dB/Hz
>10MHz). This is believed to be duc mainly to the
beam material in which the DFB is mounted, due
to its non-optimal heat conduetion. By changing
this to a more appropriate heat conducting mate-
rial, we believe the noise level to reach the levels
normally achjeved from these lasers. The
achieved level is suitable for most applications
requiring a low-noise source.

4, Conclusion

We have analysed the performance of a single
polarised all-fibre DFB laser when this is tuned
over ~25nm using compression huning. Single-
mode and single polarisation operation is main-
tained over the entirc tuning range as is the nar-
row line-width and low RIN characteristics.
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Cladding-pumped single-mode Yb-doped fibre
laser and ASE sources with over | W of output
power at 977 nm are described. Their low RIN,
high power, and high efficiency are attractive for
a vancty of applications.

1. Introduction

Cladding pumped Yb-doped fibre lasers operating
at ~977 nm have been the subject of significant
technical and experimental activity in recent years
[1-41. Despitc abvious attractions of such sources
~ as pumps for EDFAs and as stand-alone lasers
operating at the shertest wavelength available
from cladding-pumped silica fibre lasers — there
were no reports on practical, vser-friendly, real-
izations. The principal requirement for practical
implementations of high power 977 nm fibre
lasers is to reach high enough population inver-
sions, since otherwise cmission occurs on the
quasi-four level transition around 1040 nm, with
large reabsorption at the two-level 977 nim transi-
tion. Additionally, Yb-deped fibre lascrs are
known as being notoriously noisy, with poor rela-
tive intensity noise (RIN) charactcristics that sig-
nificantly narrow their range of applications.
Here, we present detailed performance data on
high-power cladding-pumped Yb-doped fibre
laser and ASE sources at ~ 977 nm, made possible
by recent advances in high power multimode
pump diedes and fibre technology.

2. Fibre laser and ASE source
Cladding-pumping with high-power multimode
dicde pump sources is the preferred way to
power-scale fibre lascrs. In cladding-pumped
devices thc overlap of the pump field with the
gain medium is small and therefore a large
amount of dopant is requircd to absorb the pump.
However before the pumping creates enough gain
at 977 nm in a Yb-doped such laser, undesircd
gain at longer wavelengths (typically ~1040 nm)
with weak re-absorption becomes so high that
spuriots oscillations cannot be suppressed. This
unwanted gain restricts fibre length and thus
pump absorption, resulting in low slope effi-
ciency. To achieve lasing at 977 nm on¢ has to
ensurc that the gain at 1040 nm is lower than the
threshold for spurious lasing and that the pump
intensity, and thus power, is high enough to invert
more than 50% of the Yb-ions. Both pump thresh-
old power and pain at ~1040 pm are preportional
to the innmer cladding arca and for a practical
device with, say, a threshold below 400 mW and a
pump absorption of 6 dB, the inmer cladding
diameter should be below 25 pm {1]. For efficient
pump launch inte such a small inncr cladding its
numerical aperturc should be as high as possible.

Fig.1. Cross section of jackcted air-clad fibre,
Inner cladding diameter 20 pm, NA 0.7,

In our device we have chosen a jacketed air-clad
(JAC) geometry, since it offcrs not only pump NA
as high as 0.7 but also the robusiness and repro-
ducibility of conventional silica fibre technology
[2]. Figure 1 shews a cross section of the Yb-
doped JAC fibre, with white light launched into
the inner cladding and emerging through the
imaged end. The multimode inner ¢ladding is sup-
ported by a thin glass mesh with a wall thickness
comparable to the wavelength. This resulted in
very low pumnp leakage and hence high numerical
aperturc. The core is single-moded with a cut-off
of 950 nm. In order to suppress unwanted gain at
1040 nm we have utilized ring-doping of Yb ions
[3]. The pump absorption is 6 dB/m.

The emission cross-section spectrum of Yb ions
in silica glass has a relatively narrow (~ 4 nm
wide) pcak centred around 977 nm. Thus, high-
power emission is possible at this wavelcngth
both from a Jaser with either broadband feedback
from a mirror or wavelength-selective feedback
from a fibre Bragg grating, as well as from an
ASE source. For the ASE source, the Yb-doped
JAC-fibre was spliced to another fibre with an
angled output facet that suppressed feedhack.
This makes the output nearly uni-directicnal even
with a simplc perpendicular cleave {4% reflect-
ing) in the pump launch end of the fibre. For the
laser confipuration, a fibre Bragg grating with
reflectivity ~10% was spliced to the output end of
the JAC-fibre, while the lascr was pumped
through a broadband dichroic mirror that pro-
vided feedback in the other end of the cavity. Both
sources used a 915 nm diode pump.

P
in

Laser

by
o

p’/v"’cﬁ/
Ll

Qutput Power @ 977 nm W]

&
o

Nt

e
00 05 1.0 18 2.0 25

Absorbed Power @ 915 nm [W]
a PR3 VTSR SR T WU TR S
210
3 _ASE
™ 0.8 ~
T
§ 0.6+ Laser
3
N 04
a
o
E 02
[=]
z
0.0 !
o7) 672 O74. 976 078 030 ©82
Wavaelength [nm}

Fig. 2. Output powet as a funetion of abserbed
pump power (a) and output spectra (b) for laser
and ASE source configurations

Both sources have benefits as well as sorne draw-
backs. The structure of the ASE-source is simplc
as no extemal feedback is required to produce
emission at 977 nm. Since the output is seeded by
spontanecus emission, the RIN is esscntially
white, and the output essentially unpolarized even
in the prescnce of weak polarizing effects. Draw-
backs of the ASE-source are a lower efficicncy
and an inherent sensitivity to back-reflections.
(Isolators for 980 nm do cxist, but they are bulky,
lossy, and expensive). On the contrary the fibre
laser is less sensitive to back-reflections and has
lower threshold and higher efficicncy than the
ASE-source. However, the structure is more com-
plex and therc are high RIN pesks at the relax-
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ation oscillations frequency and at frequencies
corresponding to the cavity round trip time,

The output power and slope efficiency of both
sources are shown in Fig, 2, along with their out-
put spectra. The suppression of emission at ~1040
nm is more than 20 dB for hoth sources. The spec:
tral width of the ASE source is 3 nm and the centre
wavelength is situated et 977 nm, which is practi-
cally at the peak of the 980 nm absorption band of
erbium-ions in silica glass. The spectral width of
the fibre laser was 0.5 nm, mainiy determined by
the characteristics of the reflective grating.

In some applications, such as pumping of DFB
fibre lasers (DFB FLs) [5], the temporal stability
of Yb-doped fibre-based pump source is as
important as the wall-plug efficiency and output
power. Figure 3 shows the relative intensity noise
(RIN) spectrurn of the 977 nm fibre laser and
ASE sources.

410

RiN [dB/Hz]

Fraqueancy [MHz)

Fig.3 Relative intensity noise graphs-of the fibre
laser and ASE fibre source operating at~ 977 nm

The ASE-source has no cavity and hence its RIN
is white, without any peaks arising, e.g., from
relaxation oscillations or other cavity effects. The
RIN of the ASE-source is below —130 dB/Hz and
thus does not generate any extra contribution to
RIN of the DFB FL as its RIN is integrated over
all frequencies of the pump source. Hence, the
ASE-source is an ideal pump source for DFB FLs
in CATV and WDM systems. However, as the
shot noise limit of the pump absorption is —153
dB/Hz the RIN below 1 kHz increases with RIN
of the pl'h p for all values above the shot noise
limits. This may be a concemn for some sensing
applications for DFB FLs where the low-fre-
quency range is of specific interest. As can be
seen from Fig, 3 the fibre laser pump source has
several RIN peaks. The relaxation oscillation
peak occurs at 450 kHz at & RIN level of —100 dB/
Hz. The RIN peak at 30 MHz is dependent on the
cavity length and hence on the position of the
grating output coupler. In our measurements the
cavity length was 3.3 m. The additional peaks in
the RIN spectrum are harmonics of the beat fre-
quency of the longitudinal modes within the laser
cavity. Outside the peaks the RIN of the fibre
laser is very low and limited only by the sensitiv-
ity of the measurement device (~ —145 dB/Hz).
Thus by optimising the device length of the fibre
laser, it should be a suitable pump source for DFB
FLs in both analogue CATV and digital WDM
systems.

In addition to the flat RIN characteristics, the
unpolarized output of the ASE source is also
advantageous for pumping EDFA as it results to
extremely low PDG [6].

3, Summary

We have presented data on high-power 977 nm
fibre laser and ASE sources based on an Yb-
doped jacketed mir-clad fibre. With 2.5 W of
absorbed pump power the laser source was capa-
ble of delivering up to 1.4 W of output power. To
our knowledge, this is the bighest output power
obtained from a single-mode fibre-coupled source
at around 980 nm. Both sources exhibii RIN
below —130 dB/Hz and ere suitable for pumping
of DFB fibre lasers and other applications that
demand low noise and/or high-power.
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An Optical Millimeter Wave Fiber Laser
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Optical millimeter wave generation is realized
using dual polarization modes operation from a
co-located dual Distributed Feedback fiber laser
configuration. A narrow linewidth optical milli-
meter wave signal at 32.5GHz is demonstrated
without using complex control mechanism.

1. Introduction

The generation of microwave/millimeter waves
using photonic technologies for various applica-
tions such as fiber-radio wireless access networks
{1] and phase array antennas [2) has been focus of
much research. Among various methods currently
employed, an effective and favored technique is
to use optical heterodyning between two lasers
whose frequencies differ by the required millime-
ter wave frequency. It is particularly advanta-
geous in fiber-radio applications since it reduces
base station hardware complexity and overcomes
limitations in transmission imposed by fiber chro-
matic dispersion. Optical heterodyning also has
the advantage over other generation techniques of
giving higher RF power, though extremely narrow
linewidth optical sources or feedback loops are
generally required during operation {3]. To date,
the proposed techniques for achieving this include
injection locking of laser diodes {4], dual-mode
semiconductor laser sources [5] as well as using
the optical phase locked loop (OPLL) configura-
tion [6]. These demonstrations have relied on
laser diodes or bulk solid-state lasers and the use
of external high frequency synthesizers, high
power RF amplifiers and injection/feedback con-
wols are gencraily necessary to produce phase
locked, narrow linewidth millimeter wave signals,
Dlsmbuted Feedback (DFB) fiber lasers, with
their intrinsic engineering simplicity and
extremely narrow optical linewidth, offers a
straightforward and promising alternative to opti-
cal generation of high frequency signals. Such
devices have been demonstrated [7, 8] where a
high frequency polarization mode beating (PMB)
signal is achieved by manipulating tbe birefrin-
gence of the laser cavity. In this paper, we
describe an alternative fiber laser configuration
based on a dual, co-located phase-shifted gratings
strucrure for generating signals at millimetre
wave regime and beyond, We emphasize the sim-
plicity and flexibility of the fabrication process
and more importantly, on contrary to previous
reported schemes, the range of frequencies
achtevable is not determined by the characteris-
tics of the fiber but by the fiber gratings parame-
ters only. The all-fiber configuration generates
stable dual polarization output and a narrow line-
width (< 1kHz, limited by measurement setup)
millimetre wave signal at 32.5GHz is demon-
strated without using a complex feedback mecha-
nism or the need for an external high frequency
synthesizer.

2. Background

Optical heterodyning of two modes from the same
fiber laser cavity i3 an effective means to generate
very narrow linewidth microwave beat signal
without phase locking feedback control due to the
common mode suppression of phase noise. Based
on a similar context, by co-locating two DFB

fiber laser cavities within the same fiber, a dual
mode optical source can be realized to generate a
narrow linewidth beat note st any frequency
depending on the wavelength spacing between the
two fiber laser grating structures (phase-shifted
gratings) during febrication. Furthermaore, it has
been demonstrated [9] that for a dual overwritten
fiber Bragg grating (FBG), the spectrum of indi-
vidua! grating will be independent of each other
under the condition 44 » L >>4 %/r where A i3
the grating period, 44 is the period difference and
L is the grating length. Evidently there is the natu-
ral tendency for each laser cavity to lase indepen-
dently in both polarization modes, producing
mode competition and mode hopping. However,
by incorporating a uniform FBG fabricated in
high birefringence (Hi-Bi) fiber, to the co-located
dual DFB fiber laser structure, a polarization-dis-
criminating self-injection }ocking mechanism can
be realized. This mechanism then allows dual
polarization modes operation by forcing each
DFB laser cavity 1o operate in one, but mutuaily
orthogonal, polarization mode only.

3. Experiment

A single phase-shifted FBG was first inscribed into a
40mm long Er/Yb codoped fiber by e focused UV
beam through a phase mask with period A4 o
1069nm. The Ex/Yb codoped fiber has a small signal
absorption ~230dB/m at 980nm and ~25dB/m at
1535nm. The fiber was adhered firmly on its ends to
a translation stage to allow a strain to be applied to
the fiber. By real time monitoring the spectrum of
the first grating, the fiber was smrained ~0.02% so
that a wavelength shift of 0.26nm, corresponding to
A4 = 0.09nm, wes observed on the Optical Spec-
trum Analyzer (OSA). A second phase-shifted FBG
was then produced under the exact same conditions,
The total fabrication time of the device wes < Smin
and the resultant profile of the laser cavity measured
using a tunable laser (resolution 1pm) is as shown in
Fig. 1 (solid trace). It is evident that the spectra pro-
file of each phase-shifted FBG in the dual overwrit-
ten structure remains independent. The wavelength
spacing between the transmission peaks from each
grating measured 0.26nm and birefringence-induced
polarization mode gphm.ng (Adyire ~9pm ie. bire-
fringence ~ 8.5x10°°) can be observed for both grat-
ings.
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Fig. 1. Spectral profile of the co-located dual DFB
fiber laser structure. Superimposed dotted traces
show the spectral profiles of the Hi-Bi feedback
grating along the fast and slow axes.

The experimental setup for the operation of the
co-located dual DFB fiber laser is as shown in
Fig. 2. A 980nm laser module was used as the
pump source and isolators were used for both the
pump laser and the output of the fiber laser struc-
ture. To reduce tbe effects of environmental tem-
perature fluctuations, the fiber laser was placed in
a temperature controller consisting of a Peltier
device. A 15mm long Hi-Bi grating was spliced to
tbe end of the fiber laser and a polarization con-
troller (PC) was placed in the feedback path to
align the polarization axes between the fiber laser
and the grating. The desired Hi-Bi grating can be
realized by a dual overwritten Hi-Bi uniform
FBG Each DFB fiber laser cavity will match 1o
one reflection wavelength, along orthogonal axes,
of the Hi-Bi grating. On the other hand, by using a
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Cladding-pumped continuous-wave Raman fiber laser
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Abstract: We report for the first time continuous-wave Raman lasing in a cladding-pumped fiber.
The double-clad germanosilicate fiber was pumped by an Er/Yb co-doped fiber laser at 1545 nm.

We obtained 3.4 W of output power at 1660 nm with a slope efficiency of 67%.
© 2003 Optical Society of America
OCIS codes: (060.2320) Fiber optics amplifiers and oscillators, (140.3550) Lasers, Raman

Cladding-pumped Raman fiber devices have been recently proposed [1] and demonstrated in the pulsed regime
[2]. Here, we believe for the first time, a cladding-pumped continuous-wave (cw) Raman fiber laser is reported.

Our experimental set-up is shown in Fig. 1. Our pump source was an Et/Yb co-doped fiber (EYDF) laser which in
turn was cladding-pumped by multi-mode laser diode at 975 nm. The EYDF had a 25 pum diameter, 0.22 NA core,
and a 400 pm diameter D-shaped inner cladding, surrounded by a polymer outer cladding of a low refractive index.
The EYDF laser output power was up to 26 W at 1545 nm. The output was free-space coupled into a 1.42 km long
double-clad Raman fiber (DCRF) via a dichroic mirror. The DCRF had a pure silica outer cladding and a
germanosilicate inner cladding (diameter 21.6 pm, NA 0.22) and core (diameter 9 pm, NA 0.14, estimated cutoff
wavelength 1630 nm). The inner cladding and core propagation losses at 1545 nm were 2.3 dB/km and 3.1 dB/km,
respectively. Both the EYDF and the DCRF were fabricated by us.

A cutback measurement showed that we could launch up to 55% of the EYDF laser’s output power into the
DCREF. Of the launched power, around 6.8% was in the core mode. This was evaluated by splicing a standard single-
mode fiber to a short piece of DCRF. In the DCREF, the 1545 nm pump beam generated Raman gain with a peak at
~1658 nm. The Raman laser cavity was formed by a perpendlcularly cleaved, 4% reflecting, facet at the pump
launch end, and a fiber grating, written directly in the DCREF, in the other end of the fiber. The reflectivity of the
grating was > 99% at 1660 nm with a bandwidth less than 0.2 nm.

Figure 2 shows the launched pump power (at 1545 nm) vs. Raman laser output power. The laser threshold was 7.1
W, the slope efficiency was 67%, and the maximum output power was 3.4 W at 1660 nm for a 27% power
conversion of launched pump power. Assuming a 22 dB round-trip loss, the gain coefficient becomes 0.525x10™
m/W, in fair agreement with theory.

Unlike in a traditional rare-earth doped double-clad fiber, gain occurs both in the inner cladding and the core in
our DCRF. Therefore, core-mode lasing must be promoted over cladding-mode lasing. In our case, the fiber Bragg
grating selects the core mode. While also the inner cladding is photosensitive, and a grating is likely to have been
formed in it, this grating may have a small overlap with cladding-modes and therefore a low modal reflectivity. In
addition, the higher Ge-content in the core leads to higher Raman gain there. In any case, any grating in the inner
cladding would reflect shorter wavelengths than that in the core (by ~10 nm or more), but lasing did occur on the
wavelength of the fiber Bragg grating in the core. Figure 3 shows the output spectrum of the cladding-pumped cw
Raman fiber lasers at maximum output power. Though we did not measure output beam quality, the clean spectrum
is a clear signature of single-mode operation and thus brightness-enhancement in our cladding-pumped fiber laser.

-Additional results will be presented at the conference.
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mounted p-side up on production aluminum
nitride carriers. Chips were randomly sampled
from a standard process wafer and an in-gitu
etched wafer. In-situ processed chips show on
average a 20% decrease in threshold current fromn
9.3 mA to 7.6 mA at 25°C. Group means compar-
ison of threshold current were done for 81 (stan-
dard) and 99 (in-sit) chips. The light-current
characteristics of two standard chips show that
the efficiency is similar using both processes:
0.23-0.24 mW/mA (Figure 2).

0 20 40 60 B0 100
Current (mA)

Figure 2: Light-current characteristics of BH
devices,

The lasers were stressed by means of accelerated
aging. All devices were aged at a constant current
of 150 mA for 120 h at 100°C, Both standard
(standard 1: 57 chips, standard 2: 54 chips) and
in-situ etched (77 chips) devices showed & typical
small increase in threshold current and decrease
in effictency in the first 12 h of burn-in. Figure 3A
shows a 50-80% lower shift in threshold carrent
for the in-situ etched devices compared with the
standard devices in the group comparison. Figure
3B indicates that the standard devices show a
mean change in efficiency of 1.5-2.5 times larger
than the in-situ etched devices, cutting the effi-
ciency degradation rate appreximately in haif. In
figure 3, the center of the diamonds indicate the
mean value for the chips tested and the vertical
diameters of the diamonds span the 95% confi-
dence interval for the mean value.
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Figure 3: Burn-in data for three wafers. Oneway

analysis of (A) relative change in threshold and
(B) relative change in efficiency by wafer.

The in-situ etch and regrowth process is compati-
ble with AllnGaAs materials. Figure 4 displays
preliminarily results of in-situ etched mesas m
AllnGaAs (12% Al 73% In) and AllnAs (47%
Al). The SEM displays mesas with smooth {111}
planes with excellent surface morphology. The
mesas are 7.5 um wide at the top and 1.6 pm in
height.
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We have demonstrated that highly reliable buried
heterostructure devices can be marnufactured
using in-situ etched and regrown mesas. This

Figure 4: SEM of in-situ etched (A) AllnGaAs
and (B) AlInAs nesas.

technique leads to significantly smaller degrada-
tion rates: in particular, up to 50% reduced burn-
in threshold current degradation rates have been
observed for in-situ processed wafers, compared
with the degradation rates exhibited by standard
processed devices. As well, a reduction of 20% i
observed in the threshold current of the devices
tested, due to reduced leakage current.
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We report recent progress and future prospects of
high-power fiber sources in the 1 and 1.5um
spectral ranges, with a 103 W, 1565 om erbium-
doped fiber laser as an example., Our emphasis is
on diode stack pumping and short fibers with high
Brillouin thresholds.

Cladding-pumped fiber technology has revolu-
tionized fiber lasers over the last decade, increas-
ing output power from less then 1 W with
traditional core-pumping 1o well over 100 W from
single-mode devices [1 — 3}, and even over | kW
in multi-mode designs [4]. For output powers
helow 100 W, a few diode bars or multi-emitter laser
diode assemblies are adequate pump sources. How-
ever, for powers beyond the 100 W level, and cer-
tainly for kilowatt devices, the increasing
availability and relatively low cost of suitable diode
stacks and the possibility of efficient fiber launch
suggests that stacks are a better choice. At the
same time, while fibers have proven very reliabte
at powers up to ~100 W, further power-scaling to,
and beyond, the kW level with diode stack pump-
ing is likely to require radically new fiber designs
in terms of materials, geometry, pump coupling
arrangement, and heat-sinking. This is especially
true when a single-mode, single-polanzation,
and/or narrow-linewidth cutput is required.

We will present recent results on high-power fiber
lasers and amplifiers. We will cover work in the 1
and 1.5 um spectral regimes with ytterbium-
doped and erhium-ytterhium co-doped fibers, as
well as power scaling via stack-pumping to sev-
eral hundred watts of output power. We will dis-
cuss fundamentel limits of high-power fiber
sources, and the scope for devices heyond 1 kW,
We are not only seeking high power but also high-
brightness (preferably single mode) and narrow-
linewidth output,

Short fibers have many advantages over longer
fibers, including higher nonlinear thresholds,
less mode-coupling (with multimode fibers), and
lower total propagation losses. Another advan-
tage is that of reduced fiber material usage.
Stack-pumped fibers may require inner-cladding
(in which the pump light is guided) diameters of
0.5 — 1 mm. This raises a cost issue: The diameter
is almost an order of magnitude larger than the
standard 125 um diameter normally used for core-
pumped fibers, so such cladding-pumped fibers
consume up towards two orders of magnitude
more preform per unit fiber length than core-
pumped fibers. Furthermore, the large inner clad-
ding-to-core area ratto means that the pump light
propagates primarily outside the ytterbium-doped
core. This reduces the pump absorption, typically
by two orders of magnitude, so that longer fibers
are required to absorh the pump. All told, without
special measures, a high-power cladding-pumped
fiber device can expend three or four orders of
magnitude rmore preform than a core-pumped
fiber device. Therefore, a reduction of the fiber
device length, e.g., to below .10 m, becomes a
very important cost issue.

L8
|
-

|
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The low pump absorption is one of two factors
that set the lower limit on the fiber length. By
employing high Yb-concemrations and relatively
small area ratios, we regularly obtain pump
absorptions of over |1 dB/m, so that fibers shorter
than 10 m can be used. Heat generation is the
other limiting factor. This must be low enough per
unit length to prevent thermal damage of the coat-
ing, fracture, or even melting of the core. Brown
and Hoffmann have evaluated fracture limits in
optical fibers to over 0.1 kW/cm of generated heat
[5], which is much larger than the heat that will be
generated in kW-class fiber lasers. Thermal dam-
age of the coating as well as melting of the core
can occur at lower power levels, but can be miti-
gated by a suitable heat-sinking arrangement. We
note that even with pump powers of the order of 1
kW, the heat deposition per unit length is still
below 100 W/m in highly efficient Yb-doped
fibers (slope efficiency > 80%) with a pump
absorption of 2 dB/m.

In practice, we have recently realized an erbium-
ytterbium co-doped fiber laser with a single-
ended output power of 103 W at the cye-safe
wavelength of 1565 nm with a slope efficiency of
40% for low powers [6]. See Fig. 1. There is a
roll-off at higher powers, caused by ytterbium-
lasing at ~1060 nm, as the ytterbium-excitation
increases at high pump levels, We believe that this
parasitic lasing can be suppressed, for an
increased slope efficiency at 1565 nm. The fiber
was 5 m long and generated over 100 W of heat
per meter in the pump launch end. Our result
highlights the impressive power capacity of
erbium-ytterbium co-doped fibers, and of doped
fibers in general,
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Fig. 1: Power characteristics of erbium-ytterbium

co-doped fiber lascr, emitting both at 1565 nm

and 1064 nm.

Exciting results on the amplification of single-fre-
quency beams in Yb-doped fiber amptifiers have
recently been published [7]. High-power single-
frequency amplification in cladding-purmped opti-
cal fibers is troublesome because the narrow line-
width, relatively long fibers, and tight
confinement lead to a low threshold for stimu-
lated Brillouin scattering (SBS), which is detri-
mental to performance. Nevertheless, 20 W of
output power has been achieved experimentally in
a nearly diffraction-limited beam, from a 9 m
fiber with a 30 pm diameter core [7]. This power
was Itmited by available pump power, and the
authors estimated an SBS Hmit of ~100 W, With
shorter fibers, as should be possible with higher
pump absorption (e.g., with 975 nm pumping
mstead of the 915 nm pumping used in ref. 7), the
SBS limit would be several hundred watts, ulti-
mately limited by attainable pump absorption,
thermal limits, and the core size. As long as sin-
gle-mode operation can be maintained, a large
core is preferable since it reduces the signal inten-
sity for a given signal power. Thus, SBS can be
avoided. Furthermore, the pump absorption
increases with a larger core so that shorter fibers
can be used (if thermal limits allow). Alterna-
tively, with a larger core, a larger inner cladding
can be used without compromising pump absorp-
tion, allowing larger, higher-power pump beams
to be used. For example, stable spatial fundamen-
tal mode operation has been demonstrated in a 50
um core fiber amplifier {81,

To conclude, we emphasize that despite the recent
rapid increase of output power from different fiber
sources, the power is still limited by available

pump sources rather than by fiber properties. An
optimized single-mode fiber can have an output in
excess of a kilowatt with sufficient pump power.
Up-to-date  results  on high-performing,
high-power, fiber lasers and amplifiers will be
presented at the conference.
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Fiber Fuse Effect in Microstuctured Fibers

E. Dianov, A. Frolov, 1. Bufetov, Fiber Optics
Research Center at A.M. Prohorov General
Physics Institute of R4S, Moscow. Russian
Federation; Y. Chamorovsky, G Ivanov, I.
Vorobjev, Institute of Radio Engineering and
Electronics of RAS, Moscow, Russian Federation,
Email: dianov@fo . gpi.ru.

The fiber fuse effect in microstructured silica fibers
has been observed for the first time. The threshold
intensity of laser radiation and some features of
catastrophic damage differ strongly from those for
conventional silica-based fibers.

The fiber fuse effect in silica-based fibers was
observed for the first time in 1987 [1} and since
that time it has been investigated in detail (see, e.g.,
{24]}. The phenomenon represents the propagation
of optical discharge along a fiber towards the
source of laser radiation. The high mechanical
sirength of glasses provldes the maintenance of
high density plasma in optical discharge, which
effectively absorbs the laser radiation. The propa-
gating optical discharge destructs the core region,
the residual damage consisting of a sequence of
bullet-shaped bubbles. The fuse effect can be initi-
ated by contacting the end of the fiber with a metal
needle or by heating a section of the fiber with the
help of electrical discharge. Quite low power densi-
ties of about 1+5 MW/cm? (corresponding to opti-
cal power of ~1 W for telecommunication fibers)
are enough to sustain the propagation of optical
discharge in silica-based fibers [3].
Microstructured fibers differ from standard optical
ones by their mechanical and thermophysical prop-
erties because of the presence of air holes in their
structure. So one may expect some different fea-
tures of the fiber fuse effect in these fibers.

In this paper we teport the first observation of the
fuse effect in a microstructured fiber. The fiber was
fabricated by drilling holes in a silica rod and sub-

sequent drawing of a fiber with output diameser of
125 pum. Fig.1 shows a scanning electron micro-
graph image of a cleaved end-face of the fiber. The
diameter of holes was about 1 um, the distance
between hole centers was about 2 pum.

A 1,06 um CW Nd:YAG laser {Antares, Coher-
ent) and CW Ar laser (Beamlock, Specira Phys-
ics) with output wavelength of 0.5 pm were used
as sources of the laser radiation. The microstruc-
tured fiber was single-mode at 1.06 pm and few-
moded at 0.5 um. However, by input tuning it
could be possible to get 80% of 0.5 um optical
power in the fundamental mode of the fiber. The
value of the mode field diameter (MFD) was
about 2 pm for both wavclengths, MFD for 1.06
pum being somewhat larger.

The laser radiation was launched into the cleaved
fiber end using a microscope objective. The
power at the output of 2 m long-fiber was up to 9
and 4 W at the wavelengths of 1.06 and 0.5 um
correspondingly.

To initiate the optical discharge a tungsten needle
was brought to the core area of the output fiber end
at the distance of several mictometers from the sur-
face. After this the laser radiation was turned on.

In our experiments the optical discharge propa-
gated in the microstructured fiber only under the
argon laser radiation. The fuse effect was highly
reproducible at the power of 4 W, and no plasma
propagating was observed at the power of 3 W. In
the last case only some damage took place in the
vicinity of the output end at this power.

Threshold intensity of laser radiation in the core of
the fiber was ~ 100 MW/cm2. This value is about
10 times higher than it can be expected for the con-
ventional silica-based fibers with the same MFD
[31. Accordmg to [4] the velocnty of discharge
propagation at the light intensity in the core ~ 100
MW/cm?2 can be expected to be ~ 10 m/s (in con-
ventional fibers). But in our experiments with
microstructured fibers the velocity of 2 m/s only
was observed.

The passage of the optical discharge left behind the
catastrophic damage of the core reglon as in case of
a standard silica-based fibers. But the character of
the damage was quite different. Fig.2 shows an
electronic micrograph of the fiber cross-section
after the passage of optical discharge. A continugus
capillary was formed in the central part of the fiber,
its cross-section having the shape of a six-pointed
star (in accordance with the number of holes).
When the end of the damaged fiber is plunged into
the glycerine all holes and the capillary were filled
with it, leading to a completely transparent struc-
ture. This confirms the formation of the continuous
capillary and proves the absence of coloured sub-
stances which could be formed during the propaga-
tion of the optical discharge along the silica fiber,
The propagation of the optical discharge has never
been observed with the radiation of a Nd:YAG
laser at the optical power up to 9 W. Physical
mechanisms preventing the fuse effect in this case
will be discussed at the Conference.

Fig. 1. The scanning electronic micrograph image
of a cleaved end-face of the microstructured fiber.
Scale: the length of white line is 2 pm.
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Abstract; We report the continuous-wave operation of a Thulium-doped silica fibre laser,
pumped at 1567 nm from an Erbium/Ytterbium-doped fibre laser. The quantum
efficiency of 51% (with respect to absorbed pump power) is obtained at a wavelength of
1830 nm. The laser can be tuned continucusly from 1750 to 1880 nm using an external
grating.
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The broad emission spectra resulting from the >Hy ® “Hg Y transition in Thulium —doped silica fibre
attracted attention in fabrication of widely tunable fibre lasers, and hence finds applications in areas such as
medicine, remote sensing and fibre optic sensors [1,2]. Here we report a tunable Tm-doped silica fibre
laser, pumped by 700 mW Er/Yb doped fibre laser at 1567 nm, with up to 204 nm of output at 1825 nm,
and with lasing wavelength tunable from 1755 to 1860 nm.

The Tm doped fibres used for this work is fabricated in house using MCVD technique. The fibre has a core
diameter of 8 microns with NA ~ (.18, and cut off around 1.55 microns, and is doped with ~ 500 ppm wt of
Tm™ ions. The laser set up is a standard end pumping scheme. A 1.5 m long Tm fibre is fusion spliced to a
1x2 WDM fibre coupler (1550 nm / 1750 nm). First, a simple laser cavity is constructed by 4% Fresnel
reflections at the end face of Tm fibre and that of 1750 nm arm of WDM coupler. The other arm of the
WDM is spliced to an Er-Yb fibre laser, which is operating at a wavelength of 1567 nm. Fibre lasing
occurred at a wavelength of ~ 1825 nm (measured with a monochromator), and a total signal power of 230
mw is obtained for 750 mw ¢f launched pump power of which 650mW is absorbed. The slope efficiency of
45% with respect to launched pump power is measured (Fig.1.).

In a second set-up, a wavelength tunable cavity is formed with an external diffraction grating in Littrow
configuration (300 lines/mm, blaze wavelength 2 microns). The Tm fibre end is angle cleaved to suppress
the wavelength independent feedback, while a lens was used to couple light from the fiber to the grating
and back again. By adjusting the angle of the grating the lasing wavelength could be tuned from 1750 to
1860 nm (Fig.2.). We believe that the tuning range was restricted by the WDM coupler.
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Laser output power vs launched pump power
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Abstract: We present a cladding pumped ytterbiumdoped jacketed air clad fiber laser operating
a 977 nm and generating a record-breaking 3.5 W of output power in a nearly diffraction-limited
output beam, with a slope efficiency of 42% and a threshold of 410 mW with respect to launched
power.
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Introduction

High-power laser sources operating on a single transverse mode at 980 nm are important for pumping erbiumdoped
fiber amplifiers. This application is completely dominated by traditional laser diodes, which are limited in power to
~1W or less [1]. Higher-power sources would be useful for higherpower erbium pumping as well as for many other
applications such as pump sharing schemes[2] and frequency-doubling. Consequently, alternatives such as optically
pumped, verticaly emitting, semiconductor lasers as well as cladding-pumped ytterbiumdoped fiber lasers
(YDFLSs) 2, 3 have been investigated for high-power 980 nm operation. So far, however, these too have been
limited in output power to ~1 W. Thus, they have so far failed to decidedly improve on the continuous-wave (cw)
power available from traditional diodes, though they may bring some particular advantages. For example, fiber
lasers can be Qswitched to generate high pulse energies. Nevertheless, cladding-pumped YDFLs at 980 nm can be
scaled to much higher power than that.

Here, we report a cladding-pumped Yb -doped jacketed-air-clad (JAC) fiber [4] laser generating 3.5 W of output
power at 977 nm in a nearly diffractionlimited beam. To the best of our knowledge this result is the highest power,
by far, achieved from any 980 nm source with nearly diffraction-limited output. It demonstrates the capability of
YDFLs to generate the power needed for efficient frequency conversion at this wavelength. In our fiber laser, high
power and high sope efficiency are achieved by using an intrinsically efficient, high numerical aperture JAC fiber,
together with high-brightness pumping.

Fiker design and set-up

There are two important issues for an efficient cladding-pumped 980 nm YDFL. First of al, the pump must be able
to reach the threshold intensity of the two-level 980 nm transition, meaning that a high-brightness pump source must
be used. Secondly, even more importantly, the lasing at quasifour level wavelengths around 1030 — 1040 nm needs
to be avoided. This puts an upper limit on the inner-cladding to core area ratio that can be used [5], and since the

core size is constrained by the requirement of single-mode operation at 980 nm, this effectively puts an upper limit
of the inner-cladding, or pump waveguide, size. In practice we have found that an inner cladding diameter of

~30nm works best. In order to launch as much pump power as possible into thisrelatively small inner cladding, it is
important, again, to use a high-brightness pump source. Equally important is to use an inner cladding with a high
numerical aperture.

Three features of our set-up allowed us meet these prerequisites:We used two high-brightness pump sources that
were in addition polarization-multiplexed, and the pump beam was furthermore double-passed through the fiber. We
used a jacketed air-clad fiber [4], which we developed to alow for cladding-pumping with small inner claddings and
high numerical apertures. We used wavelength-sel ective feedback to promote 980 nm over 1030 nm.

Figure 1 shows our experimental set-up. Pump light at 915 nm from two multi-emitter broad-stripe diode sources
(New Optics) were collimated and polarization-multiplexed with a hafwave-plate and a polarization beam
combiner. The polarizatiornrcombined pump beam was then passed through a dichroic mirror and a focusing lens
before being launched into a jacketed-air clad Yb -doped fiber (Y DF). Together, the two pump sources provided up
to 18 W of power incident on the fiber, of which roughly 50% could be launched into the JAC fiber. The launch
efficiency was relatively poor, since the focused pump spot size was too large for an efficient fiber launch —the
pumps were general-purpose sources that had not been optimized for this particular application. The JAC YDF had a



10 mm, 0.1 NA core centered in a 28 mm diameter inner cladding with a high NA of up to 0.5, surrounded by a
silicazair structure outer cladding. This in turn was jacketed by a solid silica cylindrical shell and a mode-stripping,
high-index polymer, see Fig. 1. The pump launch end of the fiber had a perpendicularly cleaved flat facet providing
around 4% broadband reflection. The other end of the fiber was angle-cleaved. There, alens and a dichroic mirror
were used to reflect pump and 977 nm signal light back into the fiber, while light at 2030 nm was rejected. Thus the
pump and signal at 977 nm were double passed. The total single{pass pump absorption was 3 dB in a 40 cm long
fiber. We estimate that in the double-passed configuration, 65% of the launched pump power was absorbed by the
fiber, with the rest either being transmitted twice through the fiber or lost in the pump reflection arrangement.

Pump beam

(915 nm) '

HR mirror

/2
waveplate Yb-doped JAC fiber

Dichroic

mirror Lens
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. @m
—p— V
Pump beam T f Dichroic mirror
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) HT 1030 nm
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Fig. 1. Experimental set-up.
Results

Figure 2 shows the power characteristics of the YDFL. At the maximum pump power coupled into the fiber (9.4 W),
the YDFL produced up to 3.5W of output power at 977 nm, with aslope efficiency of up to 65% with respect to
absorbed pump power, or 42% with respect to launched pump power. The threshold was 0.26 W with respect to
absorbed pump power, and 0.41W with respect to launched power. We also measured an M %-value of 1.2 at~1.0 W
of output power.

Because of the short fiber with a relatively low total absorption, the pump leakage was considerable. The
significant fraction of unabsorbed pump power (35%) reduced the overall efficiency and the maximum power that
could be attained. In addition, we found severe thermal problems at high pump powers, in many cases limiting the
output power of the laser. We attribute this to the large pump launch loss and concomitant large thermal 1oad in the
pump launch end. An improved launch efficiency, possible with a smaller pump spot size (with an optimized pump
source or simply with an intermediate aperture), would reduce power loss and dissipation, and, we believe, largely
mitigate this limitation. We note that the curve in Fig.2 does not show any roll-off, indicating that the fiber could
deliver still more power with a higher-power, optimized, pump source.

The dichroic mirrors used in the setup provided only coarse wavelength-selectivity. However, the emission
spectrum of ytterbium-doped silica fibers has a quite sharp peak in the 975— 980 nm wavelength range, with a
linewidth of a few nanometers. We obtained, in fact, a surprisingly narrow linewidth of only 0.2nm. This may be
sufficiently narrow for efficient frequency-doubling in materials such as PPKTP. Nevertheless, for improved
stability, and, if necessary, a narrower linewidth, a free-space diffraction grating or afiber Bragg grating can be used
instead of the broadband dichroic mirror feedback arrangement to provide a finer wavelength selection. We have



investigated such configurations in the past with good results, abeit at lower power levels. Figure 3 depicts the
output spectrum, on a high-resol ution wavelength scale as well as on a broad scal e that shows the high suppression

of emission at 1030 nm.
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Conclusions

In conclusion, we have described a cladding-pumped ytterbiumdoped jacketed air-clad fiber laser that produced a
record-bresking 3.5W of output power a 977 nm in a nearly diffraction-limited beam. We believe that this source is
attractive for high-power pumping of erbiumdoped fibers as well asin pump sharing schemes. Furthermore, it had a
narrow linewidth as required in different wavelength conversion schemes. These applications often also require a
single polarization, which can be implemented in the fiber laser in ardatively straightforward manner.
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Abstract: We have experienced an Associated Degree on Engineering and a subsegquent Bs on
Electronic Engineering that uses Optics as the essential introduction to Modern Ondulatory
Physics. This first experience in Mexico is important because the popular origin of Mexican
Engineering Students, that represents the 27% of the National enrollment [1].
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1. Introduction

An Associated Degree on Engineering (ADE) emerges from the necessities of a developing country. The current
industry also requires personal with specialization in specific areas. In particular opticsis growing within the context
of other engineering such as electronics. In this context, it is required to provide opportunities to students who want
to complete a studies program, which covers technical and engineering basis. An ADE and the subsegquent Bs on
Electronic Engineering have then been created for this necessity. Chronologically these are typically composed by a
plan of 4 years degree divided in two parts, where students covering their first two years, they have the opportunity
to explore all the technical issues of an Electronics degree. Subsequently, the experienced students are ready to
incorporate straightforward to the demanding industry. On the other hand, while the student is deciding for
incorporating to the industry, the plan gives the flexible option to continue and finish a Bs degree in the subsequence
years.

The basic education in Mexico has typically aframework where optics raises from physicist and electronics from
Engineering. However, a program with both speciaties claims many challenges and benefits, such as, how to
incorporate photonics, optical engineering, quantum mechanics and electronicsin a unified program.

This vision was widely accepted at the UAEM. In 1998, a syllabus of the Electrical engineering was proposed,
so that it fulfilled the requirements of an ADE in electronics engineering with speciaization in optics, one of the
first of its kind implemented in Mexico. This paper will be giving the experience concerning in the development of
such aplan of ADE & Bs.Eng. With 5 years of experience in this program, many challenges have been treated and
overcome.

2. Summary

With an invitation from the Morelos State University (UAEM), we started in the creation for a research centre in
electrical engineering. The main objective was to support the engineering program already inscribed at the UAEM
aswell as to open the electronic and computer areas with a new scheme.

A survey data [1] by the Mexican ministry of education revealed that up to 80% of student leave the university
system because social-economic problems. For that reason, a reorganization was claimed for solve all these
problems, creating a challenging and interesting academic problem.

The ADE and the Bs en Electronic engineer were then created and this comprise of two stages schedule. The
first step has a duration of 2 ¥ years and has a design in such a way that enables students to focus on practical
abilities and the required physics-mathematics background. The scheme alows to incorporate the students directly
to the productive sectors at the end of this first step, and creates the economical conditions such that a larger
population continue the second stage and to conclude with an engineering degree.
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From a methodological point of view, the engineering degrees in Mexico did not have a strong emphasis on
physics and mathematics. However, this new program shows the students the convenience of |earning optics because
of current availability of optoelectronic components, and by doing it, eases the understanding of quantum mechanics
that has traditionally limited their perusing graduate studies.

It is important to point out that these programs were developed pursuing the ABET guidelines (Accreditation
Board for Engineering and Technology), that almost simultaneously published the ADE guidelines. The program
has received positive remarks from the department of Education and the General Direction of Technological
Universities, responsible of the ADE programsin Mexico.

3. References

[1] “Programa Nacional de Educacion Superior 2000’ 2006”, Reporte de la SEP, (2000).
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ABSTRACT

We report on a new type of cladding-pumped neodymium-doped fiber which enables strong ASE emission at the
wavelength region of 940 nm with a highly reduced emission in the four-level transition at 1060 nm when is pumped by
a 806 nm source. This ASE source delivers a total emission power of 60 mW from 500 mW of absorbed pump power.
The arrangement setup consisted in a pump diode emitting at 806 nm with a total output power of 1.5 W, a collimated
and focused lenses and a dichroic mirror. The broadband of the neodymium source was measured to be 25 nm.
Moreover, a numerical simulation for the ASE source is also discussed.

Keywords: Fiber laser, neodymium doped fibers, three-level transition
1. INTRODUCTION

Fiber lasers draw much attention since the first realization of the diode-pumped fiber laser in 1989 [1]. Currently,
ytterbium doped fiber laser at 1.1 pm are the most studied rare-earth-doped devices and it is possible to generate output
power beyond 100 W [2], similarly neodymium doped fiber laser at the emission region of 1.06 um can generate output
power as high as 30 W. However, these two important materials operate in a (or a quasi) four-level transition with the
only exception of the erbium doped fiber laser, in which is achievable to generate less than 1W but with an specific
composition arrangement like the one for the Er-YDb fiber laser (by help of the sensitized process in the erbium-ytterbium
energy transfers), output power exceeding 100 W is now possible to demonstrate [3]. For the generation of laser in a pure
three-level transition like to the neodymium-doped fiber, there is no much work developed. Although recently, a
cladding-pumped 938 nm neodymium doped fiber laser was demonstrated but this fiber was at liquid nitrogen
temperature [4]. This means that this operation was not realized in a room temperature. This is in fact make a pure three-
level transition more difficult process since the thermal population of the upper Stark-levels of the ground state of the
transition terminates on is higher at higher temperature. This therefore increases the ground state absorption.
Consequently a cladding pumped laser at 0.9 um at room temperature remained to be demonstrated.

In other words, neodymium doped fiber lasers (NDFLs) that operates in its four level transitions (1060 nm) are systems
without any ground state absorption (GSA) while GSA is significant at the three-level transition at wavelength of 900 —
950 nm. NDFLs normally generate high gain at 1.1 pm already with a low fraction of the Nd-ions excited, which makes
operation at other wavelengths particularly sensitive to GSA and create good competition to the others wavelengths too.
Spectroscopy data from NDF with aluminum host composition indicated that the emission cross-section is larger at
wavelength around 870 nm than at 900 — 950 nm, but the GSA increase even more, making an 870 nm double clad fiber
laser even more difficult. Consequently, a CP NDFL at 0.9 um remained to be demonstrated. In contrast, core-pumped
fiber lasers are not much sensitive to GSA, and operation around 900 nm has been demonstrated with 3.2 mW of output
power for 53 mW of absorbed pump power. In a more recent paper, it was demonstrated with 43 mW of output power
for 85 mW of launched pump power at 800 nm and revealed a good performance of this 3-L. NDFL in the core-pumping

scheme [5], while efficiencies were lower in some older publications [6-8]. However, for high power operation, power
scaling via cladding-pumping is required.
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Here, we investigated an efficient superfluorescent source (SFS) at 938 nm. One attraction for this source is that it can be
used as a low-noise pump source for Er-Yb FA or for YDFL. From our point of view, a greater attraction is that an SFS
allows for an alternative source configuration. SFS are based on the principle that if the gain of a medium is high
enough, ASE can build up to a significant fraction of the saturation power in a single-pass through the gain medium.
Typically, rare-earth doped fibers have shown to make good SFS as the differential gain efficiency can be as high as 1
dB per milliwatt of absorbed pump power, or even significantly more. With a gain requirement of typically 30-40 dB for
a SFS (or 20 dB per pass for double-pass configuration), the pump power requirements become quite reasonable.

2. FIBER DESIGN

A double clad-germanosilicate NDF was fabricated with the following parameters: core NA 0.2, diameter 7.4 pm, Nd**-
concentration 300 ppm (wt%), inner cladding NA 0.4, diameter 80 pm; low-index polymer outer cladding. The
background loss was measured to be 0.09 dB/m. The fiber has an area ratio of 100. The chemical constitution of this
fiber helps in that the branching ratios between the 1060 and the 900 nm emission were quite similar. By a simple angle-
cleaved fiber facet end is possible to induce large propagation loss at 1060 nm and together with the characteristics of the
feedback mirror, a dichroic mirror that has a high transmitivity at 1060 nm and a good reflectivity at 900 nm.

3. EXPERIMENT

The experimental configuration is shown in Fig. 1. The simplicity of the set up is very notable. The fiber had 0.2 NA, 7.4
pum diameter core, 0.4 NA, 80 um diameter inner-cladding. This fiber with a perpendicularly cleaved facet in one end
and an angle-cleaved facet in the other end, and it constitutes the heart of our SFS and it was as much 30 m long. The
lack of feedback in one end makes the output nearly uni-directional even with a simple perpendicular cleaved in the

pump launch end. Pump power from a laser diode was launched into the fiber through a collimating and a focusing lens.
The power characteristics are shown in Fig. 2.

A maximum of 60 mW of output power was achieved. A slope efficiency of around 25% were achieved (with respect to

absorbed pump power, and 12% wrt. launched power). The ratio between the ASE output powers in the two ends was
measured to be 4:1.

The pump source was a diode laser emitting at 806 nm. The diode laser output power was 1.5 W, of which 0.9 W could
be launched into the pump waveguide of the NDF. Figure 3 shows the output spectrum of our SFS CP NDF. Simple end
pumping was used, with the pump being launched through a perpendicularly cleaved fiber facet. The other end of the
NDF was angle-cleaved in order to suppress broadband feedback. The operating single-pass pump absorption was 3 dB.

The NDF SFS delivered up to 60 mW of output power (with the transmitted pump and signal at 1060 nm removed from
this measurement).

Pump diode
at 806 nm

Nd-doped fiber  Angle-

LENSEs
Lens cleaved end

Dichroic
mirror at 45°
HT 1060

50% R 900-940
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Figure 1: Experimental set-up
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Figure 3: Output power spectrum from the SFS neodymium-doped fiber (at high input power, Res. 1 nm)
4, NUMERICAL VERIFICATION

We also verify the target designs with numerical simulations at the beginning. Special simulation software was used for
numerical simulation of a 0.9 pm CP SFS NDF in a low-gain cavity configuration.

The simulated fiber had a core diameter of 8 pm and an inner cladding diameter of 80 um (area ratio of 100). The fiber
was neodymium-doped to the level of 13 dB/m small-signal core absorption at 806 nm. The maximum launched pump
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power was 1 W and the total pump absorption of 4 dB. We used dichroic mirror, a bare perpendicularly cleaved facet
and an angle-cleaved faced end (with 0.1% reflectivity feedback). The emission band was around 938 nm due to the
germanosilicate host characteristics with the 30 m long fiber. For longer fiber (>50 m), the ASE at 1080 nm increased

and the strong 0.9 um ASE emission was no longer possible. This simulation showed as an example an output power of
60 mW from a 1 W of incident pump power.

5. DISCUSSION

An alternative approach to improving the efficiency is to use distributed filtering, as this would remove many constraints
that hamper a 0.9 um NDFL. Still, in this simple demonstration, the efficiency with respect to absorbed power is poor,
and this is not automatically addressed by a higher pump absorption. If the reason for the low efficiency is background
loss, then a higher pump absorption via a smaller inner cladding does help. However, if there is some problem with the
gain medium itself (e.g. OH-absorption or quenching) then this must be remedied in some other way.

6. CONCLUSIONS

A superfluorescent source was realized in a very simple configuration. The output power of over 60 mW was reached.
We also consider the numerical simulation of a low-gain, 0.9 um, germanosilicate CP NDF source, without any
distributed suppression at 1080 nm. This first step is quite encouraging since we were only limited by pump power and it
is highly acceptable that higher output power can be reached as well (simulations indicated more than 100 mW by

doubling the input power would be possible) by increasing the pump modules. The broadband source was 25 nm in the
3dB bandwidth
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ABSTRACT

We report on a novel tuning mechanism to fabricate an all-fiber tunable laser based on multimode interference (MMI)
effects. It is well known that the wavelength response of MMI devices exhibits a linear dependence when the length of
the multimode fiber (MMF) section. Therefore, tuning in the MM filter is achieved using aferrule (capillary tube of 127
um diameter) filled with a liquid with a higher refractive index than that of the ferrule, which creates a variable liquid
MMF. This liquid MMF is used to increase the effective length of the MMI filter and tuning takes place. Using this
simple scheme, a tuning range of 30 nm was easily achieved, with very small insertion losses. The filter was tested
within a typical Erbium doped fiber (EDF) ring laser cavity, and a tunable EDF laser covering the full C-band was
demonstrated. The advantage of our laser is of course the simplicity of the tunable MMI filter, which results in an
inexpensive tunable fiber laser.

Keywords. Multimode Interference, MMI, Tunable Laser, Fiber Laser, EDFL, Erbium Doped, Wavelength Tunable
Laser, Widely Tunable Laser, Fiber Ring Laser.

1. INTRODUCTION

During the last two decades a vast variety of applications have been developed relying entirely on the properties of
lasers. Several applications such as sensing, instrument testing, optical signal processing, optical communications, and
photon analog-to-digital conversion (ADC) [1, 2] have benefited from laser developments. Among the different kind of
lasers systems developed up to now, tunable lasers have been particularly important due to their applications related to
spectroscopy, optical communications, and sensing. Absorption spectroscopy usually implies having a tunable frequency
source and producing a plot of absorption as a function of frequency. Therefore, laser spectroscopy has led to advances
in the precision with which spectral line frequencies can be measured, and this has fundamental significance for our
understanding of basic atomic processes [3, 4]. In optical communications, the need for more bandwidth increases
exponentially every year. Therefore, the development of wavelength division multiplexing (WDM) systems can be easily
and inexpensively covered using a tunable laser. In the sensors arena, tunable laser allow for testing of wavelength
multiplexed sensors.

Several materials and configurations have been used in order to develop a tunable laser. Among them, all-fiber systems
are advantageous because they do not require free space optical components, and thus, are simple, flexible, and rather
inexpensive. All-fiber tunable laser have been mostly developed using either variations of fiber Bragg gratings (FBGs) or
long period gratings (LPGs) [5-8]. In both cases, a grating has to be inscribed on the fiber, which increases the cost of the
tunable laser. Recently, we demonstrated the use of multimode interference (MMI) effect in multimode fibers (MMF) as
a simple tunable mechanism [9, 10]. The advantage of such filters is that they only require splicing a section of MMF
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between two single mode fibers. However, the maximum tuning wavelength range has been limited to only 12 nm. This
limitation is not due to the MMI filter itself, but rather from other effects arising from the way the filter was
implemented.

In this work we report on an all-fiber tunable MMI fiber laser. The tuning mechanism relies on a capillary tube filled
with a high refractive index liquid to effectively increase the length of the multimode fiber (MMF). According to the
MMI theory when the MMF length is modified its peak wavelength response is also modified, and thus wavelength
tuning is achieved. The use of the liquid also removes some of the problems experienced before. Using this filter a ring-
based tunable Erbium doped fiber laser (EDFL) is demonstrated with a tunability of 30 nm covering the full C-band.

2. TUNABLE MULTIMODE INTERFERENCE FILTER

The operation of the MMI filter is as follows. The key component is a multimode waveguide that supports several modes
(2 3), which is spliced between two SMF. After the supported modes are excited by launching a field using the input
SMF, the interference between the modes propagating along the MMF gives rise to the formation of self-images of the
input field along the MMF. Therefore, the length of the MMF has to be precisely cleaved in order to have a self-image
right at the facet of the output SMF. The MMI effect has been previously studied and the length of the MMF can be
calculated using

L= p(sz’fj with p=0212,....., 1)
where L isthe beat length
L = w )
34,

Here nywre and Dywr correspond respectively to the refractive index and diameter of the MMF core, with /g as the free-
space wavelength. As shown in Eq. (1), in principle self-images should be periodically formed along the MMF.
However, due to the nature of the MMI effect, the true images of the input field are given at every fourth image. The
images formed at other locations are known as pseudo-images, and although they resemble the input field they exhibit
higher losses. Therefore, we operate our MMI filters at the fourth image. Since the fibers are spliced the wavelength
response is fixed. In order to make this a tunable filter, we have to look at the wavelength dependence of the filter. By
combining the MMI governing equations (1) and (2), and expressing the peak wavelength in terms of all the other
parameters we obtain,

2
Jy = p(@} with p=0L2,...... &)

It is clear from Eq. (3) that in order to tune the peak wavelength response, we need to modify either the refractive index,
the length, or the diameter of the MMF. In our previous attempts to tune this filter, one of the SMF-MMF junctions is
left un-spliced and the separation between the SMF and MMF facets is separated in order to increase the MMF length [9,
10]. However, dueto the refractive index difference between air and fiber, Fabry-Perot (FP) resonances are observed and
the tuning direction is reversed after 12 nm of tuning. Therefore a novel tuning mechanism is required in order to fully
exploit the potential of MMI filters.

Our new tuning mechanism is shown in Fig. 1. The key component is a fused silica (n=1.444) ferrule with an inner
diameter of 127 um, and outer diameter of 5 mm that facilitates its handling. When the ferrule is filled with a high
refractive index liquid with n=1.62 (Cargille Index Matching Liquid), a liquid multimode waveguide (MMW) is formed
within the ferrule. The SMF and MMF can then be inserted in the ferrule, and when the separation between them is
changed, the effective length of the MMF will be the sum of the real MMF length plus the liquid MMW segment.
Therefore, if the effective length of the MMF is increased, according to Eq. (3), the wavelength response should be
effectively tuned.
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Fig. 1. Schematic of the tuning mechanism for the tunable MMI fiber filter.

As shown in Fig. 1, our MMF segment is made of two different MMF. It was recently shown that having a bigger
refractive index difference between core and cladding provides a MM filter with narrower linewidth and better contrast
[11]. The fiber that fulfills this requirement is known as No-Core fiber, which is basically a 125 um diameter MMF with
air as the cladding. Since we are using a liquid with a high refractive index, inserting the No-Core fiber directly into the
ferrule could result in losses since liquid accumulates in the end of the ferrule. Therefore, a section of No-Core fiber
whose length is calculated to have the third image at its facet was spliced to a SMF. Another section of 105/125 MMF,
having the length to form one image, is then spliced to the end of the No-Core fiber. The combined length of both
MMF’s still forms the fourth image, but the 105/125 MMF has a cladding and thus should not be affected by the high
refractive index liquid.
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Fig. 2. () Tuning response of the tunable MMI filter, and (b) Peak wavelength against separation between SMF and 105/125 MMF-.

The tunable MM filter was characterized by coupling light to the input SMF from an Agilent tunable laser, with arange
from 1460 to 1580 nm. After passing through the MMI filter, light is measured at the output SMF using a photodetector.
The response of the tunable MMI filter is shown in Fig. 2 (8). Shown here is the response of the filter at every 200 um
separation between the SMF and 105/125 MMF. A tuning range of almost 30 nm was easily achieved with less than
0.4 dB insertion losses. We can also observe that as the filter is tuned there is an additional loss which is related to dight
different diameter between the ferrule and MMF. Therefore, to minimize its effect, we maximize the filter transmission
at the center of the tuning range and the loss is kept to less than 0.2 dB within the 30 nm tuning range. Beyond this range
the filter response is quickly degraded, which we believe is related to the different diameter of the MMF's used in the
MMI filter. The peak wavelength response of the filter for every 100 um separation is also shown in Fig. 3 (b). As shown
here, the tuning range should be enough to easily cover the C-band.

3. TUNABLE MMI FIBER LASER
The al-fiber tunable laser was fabricated using a standard ring laser cavity, as shown in Fig. 3 (8). The ring was

composed of 5 meters long Erbium Doped Fiber (EDF), a C-band optical isolator to keep the laser unidirectional, a
980/1550 nm WDM coupler to pump the EDF, a 10/90 coupler to monitor the tunability of the laser, and of course our
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tunable filter. The laser was pumped using a 980 nm wavelength laser diode with a power of 150 mW. At the 10% output
coupler an optical spectrum analyzer (OSA) was used to monitor the spectral response of the tunable MM laser.
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Fig. 3. (a) Experimental setup for the tunable MMI fiber laser, and (b) Superimposed spectral response of the tunable MMI fiber laser.

The tunability of the laser was characterized by first adjusting the filter to maximum transmission at the center of the
tuning range, and then the SMF and 105/125 MMF were brought into contact. The EDF was pumped at maximum
power, and laser spectral response was acquired using the OSA. Tuning was achieved by separating the fibers within the
ferrule at small steps using a micrometer, and the spectrum is taken at every time. The superimposed spectrum of the
tunable MM laser is shown in Fig. 3 (b). A side mode suppression ratio (SMSR) of 45 dB was achieved, with a 3-dB
bandwidth of 0.35 nm. Power variation is also minimum across the tuning range, which eliminates the need for avariable
attenuator. Given the resolution of the micrometer, continuous tuning can be easily achieved. We should also point out
that given the cost of the filter, expanding the tuning range is relatively simple and not expensive.

4. CONCLUSIONS

An dl-fiber tunable MMI fiber laser was demonstrated. The tunable MMI filter was fabricated using a capillary tube
filled with refractive index matching liquid to effectively increase the length of the multimode fiber (MMF). According
to the MMI theory when the MMF length is modified its peak wavelength response is aso modified, and thus
wavelength tuning is achieved. Using this filter a ring-based tunable Erbium doped fiber laser (EDFL) is demonstrated
with atunability of 30 nm covering the full C-band. This scheme results in avery simple and cost-effective tunable laser
that can find applicationsin sensing and optical communications.
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ABSTRACT

An analysis of out-coupling in a laser shows an optimum way of subtracting more output power by choosing an
appropriate cavity arrangement from a high-power fiber laser. This investigation consisted in resolving analytically the
effect of different cavities in our laser system and one thing that outcome was to know that a fiber laser can operate with
high efficiency even with high losses in one end of the cavity (e.g. at an external diffraction grating), only if the feedback
in the out-coupling end is low. Moreover, it was also found that is possible to improve the output power by reducing the
feedback in the out-coupling end. Parameters considered in this resolved method are 0.1 NA, 10 um diameter core, 200
um inner-cladding diameter and 10 dB small-signal absorption. The fiber laser was doped with ytterbium and lases at
1080 nm, when pumped at 915 nm. The maximum pump power was set to 10 W.

Keywords: High power fiber laser, optical fibers

1. INTRODUCTION

Currently, the production of fiber lasers has demanded too much attention and it becomes an important topic for the
realization of many milestones [1-3]. Important components in a fiber laser are the ultimate objective. These are ranging
from the state of art of high power diode lasers, fiber design, to the fiberlised of prototypes. Notwithstanding, the cavity
design is still one of the most important role in the construction of an efficient fiber device. Together with the way of
pumping of a fiber laser, the cavity designs (formed by butted dichroic mirrors, thin films or by fiber Bragg gratings), are
the essential part of a good design. Applications of these devices, in fact, demand five important requirements, wall-
plugging conversion, all-fiber device design, beam quality, unidirectional output and good efficiency. The latter can be
easily obtained by the trade-off in the transmitivities of the output ends of a rare-earth-doped fiber, by selecting the
percentage of reflectivities and the strength of the in-fiber mirror [4]. Here, we made an extensive study of how the

efficiency in terms of the output effective power can be obtained by varying the percentage of the reflectivity of our
Fabry-Perot cavity.

2. ANALYSIS

By rule in a Fabry-Perot cavity, the out-coupling fraction is given by the mirror transmitivity. This term is important in
the threshold and efficiency of a laser since both depend on the fraction of the power that is out-coupled from it. In fact,
the out-coupled power is lost from the cavity and therefore such expression “out-coupling loss™ is often used, although
the out-coupled power is clearly not the lost here but is actually the useful output. As long in a laser is required either a
low threshold or a high slope efficiency, it is found that the transmitivity must be chosen as a compromise between these
two requirements. e.g. a high reflectivity (or low transmitivity) gives a low threshold but also a low slope efficiency,
while a lower reflectivity improves the slope efficiency at the expense of a higher threshold power.
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On the other hand, it is well know that most fiber lasers benefit from be a high-differential gain devices and are operating
with a deeply saturated gain. If is required, a high gain can be reached easily, where, the threshold is low and, in
comparison with the laser output power, it only depends weakly on the output coupling. Moreover, a very low cavity
feedback from a specific design can still work efficiently. Since losses such as background losses are typically large in a
fiber laser compared to most other types of lasers, it is important to have a significant output coupling, since otherwise a
large intra-cavity field leads to large intra-cavity losses. Therefore, it is suggested that a high output coupling, with low
feedback, should be used in fiber lasers. Notwithstanding, a too low feedback in the out-coupling end can lead to
undesirable effects such as instabilities and trimmed tuning range for tunable lasers. In the practice, the total output
power can be nearly independent of the amount of feedback over a wide range of values.

Efficient single-ended output can be obtained for high gain lasers with high output coupling even if the feedback in the
other end is relatively low. This is important because it simplifies the cavity design for high-gain systems. Normally, for
a Fabry-Perot cavity, the ratio between the power P; and P, depends on the feedback R; and R, at the ends as

P /P, = l(l - Rl)/(l - Rz)- (R2 /R, )1/2 } The amount of feedback is the fraction of a (guided) laser mode that is

reflected at a fiber end and couples back to the guided mode. However, for the case of a multimode fiber, modal cross-
coupling would complicate the picture, but for simplicity, we consider single-mode fibers. For example, in a fiber cavity
with 20% feedback (for example, from the reflectivity of a bulk grating) at one end and 3.5% (—14 dB) at the other, out-
coupling end, the fraction usefully coupled out from the fiber laser becomes 74% of the net power emitted from the fiber,

with the other 26% lost in the grating end. Thus, even with a feedback as low as 20% in the grating end of a tunable fiber
laser, a high efficiency is still possible.

Obviously, an improved grating end feedback, e.g., with an improved grating-to-fiber coupling efficiency, would
improve the efficiency, but this may be difficult in practice. However, it is also likely to improve the output power by
reducing the feedback in the out-coupling end. For instance, from the formula above, 92% of the power emitted from the
fiber would emerge at the out-coupling end if the feedback is only 0.2% there and 20% at the grating end. Though the
Fresnel reflectivity from a perpendicularly cleaved end of a silica fiber becomes ~3.5%, a feedback lower than this can
be obtained by angle-cleaving the fiber ends. There are s ome other alternatives for smaller feedback including anti-
reflection coatings. A smaller feedback necessitates a higher fiber gain, which can lead to a smaller output power and a
reduced tuning range. However, the required single-pass gain is 17 dB with these cavity end-reflections. This is much
smaller than the typical small signal gain of 30 - 40 dB or higher, readily obtained in many rare-earth doped fibers. Thus,

the fiber would still be strongly saturated, which implies that the power conversion efficiency would remain almost intact
(as would the tuning range).

The expression for the power distribution of two ends of a laser with a Fabry-Perot laser is exact insofar as there are no
non-reciprocal elements in the cavity, and the power gain is the same in both directions. However, it does not reveal the
actual output power. Therefore, the previously described simulation model was used to evaluate this, in an ytterbium-
doped fiber laser. The parameters used in the simulation are: 0 dB propagation loss for an ytterbium-doped fiber with
alumino-silicate core in cladding-pumped configuration, with a 200 ym diameter, 0.4 NA inner cladding. The length was

adjusted for a 10 dB small-signal pump absorption. The pump was launched into the fiber through its out-coupling end,
with 10 W of pump power incident on the fiber facet.

3. DISCUSSION

The results from the simulation are shown in Figure 1 [4]. For example, with 3.5% feedback in the out-coupling end, the
output power decreases by a relatively modest 18% if the far-end feedback moves from 100% to 20%. With 40%
feedback, the power penalty, relative to 100% feedback, becomes 9%. It would be nice to reduce the penalty further, by
increasing the far-end feedback, but if we consider the external tuning configuration, larger feedback than ~40% may be
difficult to achieve with an external diffraction grating. However, even with a 40% far-end feedback, the penalty can be
reduced with a lower front-end feedback. According to Figure 1, with a front-end feedback of 1%, the power penalty is
5% with 40% far-end feedback relative to the laser output power obtained with 100% far-end feedback.

392  Proc. of SPIE Vol. 5622

Downloaded From: http://spiedigitallibrary.org/ on 12/02/2014 Ter ms of Use: http://spiedl.org/terms



Note that the feedback of the output coupler was assumed to be controlled with an optical coating deposited directly on
the fiber end. The feedback is then equal to the out-coupler reflectivity, and this was assumed to extend also to the pump
wavelength. The signal and pump wavelengths' are rather closely spaced in an YDFL, and with a relatively simple
coating deposited on a fiber end, it would be difficult to provide wavelength discrimination between the two. Thus, the
pump launch was directly affected by the near-end feedback in the simulations. It was 90% (9 W) with 10% near-end
feedback, and 99% (9.9 W) with 1% near-end feedback. If instead the same pump launch is assumed for all values of
near-end feedback, which is also reasonable, the differences between the maximum output powers achieved with
different amounts of near-end feedback would be reduced or even disappear.
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Figure 1. Laser output power vs. far-end feedback: simulations
for various amounts of feedback (0.35 — 10%) at the out-
coupling end of an YDFL.

4. CONCLUSIONS

Thus, the simulation results shown in Figure 1 confirmed that fiber lasers can operate with high efficiency even with
high losses in one end of the cavity (e.g., at an external diffraction grating), if the feedback in the out-coupling end is
low. The reason for this is the high gain that can be achieved in fiber lasers, even under saturated conditions. However, to
repeat, a high operating gain can lead to problems such as instabilities.
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Abstract: A new structure for an ultra-compact MM |-based modulator is proposed. Extinction ratios as low as -37 dB are
demonstrated. This valueisonly increased to -35 dB when low electro-absorption effects are included.
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OCI S codes: (230.3120) Integrated optics devices, (230.2090) Electro-optical devices; (230.5590) Quantum-well devices;
(250.7360) Waveguide modulators.

We propose a new structure for an ultra-compact multimode interference (MMI) InGaAsP multiple quantum well
modulator. A schematic of the proposed MMI modulator is shown in Fig. 1(a). The device consists of a12 pm wide
and 350 um long MMI waveguide. Light is launched and extracted from the MMI region using 2 um wide single
mode waveguides. The dimensions of the MMI region are calculated such that the injected light will be coupled to
the output waveguide. The shaded area, denoted by n; in Fig. 1(a), indicates the index modulated region.

The operating principle is similar to the Mach-Zehnder modulator, which restricts the coupling of the light into the
output waveguide, but our device relies on a much simpler method. The MMI modulator operates under the
condition of restricted symmetric interference. In this regime, only the even modes are excited within the MMI
waveguide by center-feeding the MMI region with a symmetric mode. Thisis achieved by injecting the light into the
MMI region using a single mode input waveguide. In addition, a shorter device is obtained since the distance at
which the first image will be formed is reduced by a factor of four [1]. When the index modulated region is not
perturbed, there is no mode conversion, and therefore an exact replica of the input beam is produced at the end of the
MMI region, and subsequently coupled into the output waveguide as shown in Fig. 1(b). However, when a & phase
shift is induced, as shown by the shaded region in Fig. 1(a), the phase of the propagating modes is asymmetrically
modified such that al the even modes are converted to odd modes. Since the output is a single mode waveguide,
neither an individual mode nor any combination of the modes will be coupled, thisis shown in Fig. 1(c). This allows
for modulation of the propagating beam by alternately introducing and removing the applied phase shift.

Z (wm) Z (um)
350 um 0 100 200 300 400 500
J IR T — " —] :[2 pm |12 pm

@ (b) (©)

Fig. 1 () Schematic of the device, (b) Beam propagation without index modulation, and (c) Beam propagation with index modulation.

The modulation characteristics are analyzed using the finite-difference beam propagation method. In our
simulations, a maximum refractive index change of An = 1x107 is assumed in the MQW due to the quantum
confined Stark effect (QCSE). An optimum width of 3.5 um was calculated for the index modulated region which is
shifted by a distance of 1.8 um as measured from the center of symmetry of the device to the center of symmetry of
the index modulated region. Extinction ratios as low as —37 dB are demonstrated without electro-absorption effects.

For the case of low electro-absorption, which corresponds to a more realistic situation, this valueis only increased to
-35dB.

[1] L.C. Soldano and E.C.M. Pennings, “Optica multi-mode interference devices based on self-imaging: principles and applications,” Journal of
Lightwave Technol. 13, 615-627 (1995).
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ABSTRACT

We propose a robust, multi-mode interferometer-based, 2x2 photonic switch, which demonstrates high tolerance to
typical fabrication errors and material non-uniformity. This tolerance margin is dependent upon the properties inherent to
the MMI design and benefits from the high symmetry of the switch. The key design parameter of the deviceisto form a
pair of well defined self-images from the injected light in the exact center of the switch. In allowing the index modulated
regions to precisely overlap these positions, and by creating identical contact features there, any refractive index change
induced in the material due to electrical isolation will be duplicated in both self-images. Since the phase relation will
remain unchanged between the images, the off-state output will be unaltered. Similarly, offset and dimension errors are
reflected symmetrically onto both self-images and, as a result, do not seriously impact the imaging. We investigate the
characteristics of the switch under different scenarios using the finite difference beam propagation method. Crosstalk
levels better than -20 dB are achievable over a wavelength range of 100 nm when utilizing this configuration.
Polarization independence is maintained during device operation.

Keywords. Multimode interference, photonic switch, integrated optics, semiconductor, electrooptic, polarization
independent.

1. INTRODUCTION

Multimode interference (MMI) effects are attracting a great deal of interest with respect to their application toward the
development of passive integrated devices. Widely investigated, they offer severa clear advantages over traditiona
waveguiding structures, such as very compact size, low polarization sensitivity, and relaxed fabrication tolerances.*
Moreover, their use has recently been expanded from passive to active devices, and severa photonic switches have been
proposed that employ MM effects.? ® # The operation of the switching mechanism behind each of these MM |-based
switches entails a modification of the refractive index at specific areas within the MMI waveguide. Collocated with the
occurrence of multiple self-images, these areas of index modification change the phase relation between the self-images.
Asaresult, the output image is atered, with the light being switched between the output waveguides.

Since, in principle, very efficient switching can be realized, these designs hold significant promise for use in optica
networking applications. However, it is necessary to utilize the principle of carrier induced refractive index change in
semiconductors to access the large refractive index change required for switching (4n = 3x107?). Electrical current
injection is therefore needed to achieve device operation. This requirement imposes some limitations on the device
configuration, due to the fact that the index change is assumed to occur at a very precise region within the MMI
waveguide. Any excessive current spreading will seriously deteriorate the switching performance and it then becomes
necessary to electrically isolate the index modulated regions from the rest of the MMI waveguide. There are severa
techniques currently available to achieve electrical isolation, such as zinc in-diffusion and proton implantation.>® The
main disadvantage when using these approaches is that, even in the absence of an injected current, an effective refractive
index difference exists between the active region and the rest of the waveguiding structure. In the case of proton
implantation, this effect results from the difference in the built-in electric field between implanted and un-implanted
regions.® When zinc in-diffusion isimplemented, this occurs due to the presence of the zinc doping.” The presence of the
built-in refractive index difference could modify the imaging conditions of the MMI waveguide, which would in turn
deteriorate the device crosstalk. Ideally, the contacts used for current injection should have the same dimensions as the
index modulated regions. In actuality though, a finite amount of current leakage can be anticipated regardless of the

*Email: may@creol.ucf.edu; Phone: (407) 823-6862; Fax: (407) 823-6880; www.creol.ucf.edu
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isolation technique. Therefore, the width of the index modulated region will always be wider than that of the contact.

Moving from simulation to the actual device fabrication often requires implementing changes to the optimum design
parametersin order to account for physical realities and material limitations. In the case of an MMI switch, contact width
reduction might be required in order to isolate adjacent contacts, and also to better define the refractive index modulated
regions. This will, however, create finite sections within the MMI waveguide that possess an effective index change,
which can lead to deterioration of the switch crosstalk. Moreover, during device fabrication, we often have to deal with
offset errors resulting from the misalignment between different masking layers. Such a displacement of the index
modulated regions, with respect to the optimum positioning, is potentially a very serious issue. This offset error may
cause an imbalance in the phase of the adjacent self-images, thereby making it impossible to achieve the phase difference
required for switching. An error of this type would manifest as an increase in the switching crosstalk. It is therefore very
important to address these issues during the design of an MM I-based switch.

In this paper we propose a highly robust 2x2 MM I-based photonic switch and carry out a comprehensive analysis of the
device performance as related to the deviation from the optimum dimensions of the index modulated regions. We also
demonstrate that the device is extremely tolerant to material non-uniformities and typical fabrication errors. This is a
consequence of the MMI design and the high symmetry of the switch. The switch characteristics, under different
scenarios, are investigated using the finite difference beam propagation method (FD-BPM). In the device configuration
presented in this paper, polarization independence is maintained, even as crosstalk and switching contrast levels better
than -20 dB are projected over awavelength range of 100 nm.

2. SWITCH DESIGN

Fig. 1 shows a schematic of the proposed switch. The device consists of a MMI waveguide with a width of W=18 pum
and alength of L= 998 um. Light is launched using 3 um wide input and output waveguides that are separated by 3 pm.
The shaded zones correspond to the index modulated regions. The dimensions of the MMI switch were calculated using
the well known relations for restricted interference in MMI waveguides. The length is set to correspond to the beat
length, such that light coupled to the upper input waveguide will be imaged into the lower output waveguide during the
off-state, as shown in figure 2(a). The device modeling incorporated a 1 pm thick InGaAsP guiding layer (1g = 1.3 pm)
and a 1.5 um thick InP top cladding layer. The refractive indices of the layers are 3.41 and 3.17 respectively.

Fig. 1. Schematic of the 2x2 photonic switch and design parameters.

The most critical parameter for ensuring proper device operation is the requirement that the injected light create a pair of
well defined self-images in the exact center of the switch, and that each self-image is bisected by the central axis of one
of the two access waveguides, as shown in Fig. 2(a). The index modulated regions are located so that they precisely
overlap the positions where these two self-images are formed. By creating identical features at these locations, the off-
state output will remain unchanged since any variances induced in the material’s refractive index due to electrical
isolation will be duplicated in both self-images. Similarly, the final imaging properties of the device are not seriously
affected by offset and dimension errors, which are highly symmetric with respect to the axis centered between these two
images. It isimportant to note that, in the on-state, only one of the index modulated regions will be active.
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The operation of the switch is as follows: In the absence of an applied current, light coupled to the upper input
waveguide is emitted from the lower output waveguide, and vice-versa. However, when a n phase shift is applied to
either one of the index modulated regions, light coupled to the upper input waveguide will be imaged onto the upper
output waveguide, as shown in Fig. 2(b). A similar performance is achieved for light coupled to the lower input
waveguide. Current injection was used to obtain the required phase shift, with a maximum refractive index change of
1%.* The dimensions of the index modulated regions were selected so as to obtain the lowest possible crosstalk for both
TE and TM polarizations at a wavelength of 1.55 um. In this case, an optimum width and length of Wc=3.5 and Lc=28
pm were calcul ated, respectively.

Fig. 2. Beam propagation characteristics (a) Without index modulation, and (b) With = phase shift applied to lower index modul ated
region.

3. ANALYSIS

The FD-BPM was used to investigate the switch performance. For both device contacts, an initial refractive index
change of 4n, = 1x 107 due to contact isolation®’ was assumed for all simulation runs. While this value is marginally
higher than what could typically be expected, it helps to demonstrate the high tolerance of the device to such effects.
Also included in the simulations is an intrinsic propagation loss of 5 cm™, as well as increased absorption losses for the
index modulated areas as aresult of carrier injection.*

For each switching state, the analysis considered a combination of effects that can result in a deterioration of the
optimum crosstalk. During the off-state, we were mainly concerned about modifications to the imaging due to 4n;
variance induced through contact isolation. Reducing the contact size, as previously mentioned, may be a necessary step
to keep the injected current within the optimum value calculated for the refractive index modul ated region. However, this
also reduces the area that is affected by 4n;, which could have a detrimental effect during the off-state operation. To
determine the extent of the effect, the contact width (Wc) was modified from 3.5 to 1.5 ym, and the off-state crosstalk
was calculated for each case. As shown in Fig. 3 the induced perturbation An; stays entirely within the image as the
contact width is reduced, and has a negligible effect on the off-state crosstalk. Furthermore, lateral offset errors typically
encountered during device fabrication are included in the simulation. With the current state of available technology, the
offset can be easily controlled within +/- 0.5 um. In Fig.4, we show the off-state crosstalk for different contact widths as
afunction of the offset error along both directions. As anticipated, there is an increase in the crosstalk as the contact is
shifted away from its nominal position. However, even when the contact width is reduced to 1.5 um, and shifted by +/-
0.5 um, the calculated crosstalk is still better than -35 dB. Additionally, since a narrower contact will remain within the
image, even with an offset applied, a reduced contact width results in a more symmetric response. Offsetting a wider
contact, though, generates an asymmetric phase shift in the images, and therefore, the response becomes asymmetric
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with respect to the offset position. Unexpectedly, there is a position for We = 3.5 um at which the crosstalk is dightly
lower than that calculated for the nominal position. Nevertheless, the selected nominal position provides the best
switching performance when wavelength and polarization dependence are considered.
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Fig. 3. Off-state crosstalk as a function of contact width. Fig. 4. Off-state crosstalk for different contact widths versus

lateral offset.

During the on-state, the primary concern centers on whether the injected current will be confined within the optimum
index modulated region. From the above it is found that reducing the contact width does not significantly influence the
off-state crosstalk, consequently a contact width We=1.5 pum is selected for the following simulations. As previously
mentioned, irrespective of the isolation technique, an effective increase in the contact width due to a dight current
|leakage can always be expected. Therefore, it is important to determine the effects of increasing the width of the index
modulation region. We define an effective index modulated width as Wi=Wc+C, where C represents the total amount of
current spreading namely 2 um, 3 um and 4 um. As shown in Fig. 5, increasing this width has only a minimal effect on
the on-state crosstalk, with the value maintained below -30 dB. To maintain completeness, the added effects of offset
errors were considered, and the resulting crosstalk characteristics are presented in Fig. 6. For this situation, we can see
that the device becomes less sensitive to offset errors as the width of the modulated regionsisincreased. Thisis expected
since, despite increases in the width of the modulated region, the phase shift is still applied over the entire image. The
presence of offsets or the lack thereof has no effect on the response in this case. This robustness directly results from the
switch’s high symmetry, and therefore, typical latera offset errors can be considered negligible for the on-state

operation.
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Fig. 5. On-state crosstalk versus modul ated width. Fig. 6. On-state crosstalk for different index modulated widths

versus lateral offset.
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We also investigated the polarization and wavelength response of the switch. The wavelength was scanned from 1.45 to
1.65 pm for both TE and TM polarizations, and for both states of operation. As shown in Fig. 7, there is a 100 nm
window within which the crosstalk can be maintained below -20 dB for both polarizations. Initialy, the switching speed
islimited by depletion of the injected carriers (typically within the nanosecond range). However, this restriction could be
eliminated by taking advantage of the remarkable symmetry exhibited by the device. One way to overcome the carrier
lifetime limitation is to sweep out the injected carriers from the active region. This has often been accomplished by
reverse biasing the active region.® In our device, both contacts could be reverse biased during the off-state without a
major change in the off-state crosstalk, and needing only very low power consumption. During the on-state, one of the
contacts is forward biased so that the light is switched. When the switching is completed, the contact is reverse biased
such that the carriers are swept out of the active region, allowing afaster transition between the on and off states.
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Fig. 7. Wavelength and polarization dependence of switch crosstalk for both operation states.

According to our results, it is evident that contact dimensions can be modified as required to achieve optimization of the
index modulated region, without any significant deterioration of the switch performance. This demonstrates the
feasibility of using very simple isolation techniques, such as zinc in-diffusion, in the fabrication of high performance
photonic switches. Lastly, it should be mentioned that while the length of the switch can be reduced by decreasing the
width of the MMI region, the switch becomes increasingly more sensitive to the issues that we have discussed above.
These issues can lead to a deterioration of the crosstalk, and a narrowing of the operational window for both polarization
and wavelength independence. The dimensions used in our calculations correspond to the best device performance that
can be achieved given the expected tolerance limits of conventional device fabrication techniques.

4. CONCLUSIONS

A highly robust 2x2 MMI photonic switch has been proposed, and we have shown that the switch can be made extremely
tolerant to perturbations resulting from material modifications and fabrication errors by appropriate selection of the MMI
design. By utilizing this configuration, crosstalk levels better than -20 dB can be realized over a wavelength range of 100
nm. This switching performance makes the switch a perfect candidate for incorporation into future wavelength division
multiplexing systems. Furthermore, the device has demonstrated polarization independence and has shown that
limitations in switching speed resulting from the depletion of carriers could be significantly reduced by taking advantage
of the high symmetry inherent to the MMI structure.
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ABSTRACT

The study of nonlinear photonics crystals is quite complex and cumbersome [1-5], because of their inherent
architectural complexity and, in addition, because of the nonlinearity that couples propagating and counterpropagating
waves. However, they are quite attractive because of their potential capabilities, and that has lead to use different
approximated methods. In a one dimensiona stack, it has been successfully demonstrated that they show switching,
bistability and chirping as nonlinear characteristics. Band gap solitons are awell established feature of the coupled wave
equations. We have extended a method that have previously shown its success for a stack with a Kerr nonlinearity, to a
much more complex structure such as an omniguide fiber, as part of our suggestion that such method could be applied
to numerical or analytical methods as long as the linear solution were available. Such arestriction, hinder our ability of
getting analytical solution beyond their enabling approximations, however, it is completely adequate for the purpose of
to develop devices.

A comparative numerical analysis of a one dimensional photonic crystal and an omniguide fiber, made of a dielectric
and stratified linear and nonlinear media, has been carried out. They were considered as multilayer arrangements with a
finite numbers of periods: linear-linear, nonlinear-linear and nonlinear- nonlinear in order to study and isolate those
features. Finally, acomparison of multilayer systems with variations in the diffraction indexes profilesis presented.

Keywords: Photonic crystal, perturbative approach, Slowly Varying Envelope Approximation, bistability, chirping and
switching.

[.INTRODUCTION

Photonic Crystals (PC) are already complex enough to, in addition, consider nonlinear features. However, their
wide possibilities that go from switches, logic and all optical storage devices make worthwhile additional approaches. In
fact, manufacturing of much more complex PC structures is not a deterrent, since we are confident on our mastering of
the nanofabrication techniques that includes both linear and nonlinear materials. Nanofabrication has allowed creating
amost any structure for a linear PC, and it is clear that such a capability will not be an essentia restriction on a
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Nonlinear PC (NLPC). The complexity of a linear PC structure has been given enough support to produce generic
codes, often available to the public and even commercial.

On the other hand the propagation in NLPC [6] is characterized for both, complex PC structures and a
nonlinear dynamics, which prevents the linear PC handling of the now, strongly coupled counterpropagating waves.
Propagation in a nonlinear homogeneous media describes precisely a media that is not further independent of the
propagating radiation and where the propagating and counterpropagating waves are strongly coupled everywhere in the
material. In addition, alinear PC is described by its materia characteristics, resumed on the photonic band gap structure
that is a quite convenient concept to understand a device. Such an expectation remains in a nonlinear PC, however, the
modified band gap reflects the interaction with the field and that should reflect the observed phenomena. Nonlinear
propagation in homogeneous media has introduced concepts such as solitons, nonlinear chirping and bistability in a
media where the nonlinearity is at its core, or where the nonlinearity is at the substrate such as in resonant pulse
propagation on the presence of nonlinearity. Therefore, we should expect that those features will also occur, somehow,
in an inhomogeneous material such as a NLPC. There are two approaches that have significant contributions in this
direction.

&) The solution in a stack in a Slowly Varying Envelope Approximation (SVEA) that has lead to the Coupled
Mode Equations, and that assume that the solution is of the form E, = E, &(z) €*° €', where &(2) is the
SVEA envelope and satisfies the Mode Coupled Equations, that among others produce a symmetric photonic
bandgap and solitons.

b) Chen and Mills proposed that the solution in a Slab is of the form E, (z) = E,e(2)é?® €™, explicitly

exhibiting the intensity dependence of the chirping ®(z), in addition of a real envelope and two constant of
each variable.

The SVEA approach requires of low contrast, and in fact of limiting the reflected signal [7]. On the other hand
the effort of Chen and Mills to develop an M matrix nonlinear procedure did not find a way to overcome such a
difficulty and this methodology had to resort to a reduced role for the reflected signal, and such arestriction was in its
limit introduced by Winful et al. [8]. In either case, the geometry they have considered is one dimensional or Cartesian,
but is already evident that both proposals should lead to some relation. There is enough evidence to guide an analysis of
more complex structures. A one dimensional stack has been demonstrated to show switching, bistability and chirping.
On the other hand, spatial solitons, in circular and in particular in an annular cross sections, have been demonstrated [9]
using and one dimensional analytical analysis. The need to integrate, this disperse evidence is one of our objectives.

We will explore the most typical characteristics of a nonlinear PC on two simple examples, a stack and an
omniguide fiber. Without restricting ourselves to a null reflective signal as was done by Winful et a. [8], in a series of
papers that also emphasizes the device point of view, but that however pointed out the lead to a specific type of
analytical solutions that explicitly exhibit chirping and is not in the frame of the SYEA. Null reflectivity is a very
sensible assumption on specific cases [10], but we will focus on its explicit presence. A second, and closely related set
of analytical solutions are those that lead to Gap solitons introduced as early as Chen and Mills [11], that are obtained
by the SVEA, that requires that the difference between the refraction indexes is small, an undesirable condition for wide
use of NLPC. Actual solutions were given by Aceves and Wabnitz [12] and Christodoulides and Joseph [13], and are
widely reviewed [14], generalized [15] and experimentally demonstrated [16]. Disregarding the index restriction, does
not rule out the existence of solitons solutions, however, those will be in addition those SVEA solitons, that at the core
of the approximated methods devel oped by Goodman [17] and supported by experiments cited there.

We introduce an iterative method to buildup the nonlinear, Kerr type, solution, more along the lines of an
effective dielectric constant. The numerical nonlinear method is based on the introduction of small intensity dependent
perturbation on the lineal method by means of infinitesimal changes and corrections on the nonlinear refraction index,
repeatedly, until converging to the conditions of the wanted nonlinearity. The internal field (that is the overlapping of
the forward and backward incident waves within the material); it is infinitesimally modified in each iteration and
reintroduced in the change of the refraction index for a new iteration. A series of iterations of the propagation are
carried out, and each propagated anew. We keep adding and correcting small effects due to the non linear index of the
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material. Reintroducing the correction iteratively, the solution for the system converges. As a demonstration, we carry
out this processin a system with aKerr non linearity [18].

2. SINGLE SLAB: ANALYTICAL METHOD

In this section we discuss briefly the methodology used by Chen and Mills [4] to discuss a single nonlinear
slab without using the SVEA. They consider that the polarization is customarily given by:

P= Lg(x,t —t)E(x t)dt’ o P =¢(XE,(X) 1)

with a frequency Kerr Nonlinearity term given by P, (x,@) = f1, where | =|E,(X) [ isthe spectral intensity. The
resulting wave equation is given by:

aZE‘”Z(X)—[Qj g, (X)E,(x) =0, where n=n,+pl1, 2
OX c

The single lossless and nonlinear ny, slab is described, Chen [19], by:
2

E
C e [EE, =0 ®

where £, is the nonlinear coefficient of that layer and z = xK_ . There are several approaches to solve this equation;

one of them is resorting to the SVEA, which corresponds to actualy riding on the basic plane waves linear solutions.
However, Chen focuses its solutions on the chirping on the slab, by proposing a solution of the form:

E, (2) = E,¢(2)€/? @)

where ¢ is the chirping and ¢ is a real envelope. After substitution on the wave equation, Chen obtains an intensity
dependent for the chirping and the real envel ope given by:

dg _w 5
dz &° ®

1h(X) 1
1,(d) 2 1N3
" (wz+al—l —2/3”|J

—dl =+2k (x—d) (6a)

B, =BlE| ad 1,()=¢*(2) (6b)

where w and a are two integration constants, that were not further explored. The first one W is directly related to the
chirping, and Matulic [20] in a similar problem of Self Induced transparency on Two Level Atoms in a nonlinear
substrate identified a asthe rate of flux along the propagation axis.
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The envelope solutions as described by Eq. (6) are given by complex eliptic Jaccobi functions in terms of
three parameters: W, a and £, . Its importance can be pointed out, if we rewrite this integral equation in a much
more convenient and understandable form:

B
J;Mdi — +2kBY?(x~d) )
2[1-i17=5i%]
by the change of variables:
y =% p A% B¥? and i=1/p
Where: I=1+%a-s with s=3(@2)?28,/(1+34 B, a)
and lyh = [A/B]Y2
with: A=W+ (%)% 2-% 8 (Ya- 9° and B=1+32 B (Ya- 9

This threshold value Iy, has a definite meaning, as such differentiating between oscillatory solutions (I < Iy,) such as the
plane wave like and other of the hyperbolic type (I > Iy). In particular, this value is expressed primarily by those

integration constants (B; — 0):
lin = [W? + (Y28) 9" 8
The integral is quite complex, however the first condition, describes oscillatory functions sine and cosine

according to the sign selection, the second one describes hyperbolic functions that leads to the possibility of another
class of pulse like solitons that will be discussed elsewhere. The type of solution was determined primarily by Iy,

therefore, the oscillatory solutions can be explored for very small 3, (i.e. ) to recognize its relation to plane wave
solutions. The lowest approximation, choosing the negative sign, is given by:

I =lo+ Iy, cos[ 2kBY2(x—d) + g @)
A perturbative approach allows us to rewrite this equation as:

B B 3
J.;di [ _di = +2kB¥2(x—d)

a[l_i2:|1/2 a|:1_i2:|3/2

And arccos(i) :i2kB”2(X—d)—[17}/2]1/2_7[1_i2T/2

Then the solution:
i =1pcos[@-ycsc® - ysin@] where 0=2kB"?(x—d) (8)

will have Kerr and constant of motion corrections trough y corrections. The selection of opposite signs will produce
and analog sine solution:
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i =lhsSn[® -y sec® - ¥ cosB] 9
Therefore, after substitution, we can rewrite our proposed solutions for aslab (Eq. (4) and (5)).

Chen and Mills disregarded the stack reflection on their solution, however, pointed out the intensity dependent
chirping for a slab as one of the characteristics on the propagation in a nonlinear layer. We shall prove that thisis a
characteristic of the stack as a whole and more generally for a PC.

3.NUMERICAL METHOD

Currently, we own not only an advanced capability of manufacturing PC, but also a developed numerical and
analytical technology that alows us to solve almost any of the linear PC that we may be interested, and that we may
describe by solving the linear equation:

A(Uo) Ew =0 (12

for every slab (in the case of a one dimensional stack) or layer (in an omniguide fiber). Where A(no) in most casesisa
differential operator, with a linear refraction index ng that characterizes that slab, and that leads to a solvable PC. For
the sake of clarity, we will refer to a nonlinearity of the Kerr type; however, the method can be adequate to much other
nonlinearity.

The solution of the nonlinear propagation in a NLPC, compared with the solution in a single nonlinear slab o
layer, is by far much more cumbersome even for very regular arrays as the ones aready mentioned. The nonlinear
coupling of the forward and backward waves becomes an unmanagesble problem, unless we can make an
approximation such as minimizing the reflected wave. The first problem is to solve, slab by a slab of the stack or fiber
layer, of anonlinear equation of the form:

N, (7°)E,=0 (13)
where the nonlinear operator for a Kerr type nonlinearity can be described in the following form:

N, =A(mo)+(* =15) (14)
That has been already outlined in the previous section. However, an inhomogeneous media such as a PC is much more

complex, and we need to develop reliable alternatives. Such is the case of the development of an iterative method that
solves Eq. (15) as an approximation to the NL PC described by Eqg. (13):

A(An:\l,l)E(u = O (15)
77:\” =T t AU:\JJ (16)
Aﬂ:\l,i =1-7) Aﬂ:\l,i +7Pyiln; with 1, :|Ea)|2 17
where. A7 Intensity dependent change of the refraction index each iteration

Y Correction parameter

I Iteration number
n Nonlinear refraction index
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[ Dielectric medium index in the layer, (i =1,2)
N Period Number on the stack
Mo, Lineal refraction Index of each dielectric medium

o) Non lineal material coefficient
I Electric field mean intensity at each step

We have developed this method for a one dimensional stack, already reported, for an omniguide fiber, whose linear
solutions are also reported in this meeting (paper 5733-38). For a stack the nonlinear equation to solve are given by:

d’E, , d?
NL(UZ)E,UZW-H]ZEQ):O with Azy_,_,]g

It is clear, that the plane wave method applies at every step of this procedure, according to Eg. (15). Also, in
the case of an omniguide fiber, the transversal equation is described by the Bessel equations. This is indeed the
limitation of the method, since we do not approximate the functional solution as the SVEA method does, but the system
response as described by its nonlinear refraction index for arbitrary refraction index difference.

Figure 1 shows the typical convergence and its dependence on . Also, the material characteristics (band gap)
become field dependent trough the refraction index and the internal field, that describes the coupling of the forward and
backward incident waves within the material.
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Iterative process

Figure 1: Convergence of the solution as afunction of the wave vector.

In the following section, we will describe some of the most typical phenomena of this nonlinear systems,
comparing a stack with the transversal section of an omniguide fiber, they are: switching, bistability and chirping.
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4. NUMERICAL RESULTS
SWITCHING

A stack can be characterized by its forbidden photon gap, which shows an intensity shift due to the presence of
high intensities as shown in the inset of Fig. 2. Under such conditions, for example, a narrow frequency (quasi

monochromatic) pulse on the lower edge of the photonic gap, at low intensity is rejected, but at high intensities can be
transmitted and therefore, we have switching (see Fig. 2).

Such a behavior will show in other PC structures as well. Thisis the case of an omniguide fiber by describing
the changes of the radial photonic gap as afunction of /3, to describe a change of intensity according to Eg. (6a), when
one of the layersis nonlinear or both of them are nonlinear.

Input

3.0 / pulse

Amplitude

25 Out Pulses

Transmitancia

2.0

15

AMPLITUDE

1.0

0.5

0.0
-0.016
-0.008
+ 0.000 p=151E-4
0.008

0.016

Figure 2: Switching. An originally rejected pulse, with the increasing of power can be transmitted.

For the case of a one-dimensional stack, we are going to carry the one-dimensional comparison of two
different cases. In the first two cases we will consider the linear refraction index no. In the first case, only the second

oneisnonlinear 4= 0 and in the second case, both of them are nonlinear and with the same £ value. We have chosen
the same 77, for both cases, but in the first case, only the first one is nonlinear (Figure 3a). In the second one, both of

them have the same nonlinearity (Figure 3b). In the background we can recognize the linear band gap as a reference,
and the increasing nonlinearity produces a small shift of the center of the band gap, but quite a noticeable stepping or
red shift of the blue band edge, with the consequent narrowing of the gap. When both of them have the same
nonlinearity, it is evident that the width remains, however such a shift and stepping occurs.

On the other hand, for the case of a cylindrical geometry (bidimensional), we analyze the same cases presented
above. In Fig. 4a, we show the changes that occur on photon gap, as a consegquence of nonlinearities (we consider

nonlinear effects for both materials with refraction indexes 77, and 77, , respectively).
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We show the double effect in Figure 4b, where we consider as nonlinear only to the first material (77,). This
figure shows the shift of the band, as well as a narrowing of the band. This last effect is due to the increase on the first
refraction index due to the nonlinearity, and the decrease of its difference with 77, .
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Figure 3: 8): An alternating linear and non linear stack is shown. The nonlinear layers are those of lower refraction, and because the
nonlinearity, the refraction indexes difference decreases, and henceforth the width of the transmission band. However is quite
noticeable a stepping of the low edge of the gap. b) The variations of the transmittance band due to the same nonlinearity in both

media.
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Figure 4: a) Transversal propagation in amultilayer cylindrical system, where we show the nonlinear effect of 3, = f3, . b)
Transversal propagation in acylindrical multilayer system, where we show a double effect due to the nonlinearity 3, =0, £, =0.

Finally, for the one dimensional case (stack), we analyze the formation and disappearance of the photonic gap
(switching off and on) as a conseguence of intensity if only one of the dielectricsis nonlinear. In a stack with the same

linear n, for both dielectrics, a partial gap is formed at several valuesof [ (see Figure 5a). A nonlinear stack switch is
produced with dightly different refraction indexes of very close values. If the lower refraction index is nonlinear, and
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this nonlinearity increases, then the difference between indexes is reduced by an increasing intensity. Then, the photonic
gap disappears (see Figure 5b).
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Figure 5: @) Formation of the photonic gap. b) Disappearance of the photonic gap.

Another characteristic of the nonlinear systems is the presence of the bistability or multistability. This has been
shown experimentally demonstrated in the one dimensional case (stack) by Christopher J. Herbert [21], for wave
vectors with a modified input power, and reproduced in our numerical results with the same experimental data (see

Figure 6).
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Figure 6: Multistability &) Simulation results. b) Experimental data of Herbert.

Bistability in more than one dimension is a much more intriguing question [22]. In Figure 7, we show the
radia bistability of an Omniguide fiber (cylindrical geometry). It isimportant to notice the expected similarity with the
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stack, but aso its dight differences. It will be rather interesting to analyze the angular distribution that leads to the
creation of higher intensity point and much more complex dynamics.

61 A=1.4um

I
n
Figure 7. Bistability in an omniguide fiber.

CHIRPING

The nonlinear chirping of a stack, a feature suspected but not commonly predicted, is displayed in Figure 8.
There, we display the phase and its inverse, as well as the transmitted and incident wave as a function of k. It is rather
evident that the inverse of the phase is strongly related to the intensity pulse of the mentioned pulses, and strongly
modified by the band gap and its phase changes (notice the sharp turns).

- — —Inverse phase

Transmited pulse
3 4 - — —Inputpulse
----- Phase
2 4
[}
o
2
g
&1
\—“ - -
0 - —=
T T T 1
-0.02 -0.01 0.00 0.01 0.02

Figure 8: The phase and its inverse; and the transmitted and the incident pulses are shown as afunction
the of the wave number k.
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4. CONCLUSIONS

An interest on afunctional behavior of adevice based on a NLPC may be well served by an iterative numerical
method based on the linear PC solutions, where dimensional analogies provide a solid support as shown by the stack
and the Omniguide array. However, in order to go beyond to the one dimensional NLPC, it is required a further
improvement that takes into account spatial distributions. From the analytical point of view, there is already enough
evidence to expect that additional analytical solutions for NLPC may be found beyond SVEA or a combination of both
methods, since that each shows specific strengths.
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Abstract-We demonstrated a novel design for a multi channel optical MUX/DEMUX module, which uses the
principle of a Cassegrein-telescope. We carried out some optical simulations to show the feasibility to build up a
multiplexer or de-multiplexer module for Dense Wavelength Division Multiplexing (4 channels). The set-up consists
of a concave mirror that receives different beams which are then focused at the centre. For the case of a MUX-
module, different radial positions enable injecting the system different wavelength inputs as the concave mirrors
concentrates al the beamsin one point (collector fibre). Moreover, for the case of a DEMUX-module, a bulk grating
is positioned at one point between the concave mirror and the focal point of it, and when a stream of pulses with
different wavelengths reaches this point, it automatically distributes the incoming signal in different radial positions
(severd collector fibers).

Keywords: Cassegrein telecospe, DWDM system, optical communication.

| INTRODUCTION

Optica communication technology based on Dense Wavelength Division Multiplexing has
allowed the exponential growth of the telecom industry. Where, every year, the increasing of
information transported over a single fiber, demands a better carrier to do it. Without doubt the
DWDM technology products represent the best option so far [1]. However it can only be possible
with the appropriate integration of different components in the system. Major manufactures have
obviously put al their resources into the development of the technology around DWDM to meet
the rising demand from the carriers and the end users alike. Key components such multiplexors,
de-multiplexors, circulators, isolators, etc are become part of the main research by these group of
scientists [2].

In this letter, we proposed a simple and a novel multi channel MUX/DEMUX device. This
device utilizes a concave mirror to couple light come from an arrangement of a number of fiber
input connectors. Each input, individually, carries stream of pulses at different wavelengths. We
ran ray traces of different field angles as well as different spot dimensions for the beams that are
passed throughout our design. The simulations showed to be effectively a good approach for a
MUX and DEMUX system.

1-4244-0628-5/06/$20.0002006 |EEE.
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|| DESIGN ARCHITECT FOR THE NOVEL MUX-DEMUX DEVICE

The setup of the MUX-DEMUX device consists of several input port which are optically
connected to the concave mirror. Each input port carries a signal sitting on a 50GHz-1TU
wavelength grid, and those are simultaneously launched to the MUX-DEMUX system. The
wavelengths selected in the simulations were 1550.12nm, 1550.92 nm, 1551.72 nm, and 1552.52
nm. which correspond to the C-band of the telecom windows [3]. To have an idea of how the
system works, we are going to divide the explanation of the setup in two. For the case of a
Multiplexer module, port 1, 2, ..., 4 carry stream of beam pulses. Each beam isfirstly collimated
and then reaches the surface of the concave mirror which in a subsequent way the beam is
concentrated at the focal point. At this point (collector telecom fiber), a fiber capture all the
beams and transport al the information into the telecomm system. This principle enables
successfully to combine coaxially using the concave mirror. Obviously there are some changes on
the dimensions of the beams and some changes on the far field divergences of these beams and
this will allow to effectively launch the beams in a standard telecom fiber (collector fiber,
NA~0.17). To have a better appreciation, Figure 1 shows the MUX-DEMUX system in which
only two ports as inputs were considered and the collector fiber.

Port 1 (D

1}‘2

Collector L |

Bulk Gratting

>

Mirror

Port 2

0.0

>
w

Ag .
Figure 1 Lateral view of the spatial optical scheme proposed for a multi channel MUX-DEMUX module

4------

For the case of a DEMUX-module, the central part of the system (collector telecom fiber)
carried all the wavelengthsinto it. These signals are fedback to the surface of the concave mirror.
However, at the path the beam will find a bulk grating which is placed with a calculated angle of
~110 degrees with respect to the optical axis and the n-orders diffraction beams are reflected at
theport 1, 2, ..,4 . Finaly, each pulse is reconnected to a4 different ports that are connected to
the final telecomm network system. (See Figure 2)
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[1l SIMULATIONS

The numerical model considered 3mm diameter lenses with 0.17 numerical aperture at the port
1, 2,.., n. The lenses are positioned in front of a 100 mm diameter concave mirror with a high
reflectivity thin film and 0.3 numerical aperture, the details of the performance of this mirror are
well explained in reference [4]. Thismirror has an effective focal length of 10 cm. The collimated
stream of pulses at port 1, 2, .., n are then reflected back at the focal point as the mirror
concentrates all parallel incoming beams. Subsequently, al the wavelengths are launched in the
collector fiber (see Fig. 2). In an opposite direction, the systems can also work as a de-multiplexer
and for that there is a bulk grating of 600 linessmm which is positioned at a calculated angle of
110 degrees wrt. optical axis of the path of the beams. The grating then diffracted the composed
stream of pulses in different n-order of diffraction (zero order). This diffracted beams are sent
back at the positions where the input beams of port 17, 2, ..., 4 are localized.

Figure 2 Simulation of the novel MUX-DEMUX system.

By using commercia software for optical design [5], we ran the ray traces of different field
angles as well as different spot dimensions for the beams. This software computes the ray optics
in which all rays that travel in different optical media are in accordance with a set of geometrical
rules. The concave mirror is proposed to have a substrate glass composition and a polished
metallic film deposition. Figure 3 shows the simulation for four different beams that are
propagated throughout the system. The distribution of the fiber connector is also symmetrical so
different set of n-beams will behave in the same way and can be added in the same way that this
final scheme.

Figure 3 Simulation of the arrangement of the Multiplexor module only.
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Figure 4 shows the spot diagram of the system. Different distance revealed a change on the spot
size and aso a chance on the angle of divergence. At the end, the final size (~30um) is even less
than the diameter of the collimator lens (2mm) located in front of the collector standard fiber, and
the numerical aperture at the end is calculated to be less than 0.2 which also roughly corresponds
to the numerical aperture of the collector fiber (0.17).

Figure 4 Spot beam diagram of the Fig. 3.

IV DiscussioN

The present design is considered as a good approach for a multi channel MUX-DEMUX
module. With the simulation we can assume that the module of the four channels can be easily
upgrade up to 8, 16, etc channels simultaneously. The most interesting results from the ssmulation
are also that this special mirror transformed the collimating beams in concentrating beams with
effective numerical aperture of less than 0.2 (matching the 0.17 NA of the collector fiber), and
produces a reduction in the size of the beam (30 um) which also match the physical dimension of
the lens (2mm) in from of the collector fiber .

V CONCLUSION

In this paper, we proposed a novel and simple multi channel MUX-DEMUX module for
gpatially combination of several different wavelengths. We ran simulations for four beams that
are propagating throughout the system. We also showed that the system has a good coupling
efficiency and the final numerical aperture match the fiber NA of each output fiber.
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Abstract— In this work, we simulate the efficiency of optical power transfer between a 915 nm diode laser, and a
double-clad fiber optic. A lenses array allows collimating and focusing the pump energy to the fiber. This model
was made using the optical design software OSLO. The result shows a high coupling efficiency of roughly 84%,
which can increase the optical input power in fiber optics lasers.
Keywords: double-clad fiber, pump energy, coupling efficiency.

|. INTRODUCTION

Coupling efficiency plays key role in fiber optics lasers. A good coupling system assures
that a high rate of optical pump power would be efficiently used. In designing fiber optic lasers,
the most common element utilized for pumping is the laser diode. This optical element presents
several advantages over molecular lasers of which are the compactness, low-cost, high optical
radiance, etc. In consequence, these have been largely used as pumping devices. One
disadvantage of this element is the poor beam quality factor. Diode lasers normally emit elliptic
pattern beams, which make it difficult to coupling into a circular fiber optic. In order to solve
this problem, some methods have been proposed. Sugiyama [1] designed a spot size converter
that consisting of a light guide with a rectangular incident area (able to couple the diode laser
irradiance), and a rectangular exit area which provides a circular spot size. In this device, at
least one part of lateral side walls inclines from the slow axis direction. Thereby, it is able to
regulate the divergence of the outgoing light, and to optically couple optical elements of
different spot size with each other at a high-efficiency.

A practical method for coupling optical pumping power consists of lens arrays [2-4]. A
typical coupling system consist of a collimator, a pair of prism to convert the spot from élliptical
to circular cross section, an expander lens and a focus lens. These elements allow a good
coupling efficiency. However, one important characteristic to be considered in a coupling
system, besides its effectiveness, is the simplicity.

In this work, we propose a simple optical coupling array consisting of a laser diode, a
collimator lens and a focused lens. Simulation of this design was performed with commercial
optical design software. The main goas of this work were to achieve a high-coupling
performance while maintaining a simple design. The spot size at the optimal focus length was
found to be compatible with double-clad fiber.

The double-clad fiber allows higher output power than conventional ones. This special fiber
consists of a core, an inner cladding and an outer cladding. Thus, pump energy is injected to the

1-4244-0628-5/06/$20.0002006 | EEE.
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inner cladding which has a larger diameter and larger NA than the core. Therefore they are
suitable to work with high power laser diodes for fiber laser systems. In a aready reported
experiment with a double-clad fiber laser [5], in which the total pump energy was 15 W while
the launched pump power was only 8 W, the authors feel appropriate to simulate pump coupling
setup in order to increase the coupling efficiency and thus propose a method to improve the
previous results. A first glance was that the rest of the energy was lost because of optical
coupling problems. Then and with an appropriate coupling scheme, as the one proposed in this
work, thiskind of problem could be solved, setting aside a more efficient fiber laser.

The computation of the fiber coupling efficiency is based on the following: given an
amplitude diffraction pattern U(x',y’) and a fiber mode pattern y(x',y"), the coupling efficiency
n isdefined as the normalized overlap integral [6]

,e JJUGy )l (x, y)x dy Q)
JITU Gy (e yaxey [ (x, i (¢, y)axdy |

where the asterisk denotes the complex conjugate. The power coupling efficiency T is given
by
T=nn = )

Since the evaluation of equation 1 requires that the diffracted amplitude to be known over a
grid of points (X',y’) in the image plane, the program itself uses FFT diffraction calculations to
compute U(X'y’). The form of the mode pattern w(x',y’) depends on the structure of the fiber.
For a step index fiber, the fundamental mode is given by

-
Vewino K(ran)j (3
Ko(w

where ' = (x*+y' ) and u and w are constants determined by the fiber construction
parameters,
. METHODOLOGY AND DATA

Simulation was performed with optical design software and it takes into account basically
three different stages. Firstly, we have the optical pumping element i.e. the laser diode. Here, it
is possible to vary as the wavelength as the numerical aperture of the object. Secondly, we have
the optical array that is formed by athree lens collimator (L1-L3) with a numerical aperture NA
of 0.5, followed by a lens that acts as a focusing element (L) with NA = 0.12. The
characteristics of the elements forming this stage are showed in table 1. Thirdly, there is a fiber
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optic where we can change the core refraction index as well as the cladding refraction index.
Besides of this, it is possible to adjust the fiber core radius.

Table 1 — Characteristics of the lens employed at the optical coupling array.

Element Surface Radius Aperture Radius
Ly (')Et 8 25
- o 01 35
- o “oree 4
T e I

Asshownin Fig. 1, rays of light upcoming from laser diode are effectively collimated at the
region between L3 and L4. This stage greatly contributes to the correction of the beam quality
factor. In the next phase L4, whose effective focal length is 36 mm, the laser pump beam is
focused to a suitable spot size to be coupled into the double clad fiber optic.

AL
L

L1 L2 L3 L4

Fig. 1- Scheme of the optical coupling array.

[1l. RESULTS

One of the most important considerations in coupling light into a fiber optic is the spot size.
In this simulation, the optical pumping source wavelength was 915 nm, and the spot size at the
paraxial focus length was 15.69 um as shown in Fig. 2. Therefore, this design is compatible
with common Y b-doped double clad fiber.

We calculated the coupling efficiency based on the three main fiber characteristics. core
refraction index, cladding refraction index and core radius. The best efficiency of 84% was
performed by refraction index of 1.465 and 1.464 of core and cladding respectively, and a core
radius of 12.5 um.
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Fig. 2 — Geometrical spot size.

V. CONCLUSIONS

We designed and simulated an optical pumping coupling system. The design consists of a

collimator and a focusing lens. The results showed a spot size of 15 um which can be coupled in
adouble clad fiber optic. The system provides a high optical coupling efficiency of 84 %. Since
the wavelength that showed better results was 9150 nm, this model is suitable for Y b-doped
double clad fiber optic lasers.
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Aguilar, J. A. Dominguez-Lopez* and F. Martinez-Pifion**

Centro de Investigaciones en Optica, Loma del Bosque 115, 37150 Leén, México
*Centro de Investigaciones en Matematicas, Guanajuato, Mexico
** CIITEC - IPN, Sta. Catarina, D.F. México
Email: jalvarez@cio.mx

Abstract. We present results on high-radiance quasi-single mode, high power, double clad, Er/Yb-
doped fiber lasers with suitable output power for laser surgery in the 1550 nm wavelength region
(central wavelength at 1545nm) and also suitable for optical coherence tomography (OCT),
microsurgery, and skin resurfacing. We have demonstrated >5W from a co-doped fiber laser and a
Snm line-width.

Keywords: Lasers, Fiber, Medical.
PACS: 42.62.-b, 42.81.-1
INTRODUCTION

The use of Yb’" as a sensitizer for co-doped high power fiber lasers has been widely

used in the last few years[1]. There have been amazing record-breaking results with

such co-doped sources [2]. In the present work, we discuss experiments carried out
3+ 3+

using the Er /Yb approach, which increases the choice of pump wavelengths for the
erbium-doped fiber lasers.

Yb**-sensitized Er**-doped High-radiance Sources

Erbium-doped and Yb*"-sensitized Er’* glasses have been investigated for the last 30
3+ 3+

years [3-4]. Er /Yb -doped fibers directly amplify signals within the third

3+ 3+
telecommunications window, at ~1550 nm. Some of the applications of Er /Yb —
doped fiber amplifiers are found in the distribution of common antenna television
(CATV), free-space communications,, super-fluorescent sources, and medical
applications that benefit from the eye-safe nature of 1550 nm light[5]. Lower efficiency

of EYDFs leads to lower available output powers, compared to those from Ytterbium-
3+ 3+ 3+

doped fiber lasers (YDF’s). The Er /Yb co-doping technique allows pumping of Yb
ions using E)road—stripe high-power pump sources to reach much higher output power
+

levels. Yb ions exhibit strong absorption over a wavelength range extending from
3+ 3+ 2

800-1100 nm. Yb excited ions then transfer their energy to Er ions. The F,,level of

3+ 2
the Yb , exciting it into the F,, level, absorbs pump photons. From there, a
3+
cooperative energy transfer process between the excited state Yb and the ground state
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3+ 4 3+ 4 3+
Er inthe I, level excites the Er to the I ,level while dropping the Yb back to

its ground state [7].

Free-running Fiber Laser Results

3+ 3+
The main objective for this work is to develop efficient cladding-pumped Er /YDb

using a pump concentrator unit with the following optical characteristics: >25W, CW at
982nm. The initial work consisted on the optimization of the launching efficiency, fiber
characterization, fiber laser set-up and finding the optimum device length for our
purposes. We aimed at obtaining >5W at the “eye-safe” wavelength of 1550nm. For the
experiment, we used fiber shown in Fig. 1a, with the set-up shown on the right. A good
power level from this device can be obtained in the laboratory without too much careful
alignment and only a good end-cleaving of the fiber is required for the 4% Fresnel
reflection and cavity gain build-up. Figure 2 shows the output characteristics at
1545nm.

HD-379 Silicon Rubber
Silica
0m Er//Yb COIre

300um

@) (b)
FIGURE 1. Schematic of the energy transfer from Yb>* to Er’* ions and fiber laser configuration

The multimode beam obtained from this device is due to the 30-um core of the fiber.
This relatively big size core was chosen to increase the launching efficiency and
absorption. The slope efficiency is 30%. The maximum output power is 6.2W
continuous wave at 1545nm.
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3+ 3+
FIGURE 2. Output characteristics of the HD-379 Er /Yb high-power, fiber laser: Output power vs.
launched power

CONCLUSIONS

We have demonstrated an efficient, high radiance, Er/Yb-doped fiber laser with a novel
inner-clad structure, more then SW output power at the eye-safe wavelength of 1545nm
and with a simple, portable experimental set-up. We intend to explore more options of
pump sources, dopants and fiber design to develop new high power sources with good
beam quality and flexibility.
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Abstract- We compute the evolution of a signal, pump, backward and forward ASE in a fibre laser in a model that
takes into account the modal shape of the radiation fields, the spectral shape of cross sections and of forward and
backward propagation ASE, pump power depletion, and saturations due to ASE and or signal. The model can be
easily extended to different rare-earth fibre lasers configurations subject to some constrains, since the physics
remains the same in many cases. Some spectroscopy data of important fibre fabrication companies and published
papers are then used to calculate the amplification, and gain. Three different rare earth doped fibres (namely
ytterbium, neodymium, and thulium) were objects of this analysis. Finally, the numerical calculations showed to be
in good agreement with reported experimental results (slope efficiency, etc).

Keywords: Rare earths; Fibre laser.

l. INTRODUCTION

Cladding-pumping has revolutionized fibre lasers over the last decade. The perspective of that
a singlemode diodes are limited in power to a few hundred miliwatts changed with the
breakthrough idea, referred to as cladding-pumping (using double-clad fibers), patented by James
Kafka at Spectra Physics [1]. A double-clad fiber, indeed, enables a good match with the output
beam from broad-stripe diode. These are multi-mode devices that can generate much higher
powers than singleemode ones. Thus, with cladding-pumping, a double-clad fibre laser can
produce much higher output power, in a beam that nevertheless can be diffraction-limited.
Cladding-pumped fibre lasers are currently considered for many applications, where high laser
powers are required.

Simplicity is a magjor attraction of active fibre devices. By simply incorporating a dopant
(typically arare earth) into the core of an optical fibre, a powerful gain-medium is realized. The
first rare-earth doped fibre devices go back to the 1960's when C.J. Koester and E.Snitzer [2,3]
developed aflash-lamp-pumped neodymium-doped fibre amplifier.

Rare-earth doped fibers offer many advantages for example: they are lightweight and flexible
and can be coiled so that compactly packaged and robust devices can be realized; they are well-
controlled beam shape, owing to the confinement of light in the core of the fibre; the thermal
management is simple thanks to the extended length, large surface area, and small transverse
dimension of the fibre [4]. We can also find the rare-earth fibers good devices offering a high
gain, and the use of a glass host leads to a wide bandwidth, which makes them suitable for
amplifiers as well as for widely tunable lasers. Other attractive features of fibers lasers include
narrow linewidth (with wavelength-selection), efficiency, stability, reliability, and temporal
characteristics ranging from CW to femtosecond pulses. All these attractions make fibre lasers
very useful in areas such as thermal printing, drilling, welding, cutting, material processing,
1-4244-0628-5/06/$20.00©2006 | EEE.
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nonlinear frequency conversion, remote pumping of EDFAS, range finding, defense, aerospace,
and medicine [5.6].

For those reasons, the rare-earth modeling is acquiring so much importance now in our
days. This work is focus in the modeling of three different rare-earth doped fibers (Y tterbium,
Neodymium and Thulium). These rare-earths are the most applied in investigation because of
their high conversion efficiency compared with other rare-earths.

Il. NUMERICAL MODEL

The equations do need to be solved numerically. Assume again that the pump and the signal
light are co-propagating. The numerical solution proceeds as follows. First, the (discretised)
forward-travelling ASE spectrum and the pump and signal powers are propagated forward
according to Egs. (1) — (6) with S-ASE=0in (5).

dP((;,v) =0, (zV)P(zV) (1)
gm(v):I\P(r,v)[Nz(r,z)(ae(v)—aESL\(v))—Nl(r,z)aa(v)JZﬂrdr )
ye(z,v)zae(v)j‘{’(r,v) N, (r,z)2zrdr (3)
dS'AsE(z,v) N
a2 O (2,V)S*AsE(Z,V) + 2hvy, (Z,V) (4)
R(r,2)= Pp(z)‘P(hrV,vp)Ga(V)Jr Pp(z)\lf(rr“,lzls)aa(vs)
+T‘P (rv) S'A%(z,v) r-]I-VSASE(Z,V)O_a (v)av )
R
n, “(RrW+ A (6)

The equations are integrated numerically, e.g. with a Runge-Kutta method. At the same time,
the population inversion throughout the fibre is calculated. The resulting forward-travelling light
powers are then used in (5) when (4) isintegrated backward to yield the backward-travelling ASE
spectrum. In the process, the population inversion is recalculated. Appropriate boundary
conditions (determined by the endreflectors) are used to couple forward and backward-
propagating light fields to each other. Then, (1) and (4) are integrated forward again, now
including the S- ASE(zV) just found in (5). This process is repeated until convergence is reach.
Other methods for solving (1 and 5) exist, too. In the case of alaser, no signal isinjected. Instead,
the lasing field builds up from spontaneous emission.

[11. RESULT AND DISCUSSION
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Y tterbium is an interesting dopant for several reasons. The energy level structure is extremely
simple in compared with many other rare-earths, consisting of a split ground state %F7, and a split
excited state 2Fs;,. The lack of other energy levelsin the infrared and the visible ensures that ESA
will not be a problem and hence the results presented below on efficiency and output power
should be scalable to much higher values. Fig.1 shows the resultsin this rare earth.
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Fig.1 Y tterbium results, output power versus pump power.

The maximum output power at 980 nm was 3.27 watts for an absorbed pump power of 5.11
watts and the threshold absorbed power was 1.07 watts. The slope efficiency with respect to
absorbed power was 77.20%. Other data of Y tterbium doped fibre modelling are: the total length
of the fibre was 3.95 m and the dopant concentration was 25x10% iones/cm®.

Compared with Ytterbium, Thulium has a very much more complicated energy level
structure. Laser action in a Tm-doped fiber can be achieved by pumping into one of several
available absorption bands, each having its own advantages and disadvantages. Fig. 2 shows the
results for the thulium doped fiber.
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Fig.2 Thulium results, output power versus pump power.
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Thulium doped fibre pumped at 780 nm achieved a total output power of 1.31 watts out
of 5.11 watts with a threshold absorbed power of 1.10 watts. We obtained a slope efficiency of
30.88%. The dopant concentration was 110x10°" iones/cm® with atotal fibre length of 0.5 m.

Neodymium is modelled with a three-level system. Fig. 3 shows what we obtained out of
this modelling. It was pumped at 807 nm to amplify light at 1058 nm. The maximum output
power was 2.56 watts with a threshold of 1.12 watts. We achieved a slope efficiency of around
56.01% with a dopant concentration of 12.90x10** iones/cm? and atotal fibre length of 120 m.
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Fig.3 Neodymium results, output power versus pump power.
V. CONCLUSION

The results obtained in this work, were compared with other rare-earth doped-fibre
simulations and we realized that our work is reliable. We utilized some spectroscopy data of
important fibre fabrication companies as a base like the diameters of the fiber, indexes of
refraction, pump wavelength, etc; that guarantee even more our work.

The model utilized can be easily extended to other rare-earth fiber laser configuration,

since the optics remains the same. On Y tterbium, Neodymium and Thulium, the model worked
efficiently, with 77.20%, 56.01% and 30.88% of slope efficiencies respectively.
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Compact, simple tuneable mechanism for fibre lasers
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Abstract: A simple tuning-mechanism for an ytterbium-doped fibre laser is implemented. Based on the
wavelength-dependence of the re-imaging distance that occurs in multimode-fibre, a fibre-gripper is
fabricated to provide automatic-alignment of the multimode-fibre and a fibre-mirror.

@2006 Optical Society of American
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The broad spectral line-width of fibre lasers makes them attractive candidates for wavelength tuneable sources. Moreover, they
have found important applications in several areas such as material processing, industry and medicine. However, the use of
components to tune a wide gain medium is interpreted as a synonymous of complexity and voluminous. In this work, we present
an enhanced design for wavelength tuning in a fibre laser. For this purpose, a novel tuneable fibre laser is demonstrated in which
the wavelength selectivity is realized by adjusting the separation between a broadband mirror and the fibre facet of a 15 mm long,
105/125 um multimode fibre (MMF). The MMF is spliced to a single mode fibre which is spliced to the active ytterbium doped
fibre. The fluorescence signal entering into the multimode fibre will be reproduced as single images at periodic intervals along the
propagation direction of the fibre. The length of the fibre is chose to be slightly shorter than the first re-imaging point, such that
the signal coming out from the MM fibre is obtained in free space. Since the position of the re-imaging point is wavelength
dependent, different wavelengths will be imaged at different positions as mentioned in ref [1]. But, as a way to enhance the tuning
in this fibre laser, a fibre gripper was then fabricated that automatically align the tuning mechanism module. The new setup
consisted therefore, of a fibre gripper which is essentially a channel with negative slope walls. The gripper structure is designed
such that when a fibre is inserted it will be held within the channel (Fig. 1a), moreover a double clad ytterbium doped fibre, DC
YDF, is end-pumped by a fibre pigtailed laser diode with 1.5 W of fibre coupled output power at a wavelength of 915 nm. The
end of the DC YDF used for pumping was perpendicularly cleaved to provide feedback for laser oscillation, and also to operate as
the output coupler for the laser. The other end of the fibre was spliced to the tuning mechanism. The fibre mirrors used in the
tuning mechanism were fabricated on standard single mode fibres by coating one of their facets with gold film using a standard
thermal evaporator. As previously stated, wavelength tuning is achieved by varying the distance between the MMF and the fibre
mirror. The tuning of the system was characterized by measuring the lasing wavelength as a function of the separation between
the MMF and the fibre mirror. The results are shown in Fig. 1b. We demonstrated an enhanced tuning mechanism in a cladding
pumped fibre laser and a tunability of 12 nm was measured with this new implementation.
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Figure 1: a) Experimental tuneable setup, b) Experimental tuning results.
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Abstract

We report a widely tunable band-rejection filter made with holey fiber and based on microbending
induced long period grating. The holey fiber filter shows a 200 nm tuning range and <0.5 dB out-of-
band loss.
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Introduction

Long period fiber gratings (LPFG) have been efficiently used in optical filtering operations. These components
are used as non-reflecting band-rejection filters, band pass filters and tunable band-rejection filters. A non-
reflecting band-rejection filter is used to block communication channels or remove Stokes orders in cascaded
Raman amplifiers and Raman modulators [1]. A band pass filter alows the transmission of particular optical
bands, while a tunable band-rejection filter enables broadly tunable filters for communications systems and laser
applications. Recently, this last type of filter is under study because their potential applications in optical
communications and other special applications.

Two ways to implement a tunable band-rejection fiber filter based in a LPG have been reported. The first case
requires permanent recording of a long period grating in the fiber, in which strain, temperature or flexure is
applied to obtain the tunable LPFG [2, 3]. The other way consist on applying mechanical stress in the fiber to
induce the LPG in which the grating period can be easily modified to tune the wavelength center of the band-
rejection filter [4]. In the latter case, the tuning range is at least three times wider than examples of the first
methods reported, with similar modulation index and bandwidth. Additionally, in the mechanical induced
deformation method the band-rejection filter can be erasable or reconfigurable in the fiber.

In this letter, we present a simple widely tunable band-rejection holey fiber filter based on microbending
induced long period grating. The experimental results show a tuning range over 200 nm, with less than 0.5 dB
loss out-of-band, modulation index of 10 dB and adjustable bandwidth from 20 to 40 nm. These characteristics
and its ssimple implementation to operate in the near infrared region make it an attractive in widely tunable fiber
filters.

Experiment and results

A periodical mechanical stress in an optical fiber induces an effective index modulation. This periodical
perturbation couples energy from the fundamental mode (LP,,) in the fiber core to cladding forward modes
(LRm). The coupling is highly efficient at a wavelength given by the phase matching condition 4 = (n,, - ng)A,
where n_ and n are the propagation constants of the core and cladding respectively and A is the induced

perturbation period. The effective modulation index induced by mechanical stressis due microbending and press
contributions via the photo-elastic effect. Because the long period (400-2000 um) in LPG, corrugated plates and
springs have been used to apply periodical mechanical stress on the optica fiber [5,6]. Additionaly,
experimenta results show that ordinary optical communication fibers require higher pressure compare to holey
fiber because the micro-structured air holes are more sensible to microbending [7]. For that reason, holey fibers
could be a better option in the implementation of mechanically induced L PG as band-rejection fiber filters.
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In this proposal the tunable band-rejection filter is obtained by pressing a semicircular section of a photonic
crystal fiber on a corrugated grooved plate (CGP) with a flat plate as is shown in Figure 1a. The corrugated
plate was fabricated with aradia step grooved pattern, in which each step groove has 600 um of diameter and
900 um depth. This CGP design permits to change the period (A) with the curvature radius R, according to the

expression A = % R, here Risin mm. For this design A varies from 663 to 1047 um. The dimensions of the

CGP and the cover flat plate are 60 mm long and 30 mm wide and the semicircular grooved sector in the
corrugated plate has internal and external radius of 19 mm and 35 mm respectively. The PCF used in the

experiment is a single mode fiber operating in the infrared region with 10 um core diameter and 125 um
cladding diameter.

CGP

Pressure

w. Z_... Flat Plate
"
< —
Period
PCF
WLS OSA
@ (b)

Figure 1. () Schematic of experimental set up, (b) Holey fiber.

In the spectral transmission characterization of band-rejection filter the signal from a white light source (WLS)
was launched into one end of the PCF through a FC adapter, while the other end was coupled to the optica
spectral analyzer (OSA). Then, the fiber was laid in semicircular form on the grooved plate employing two x-y
trandation stages (Pxy) and asimple manua press system was used to push the cover flat plate on the RPG. The
spectral transmission of the tunable rejected filter for different values of curvature radius is shown in figure 2a,
where we can observe a tunable range of at least of 200 nm and a maximum modulation index 15 dB at 1017
nm. In al cases the out-of-band loss was less than 0.7 dB, and as we increase the curvature radius the central
wavelength experiments a linear red shift as shown in Figure 2b.
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Figure 2. (a) Transmission spectrafor different curvature radius, (b) Red shift central peak for curvature radius.
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Figure 3. Bandwidth asfunction of theradial off set.

The bandwidth of the rejection filter can be detuned by introducing an offset in the semicircular position of the
holey fiber in the corrugated plate. Figure 3 shows the bandwidth variation as a function of the offset of the
semicircular trajectory. For small offsets the bandwidth is aimost constant but for off sets more than 500 um the
bandwidth could increase from 15 to 30 nm, although the modulation index decreasetill 8 dB. Findly, the set up
was also proved with standard single mode fiber SMF28 but not notches were observed with the same
conditions of the holey fiber case.

Conclusions

We propose a simple widely tunable rejected filter based in mechanical deformation that operates from visible
to near infrared. The experimental results show a tuning range wider than 200 nm with insertion loss of less than
0.7 dB. Line-width could be detuned from 15 to 30 nm by adjusting the position of the fiber over the radial
grooved plate. We found that the proposed set up requires low pressure (3.3 kg ) in order to obtain deep, 15 dB
modulation and the configuration is not sensitive to curvature diameters larger than 3 cm. Moreover, other
reported mechanical deformation methods on tunable are limited to operate in PCF devices operating from the
visible to near infrared region. This because FCF requires larger period to blue shift of the wavelength center as
opposed ordinary fiber. The tunable band-rejection filter promise potential applications on photonic crystal fiber
devices operating from visible to the first communication window.
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ABSTRACT

We show an approach to a tunable multi-wavelength fiber laser. The beam bending steel technique has been applied for
our purpose. Variations on the relative distance between the fiber and the steel beam demonstrate alterations on
important laser characteristics like, output power, wavel ength shift and wavelength spacing.

Keywords: multi-wavelength fiber laser, optical fiber Bragg grating, beam bending steel

1. INTRODUCTION.

Optical fiber lasers with single frequency combs covering the different optical telecommunication bands find many
applications in the communication and sensors areas. The requirements for these kinds of lasers have changed through
recent time, even more; optical devicesthat cover a certain range of tunable wavelength are now needed.

Many techniques have been applied to Fiber Bragg Grating (FBG) in order to reach tunable ranges. The compression
technique has demonstrated to be the one which offers not only a widely tunable range but low-cost and small insertion
losses [1] also this technique gives to the FBG a much better resistance to breakage [2].

Recently we can find in the literature techniques based on compressing the FBG, such as the axial compression [3] and
the beam bending technique which has proved to be a proper technique for a high tunable range, low insertion losses and
small variation of the full width at half-maximum [4, 5]. Being this technique the chosen one to our work. In the other
hand some of them need piezoelectric actuators which are associated with high voltage amplifiers [6, 7] making them
bulky and costly.

An important implementation to the compression technique has been the addition of an embedding material [8]. This
addition has improved some important characteristics as duplicate the tunable range and reducing the full width at half-
maximum. The advantages for using high difference Y oung Modulus materials on tunable grating optical systems are
well known [3, 5, 8] accomplishing low insertion losses with long wavelength shift. The material with a high Young
Modulus normally used is a steel plate along with a low Young Modulus material as an embedded one. The polymer
Surlyn 8940 from DuPont is a good example of an embedded material. Among other reasons for the usage of the
Polymer Surlyn 8940, is that it adheres quite well to the metal and to the silica. This polymer comes in the form of small
pellets with a diameter of 2mm approximately.

In this paper, we show a glance of our approach to a tunable multi-wavelength fiber laser. We have tested three different
opto-mechanical devices: cylindrical shape, screw longitudinal shape and beam bending steel but in this paper we just
show the most promising one. All compression devices were tested with passive fiber Bragg grating (FBG) with length
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of 25 mm which is more than 2 times the length of the experiment published in [3, 5, 8]. Previous work mainly observed
the central wavelength deviation without observing the phase response stability.

2. EXPERIMENTATION
2.1 Beam bending (u-compression).

The beam bending technique consists in mounting the polymer and the grating on a metal plate (steel) in order to apply a
compression force in both sides of the metal plate giving to it a U shape. The beam bending is shown as follows in Fig.
1

A molding process is needed in order to set the optical fiber perfectly aligned, this process consists on setting different
polymer layers on a metal plate delimitated by a Teflon mold. The final polymer shape has dimensions of 117mm, 10m,
7mm, long-wide-height approximately. The optical fiber grating final level was reached with 4 layers placed at 150°C for
3 hours each one before laying down the optical fiber grating on the polymer. Then two more layers at 120°C for 4 hours
each one were set above.

Figure 1. Polymer set on ametal plate after the molding. Figure 2. Frontal view of the mold with a pyramid shape.

At this point we were concerned about reducing the excess of polymer by a machining process so a pyramid shape was
adopted. It was considered critical the fiber alignment so in this mold was a priority. Fig. 2 shows a front view of the
final pyramid shape after the machining. The results showed a good correlation of the wavelength shift and wavelength
spacing between long and short wavelengths as they are showed in Fig. 3 and Fig. 4.

Figure 3. Wavelength shift of the U compression device with pyramid shape, machining process and grating aligned.
Figure 4. Wavelength difference of the U compression device with pyramidal shape, machining process and grating aligned.

Proc. of SPIE Vol. 7839 783928-2

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 01/15/2015 Terms of Use: http://spiedl.or g/terms



A special analysis was done by a MATLAB program, to compare the spectral shape of all measurements by
superimposing the wavelength shifted spectra. The program plots the applied spectral shifts and 3dB bandwidth for all
measurements. Fig. 5 shows this comparation analysis.
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Figure 5. Matlab analysis.

U-compression system clearly demonstrates good performances as tuning system. Fig. 5 show small variations of the
fiber Bragg grating group delay response and 3 dB bandwidth variation less than 5% (11.7nm/12.3nm).

2.2 Experiment of laserswith U-compression device.
The retained approach for the lasers experiment was the U-compression device because it clearly demonstrates less

impact on the FBG phase response while compression was applied. The range of tuning is dependent of the relative
distance between the fiber and the steel beam (Lg). Three different values of Lgg were tested to see if some trade off

exist between the tuning range and laser stability.

2.2.1 Experiment of U-compression with Lg=6mm

Fig. 6 and Fig. 7 shows the polymer mold of the fiber laser with Lz = 6 mm before the final machining process. Steel
beam dimensions are 210 mm long, 25.4 mm width and 1 mm height. The fabricated mold has length of 117 mm and a
width of 10 mm. The mold height depends on the tested distance between the fiber and steel beam.

Figure 6. Fabricated mold. Figure 7. Frontal view of the fabricated mold.
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Compression system is shown Fig. 8(a.i,b.i). It is shown a side view of the compression device for compression screw
positions of 18 mm and 20.5 mm respectively. On each figure, two curves are superimposed on the picture to compare
the beam bending to parabolic and circular functions. In aii and b.ii, each corresponding function is plotted and their
difference is calculated in aiii and b.iii. The Y axis units are in pixels of the related picture. These results clearly
demonstrate that bending device allows to produces a bending shape very close to the desired circular one.

ai b.i
aii b.ii
aiii b.iii

@ (b)
Figure 8. (ab). Beam bending shape analysis with a screw distance of 18mm and 20.1mm respectively.

Fig. 9 shows the spectrums for respective compression screw position. We can see that wavelengths were down shifted
by =15 nm for relative displacement of 1.1% (2.4 mm / 210 mm). We also observe that output power was not especially
affected by the down shifting process.
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Figure 9. Wavelength shift spectrums at different screw position. Figure 10. Grid error relative to 100 GHz.

Fig. 10 shows the evolution of the grid error relative to a 100 GHz grid. We can see that the application of the U-
compression increases peak-to-peak grid error, which indicates that FBG chirp is dightly affected.

We also tested the option to make an expansion to create up shift of the wavelength. Some instability were observed
during the extension application. It was previously observed that when we apply expansion on the mold, it requires
longer time (compare to compression) to obtain the final expansion state. Then, while the OSA is sweeping, we can see
simultaneously that laser wavelength is up shifting (same direction of the OSA sweep). That creates unusual spectral
measurement like it is presented in Fig. 11 in red. This spectrum was taken for a screw position of 17.3 mm (bending
forced in up direction). After this point, screw position of 17.6 mm, we saw aradical power decreasing. The observation
of the noise floor reduction potentially indicates that we damaged the input splice between fiber HI1060 and EY 302 in
the mold.
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Figure 11. Strange spectral emission (red color).

After these measurements, we did the machining process to improve the symmetry and also create the pyramid shape of
the mold. Fig. 12 and Fig. 13 show the sample after machining.

Figure 12. Machining process with pyramidal shape. Figure 13. Front view of the mold with pyramidal shape.

Fig.14 shows different spectrums for respective compression screw position. We can see that wavelengths were down
shifted by =16 nm. These measurements show lower output power relative to non-machined mold measurement. Like
previously mentioned that was observed during the expansion experiment and it is potentially caused by splice break.
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Figure 14. Wavelength shift spectrums at different screw positions. Figure 15. Grid error deviation.

Fig.15 shows the grid error evolution. We can see that chirp is quite affected but the peak to peak deviation.
These results were at first point of view very promising. However the things were not the case when we began to reduce

the compression. Fig. 16 shows the output spectra while de screw distance was reduce to decrease the applied
compression.
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After few compression/release cycles, the output spectrum becomes different to the initial states observed at the
beginning. At that moment, we were suspecting two potential problem sources. First, it was the accumulation of residual
stress coming from the hysteresis of the polymer. Then after few cycles, the laser structure can potentially be affected by
non-uniform stress along the grating. The second one was the potential temperature increase which can potentially makes
polymer melting around the fiber and then let the fiber to adopt a non-well aligned position.

2.2.2 Experiment of U-compression with Lg=2mm

Previous experiments showed problems coming from the use of a large distance between the fiber and the steel beam
(Les). Then we tested another laser sample with smaller distance. Our expectations were that by reducing Lgs, the fiber
would benefit of more thermal dissipation ability by more proximity of the steel beam. We also expect that putting the
fiber more close to the steel beam will then ensure more stable deformation applied on the fiber.

Before taking the entire series of spectral measurement, we make an initial compression test by observing the laser
performance. The evolution of the wavelength shift seemed very stable (output power) the instability disappeared at all,
even in the first wavelength shift, a total range tuning of 20 nm were reached. 16 nm were for compression of the
fabricated mold and 4 more nm were for extension. After the firsts observations (extension/compression) the instability
appeared again.
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Figure 17. Measurement of spectral emissions at different times.
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Even if the laser was affected by the first compression test, we got a series of spectral measurements while compression
was applied. Fig. 17 shows several measurements for different time (relative to the pump activation). Each graph shows
measurement just after compression application (blue) and 4 minutes after (red) for each screw position (SC). Graphs @)
to h) show the spectral shift evolution while compression is gradually applied and i) to o) whileit was release.

Graph c) and m) shows the laser degradation after on cycle. In m), the laser does not go back to its referred SC (c) and
also presents output power aterations.

2.2.3 Experiment of U-compression with LFB=0mm

Experiment with Lgg = 2mm still presented some laser deterioration when we reach large wavelength shift. We then
decided to test the performances of the minimal value of Lgg which isequal to 0. A laser sample was directly place inside
a small groove made directly on the steel beam to keep in straight line the fiber during the molding process and
compression experiment. A small layer of polymer was melted over the fiber laser to ensure its fixation. With this
minima Lgg distance, we expected to obtain a better cycling performance due to the direct contact between the fiber
laser and the steel beam compressor which ensure better heating dissipation and fast response. Fig.18 shows the spectral
shift evolution while the compression isincreased (ato f) and released (f toi).
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Figure 18. Spectral shift evolution during compression.

We clearly see that output power is not affected by the compression cycle for similar deformation as applied for Lgg=2
mm. We also observe very quick response of the tuning changes. Each time we rapidly modified the SC, the observed
change was automatically saw on the next sweep on the OSA (fast sweep with low sensitivity).

CONCLUSION

Use of polymer mold as compression device requires lot of precaution during the melting process to ensure uniform
distribution of the stress along the fiber. We observed some benefit on machining operation by making a pyramid cross
section shape to improve stress uniformity by reducing the retention force of the upper part of the mold. U bending
compression device is the only one design which gives the ability to uniformly distribute the stress along the fiber. We
experiment wavelength shift of about 30 nm with small bandwidth variation less than 5%. If the desired application is
more tolerant to FBG chirp variation, the only limit of the U bending will be the elastic limit of the used steel beam.
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Multiwavelength laser tuning is a really more complex technique to develop. We observed relatively good tuning
response when we began the measurement of specific laser. However, we observed deterioration of the lasers
performances when compression/release cycle was performed with lasers in operation. We suspecting fiber heating
(from high energy pump absorption) is the major issue in the system. We think that fiber temperature increase can reach
value close to the melting point of the polymer and then deteriorate the fiber alignment inside the polymer mold. Only
the experiment with direct contact of the fiber with the steel beam showed good performance at the expense of the tuning
range.

From our point of view, tuning system for multiwavelength laser would be potentially be made by finding a specific
metallic material which has high Y oung modulus and elastic limit. By fixing the fiber laser directly on this new beam,
we will be able to reach larger tuning range. However, this approach can benefit from the tuning range extension coming
from the distance Lgg. Another option is to find another material to replace the actually used polymer. It would be
preferable to select a material with good adhesion to metal and silica but with higher melting temperature. 1t would be
also preferable that this material will have good thermal conductivity. However, it looks to be difficult to find this kind
of material.
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Abstrtact: The characterization of a mechanically induced long-period fiber grating (MLPFG) on
an Erbium doped fiber (EDF) is analyzed. A shift of 40 nm of the resonance peaks were observed

varying MLPG's fabricated with CO, laser.
OCIS codes: (050.0050) Diffraction and gratings; (050.2770) Grating

1. Introduction

MLPFG are transmission filter well used in optical fiber telecommunications and optical fiber sensing applications.
These devices also work like band-pass filter [2], multiple wavelength filters [3], and strain measurements [4] just
for mention some of them. MLPFG's are temporally formed by refractive index perturbations in the core and in the
cladding which allow the coupling of the light between the fundamental mode in the core and the co-propagating
higher order modes in the cladding [1].

It is found in the literature several techniques to inscribe a MLPFG, for example using a coiled spring [5], or a
silicon fixture [6]. Among these techniques, there is one which uses two metal grooved plates [1] which has
demonstrated some advantages, like easy implementation, high repeatability etc. Inducing the two plate’s technique
made of acrylate by a CO, laser directly into an Erbium doped fiber (EDF), we obtained a spectral transmission
characterization which has not been reported yet.

2. Experiments and Results

In this work, the MLPFG is obtained by pressing a single mode erbium doped fiber on a corrugated grooved plate by
a flat plate. Three different corrugated plates with different periods (A) each, were used. These periods were 540,
570 and 600 nm. The three corrugated plates were fabricated of acrylate with a CO, laser. Each plate contains 62
step grooves with a diameter of 275 pm. Fig. 1 shows 3 step grooves of a corrugated grooved plate with a period of
570 pm.

Fig. 1 Corrugated grooved with a period (A) of 570 um.

The spectral transmission characterization of the MLPFG’s was obtained by using the spectral fluorescence of
the EDF. A 980 nm diode was fusion splice with a WDM which was also fusion spliced with one end of the EDF.
The other end of the EDF was coupled to an optical spectral analyzer (OSA). The EDF was laid over each
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corrugated grooved plate (3) one at a time, being the flat plate, the cover using a simple manual press system. Fig. 2
shows the schematic experimental setup.

Fig.2 Schematic experimental MLPFG setup.

Once the 3 corrugated grooved plates were used, the spectral transmission was achieved as it is shown in Fig. 3.
It is indicated with the numbers 1 to 3 the excited modes with the 3 different corrugated grooved plates. According
to the results, there is a shift of 40 nm in the resonant dip wavelength. Maximum depth notches of 3.5 dB were
achieved. It is important to remember that the tuning span was limited by the EDF fluorescence.
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Fig. 3 Tuning span of 3 MLPFG on a EDF.
3. Conclusions

The spectral response of MLPFG's made by pressing a grooved plate and a flat plate over a single-mode EDF was
analyzed. Both the grooved plate and the flat plate were made of acrylate fabricating the MLPFG's with a CO, laser.
A maximum shift of 40 nm in the resonant dip wavelength was observed with a 3.5 dB depth notches as a maximum
with less than 1 dB out of band losses.
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ABSTRACT

The Erbium doped fiber laser (EDFL) has demonstrated to be the ideal source for optical communications due to its
operating wavelength at 1550 nm. Such wavelength matches with the low-loss region of silica optical fiber. Thisfact has
caused that the EDFL has become very important in the telecomm industry. This is particularly important for Dense
Wavelength Division Multiplexing (DWDM) which demands the use of single emission sources with different emission
wavelengths. In the long run, this increases the capacity of transmission of information without the necessity to increase
the infrastructure, which makes tunable laser sources an important component in DWDM applications. Many techniques
for tuning have been demonstrated in the state of the art and we can mention, for example, the ones using birefringence
plates, bulk gratings, polarization modified elements, fiber Bragg gratings, and very recently the use of multimode
interference (MMI) effects. The MMI consists in the reproduction of single images at periodic intervals along the
propagation direction of a multimode optical fiber, taking into account that these single images come from a single mode
fiber optic.

Here, a compact, tunable, erbium-doped fiber laser is experimentally demonstrated. The mechanism for tuning is based
on the multimode interference self-imagining effect, which results in a tunable range of 12 nm and optical powers of
1mW within the region of 1549.78-1561.79nm.

Keywords: Erbium doped fiber laser, multimode interference effect, fiber optics.

1.INTRODUCTION

Erbium doped fiber lasers (EDFLS) operating around 1550nm are the ideal emission source used in optical
communications because it coincides with the low-loss region of silica optical fiber. Therefore, significant amount of
research has lead to avariety of EDFLs which have played an important role in thisindustry [1]. Single emission sources
are used as signal sources in the telecom industry, and typically different emission wavelengths are required for DWDM
systems. As aresult, the ability to have a single laser source that could be tuned between different wavelengths, in rea
time, has gained a place in the DWDM technology. For this reason, tunable laser sources have been widely investigated
to supply the demand of DWDM technology. Many techniques for tuning have been demonstrated in the state of the art
and we can mention, for example, the ones using birefringence plates, bulk gratings, polarization modified elements likes
the one used by Shenping Li et al, where a single polarization fiber acts simultaneously as a polarizer and a tunable filter
in alaser cavity [2]; fiber Bragg gratings likes the one used by Nathaniel L.C Libatique et a [3] where a tunable fiber
Bragg grating and a line-width narrowing saturable absorption filter in conjunction with an intra-cavity etalon enable
*singleufrequency emission, and very recently the use of multimode interference (MMI) effects. The latter method has
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alowed the demonstration of single-transverse sources with erbium-ytterbium-doped fiber, such as the one demonstrated
by X Zhu et a [4] in which the splicing of a conventional passive single mode fiber onto a few cm-long active
multimode fiber section enable to precisely control the diffraction laser output in a Er/Y b-co-doped fiber laser. However,
in this paper, we set the configuration for a modified method using the MM effect with a specialty erbium-doped fiber
operating at around 1550 nm. The operation technique is well explained by Selvas et a. [5], in which the analytical
analysisis referred to the operation window at 1060 nm. In a follow-up paper the same authors proposed a fancy change
in the compact set-up for enhancing the tuning mechanism of the same Y b-doped fiber laser, in which the addition of a
U-groove module increases the tunability range [6]. Similar MMI techniques have also allowed constructing very
interesting devices [7], more advanced devices for planar waveguides [8] and some proposals for integrated sensors [9].

Here, a compact, tunable, erbium-doped fiber laser is experimentally demonstrated. The mechanism for tuning is based
on the multimode interference self-imagining effect, which results in a tunable range of 12 nm and an optical power of
1mW within the region of 1549.78-1561.79nm.

2.EXPERIMENTAL SETUP.

The laser configuration consisted of a 9m long erbium-doped fiber (EDF) with a concentration of 200 ppm and 0.17
numerical aperture, a C-band optical fiber isolator, a 980/1550 WDM coupler, a 975 nm fiber pigtailed pumping diode
laser with 90mW optical power, and the tuning mechanism, which involves amirror with high reflectivity at the IR and a
piece of multimode fiber (MMF) with a 105 pum core diameter. As can been seen in Figure 1, the pigtailed 975 nm pump
source is fusion spliced to the optical isolator, which is then fusion spliced to aWDM (port 1). The port 3 of the WDM is
then fusion spliced to the 9m long EDF, and the other end of the EDF fiber was used as the laser output to be monitored
by the optical spectrum analyzer (OSA). The port 2 of the WDM isfinally fusion spliced to a10.31mm long MMF, and a
mirror is placed in front of the MMF facet. The length of the MMF is calculated such that re-imaging around 1562 nm
occurs right at the MMF output facet. Therefore, by simply changing the separation distance between the mirror and the
short piece of MMF, the retro-reflected wavelength can be easily selected due to the wavelength dependence of the MMI
re-imaging effect. The separation between the MMF output facet and the mirror was carefully controlled using a
tranglation stage mechanism. This mechanism was able to change the separation in 8um steps, and at each step the
optical spectrum was acquired using the OSA. A typical V-groove was used to simplify the fiber’s alignment in order to
manipulate the tuning, just by adjusting the separation distance between the mirror and the multimode facet fiber. The
simplicity of the scheme enables usto construct alow cost and effective tunable device fibrerized.

980 nm fibre
isolator

Er doped fiber

2990\
[ \

WV Optical Spectrum
O, | Analyser

Port 3 ¢

Port 2
Mirror
i 1550 nm '/ 1550 nm 1550 nm

Separation
distance

V-groove

Multimode-Singlemode fibers

Fig. 1. Experimental setup for the tunable, fiber laser
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3.DISCUSSION AND RESULTS

The Finite Difference Beam Propagation Method (FD-BPM) was used to numerically model the MMI effect that
occurs in our MMF. The data considered for the simulations was that of a commercial MMF with a 105 pum core
diameter, and numerical aperture of 0.22. As shown in Fig. 2, the first re-imaging point at a wavelength of 1562nm
occurs at a distance of 10.31mm. The MMF is then experimentally cleaved at this distance such that when the mirror is
in contact to the MMF facet, this particular wavelength will be reflected. According to MMI theory, shorter wavel engths
will have appear at longer distances, and moving the mirror away form the MMF facet should tune to shorter
wavelengths. The experimental length of the MMF was slightly shorter than the calculated length, which can be inferred
from the experimental results.

Fig. 2. Beam propagation characteristics of a 105 um MMF for 1562nm

The laser wavelength can therefore be tuned by varying the distance between the MMF facet and the broadband mirror.
Thereby, the tunable erbium fiber laser was experimentally demonstrated as shown in Fig. 3 and it revealed a tunability
of 12 nm ranging from 1549.78nm to 1561.79nm with output powers of ImW. The range tuned was within the C Band
for Telecommunication, which is ideal for application related to DWDM technology. The tunability of the system was
characterized measuring the lasing wavelength against the separation distance between the MMF and the mirror. The
numerical simulations and experimental results are in a good agreement.

Output Power (dBm)

) " 'MI\
2 1564

Wavelenght (nm)

Fig. 3. Experimental tuning results.
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Another important application will be related to high power lasers, since the design could be easily changed by using a
double-clad structure fiber or used this lasing emission as input signal for a MOPA configuration. Thus, a cladding
pumping technique with strongly saturated erbium-doped fiber should be the ideal option to explore a tunable laser with
higher output power.

4.CONCLUSION

It was demonstrated for the first time an erbium-doped tunable fiber laser based on the MMI re-imaging effect. A
tuning range of 1549.78nm through 1561.79nm was demonstrated with output optical power up to ImW. It was obtained
atuning range which can be easily applied to the DWDM technology. The simplicity of the setup permitted to construct
a low cost fiber tunable source with unique characteristics, being the stability and repestability the best outstanding
features of this system.
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Abstract: An interferometric temperature sensor based on a -Zehnderall fiber configuratior
is proposedThe interferometer was fabricatby double tapering aingle mode fiber and test
on surrounding liquid media whose temperature was \ showing a higlsensitive performanc

of 0.035nm/°C.
OCIS codes: (060.2300) Fer measuremer; (060.2370) Fiber optics sensors; (120.318@grferometr; (120.6780)
Temperature; (120.6810hermal effect.

1. Introduction

All-fiber Mach-Zehnder interferometers are of great interest due to its reliability, efficiency anfabrication
processThey are useful for sensing applications and rlogy of temperature, micrbending, strain and refracti
index in diverse areas from manufacturing to research laboratories. Several configurations and f:
techniques have beelemonstrated to construct MZ interferometers including Long Period Gratings [1], fiber
Bragg gratings (FBG) [2], singteode-multimode-singlemode structures (SMS),[8hd fiber tape [4, 5].

In this paper, we preseatfiber optic temperature sensor based on a -Zehnder Fiber Interferomet
(MZFI). The MZFI wasmade by double tapering a single mode fiber allowing the-cladding modal interferenc
Samples of glycerin/water solution at different concentratiorre used to correct dispersion losses du
refractive index differencd.emperaturof samples was varied from 25 - 1008bwing sensitivity of 0.03!m/°C.

2. The MZ fiber interferometer

A SMF is been used to make the interferometer. In the single mode fiber, a couple of tapers have kwith 10
mm of separatigneach one of this with a 30 um in diameter in order to conform a divisor and a couplel
guided light in the core. Thapered structure is fabricatwith a Vytran glass processi system GPX-3400. In the
SMF core a LRy mode is excited and it travels along the fiber; at the first taper the small diameter alli
evanescent field to incorporate certain power to tadding,once a certain optical path is traveled througt
cladding, the light incorporatesyain to interfere with the core mode at the second t

Fig. 1. MZFI made with a double taper configuration

Once the MZFI is conformed, it is put ircontrolledheater with a container in which a small portion of sar
liquid is deposited. In order to decrease dispersiol, a glycerin/water solution with 95/5 % concentration is u
The refractive index of the solution was previously measuredan Abbe commercial refractome to verify
refractive index (RImatches with the cladding va RI (1.47).

3. Experimental Setup

The experimental setup of the fiber optic MZ temperature sensor is shown in fiThe response of a MZFI was
studied. Inorder to verify easier the small changes in wavel¢, a 20cm longtterbium (Yb) doped fiber we
fusion spliced to the Mihterferometer. A laser source at 980 nm and a wavelength division multif 980/1060
nm was added to the setup amith aperpendicular facet end fiber the WDM a resonator cav was conformed
to stimulate Yb laser emission.
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Fig. 2. Experimental setup of the MZFI temperature sensor

Additionally the MZFI was submerged in a container with the refractive index liquid solution which was also
to verify the changes. Finally, small variations in an ytterbium emission signal at 1027 nm were measured it
optical spectrum analyzer.

4, Results and discussion

An experiment with a glycerin solution at 95/5 of concentration was carried out varying the temperature witt
1°C precision. Heating the solution from 25 to 100°C with steps of 5°C, and small changes in temperature v
caused and let the system to stabilize in temperature every 5 minutes. The results are exposed in figure 3 ¢
linear behavior in the operation range and a shift from 1027.5 nm to 1030.1 nm. This shifting wavelength wi
observed to be 2.6 nm in a temperature range from 25 to 100°C achieving a high sensitivity in temperature
nm/°C.
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temperature (°C)
Fig. 3. Linear behavior of the MZFI sensor

5. Conclusions

In conclusion, we have demonstrated a linear all fiber Mach- Zehnder fiber optic sensor. The device is relia
compact for use in lab tests. The sensor was proved to exhibit a modal core-cladding interference and a hi¢
sensitivity in temperature of 0.035 nm for an easy made structure.
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ABSTRACT

We present a numerical analysis of different fiber termination shapes in order to study the maximum numerical aperture
that can be obtained in end emitting plastic optical fibers with diameters around 10 mm. Our analysis includes the
modeling of polished fibers with parabolic shape, conical lensed fibers, and wedged fibers with different lengths, angles
and curvatures respectively. The optimization of these parameters allows us to obtain a maximum possible angle which
the light can be emitted at the plastic fiber end. These results contribute to minimize the use of fiber components in
luminaire systems which can be based in solar concentrators coupled to plastic optical fibers, and consequently it allows
us to reduce their installation cost. We also analyze the light distribution of the emitted light and the optical tolerances of
the parameters above mentioned to evaluate the performance of the optimized fiber lens. These results are of great
interest for the improvement and design of compact luminaire systems based in optimized plastic fiber lens for indoor
illumination.

Keywords: plastic fibers, fiber lenses, numeric aperture

INTRODUCTION

Since the beginning of the human race the indoor illumination has played a key role in everyday life and, at the same
time, it has contributed with the waste of energy and the pollution of the planet according to the consumed electricity to
produce this illumination. In 1997 the global lighting electricity production was 2016 TWh, this amount represents a
$230-billion lighting energy bill and generates 1775 million tons of carbon dioxide (CO,); a research made in 2002
estimated that this lighting electricity production will continue growing with the time'. Under this context, renewable
lighting sources must be considered as an important issue when energy saving is pretended'. It is estimated that the
implementation of measures for saving electrical energy for illumination with actions such as improving lighting systems
may reflect a savings of $75-$115 billion/year and, besides direct savings, indirect energy savings can be found reached
due of t§13e reduction in heat production inside the edifications and the reduced energy consumption for air conditioner
systems™.

Furthermore, it is believed that most electrical light sources produce negative effects in humans, for example: problems
with the degradation of bilirubin, low levels of vitamin D, alteration of the circadian rhythms and inadequate secretion of
melatonin, which is related with the depression when it reaches low levels. By contrast, daylighting is compound by the
full-spectrum and it is the type of light that the human eye is adapted by evolution. In the field of psychology, the natural
illumination has been associated with higher productivity, lower absenteeism, positive attitudes, reduced fatigue, reduced
eyestrain and satisfactory controls of the circadian rhythms®.

One solution for energy saving is the use of illumination systems based on solar concentrators and plastic optical fibers
(FOP). In this context, optical fibers play an important part in the fields of illumination and solar applications, such as
solar lighting for indoor illumination, photo-bioreactors and hydrogen generation, safety lighting in explosive
environments, among others®'’. Lighting systems based in plastic fibers collect the Sunlight and transport it using FOPs
inside the edifications, resulting in saves of electrical energy and providing the occupants of the benefits of natural
lighting*. These fiber optic daylighting systems need to be improved because their efficiency depends of advanced
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tracking solar systems, generating with this an expensive production cost. Looking other ways to improve these kind of
systems the researchers are trying to increase the efficiency of the optical components and the coupling between them”.
The light distribution by the plastic fiber is a key factor due to losses and the limited numerical aperture’. That represents
a limiting when the light is delivered at the luminaire. As consequence, recent works have concentrated efforts on
improving the light-propagating properties of larger core diameter fibers (around 10 mm of diameter) in order to
introduce, transport, and emit in an efficient way the solar radiation propagating inside them.

In this paper aims to present an analysis of the numerical aperture of the plastic fibers when different types of fiber
lenses are implemented at the fiber output and, at the same time, it seeks to compare the results obtained with similar
patterned silica fibers'’. With this analysis we are able to find the designing parameters and tolerances necessary to
fabricate in an optimized way fiber output surfaces in order to improve the output angles of the emitted rays, and obtain a
higher illuminated area.

2. THEORETICAL BACKGROUND

Plastic and silica glass are the two dominant materials used to fabricate optical fibers. For solar lighting applications,
plastic fibers with larger core diameters provide more flexible solutions than silica fibers because they are less sensitive
to bending induced by movements in solar tracking systems or the curved path followed during the fiber installation in
the building structure. Nevertheless, plastic fibers have larger material attenuation (~0.1dB/m) compared to glass fibers
(~0.1dB/km). This limitation makes the use of plastic fibers for lighting applications acceptable only in lengths lower
than 30 meters; however, in the majority of cases, these distances are sufficient. Basically, plastic fibers are fabricated
with a Polymethyl-methacrylate resin (PMMA) as core material with refractive index 1.492, and with Fluorinated
polymer as cladding material with refractive index 1.418. The employment of these materials produces plastic fibers
with high numerical apertures around 0.5. The control of this numerical aperture is of great importance to introduce or
emit light from the fiber with high efficiency.

2.1 Definition of the Numerical Aperture

The capacity of a fiber to capture light depends on the angle of aperture of the acceptance cone. The acceptance cone
contains all the possible light rays traveling in air with direction to the fiber input, and guided when they enter to the
fiber. In Fig. 1, it is shown a step-index optical fiber constructed of two layers; the core with a refractive index n;, where
the light is guided. The core is surrounded by the cladding with a refractive index n,<n;. Light injected into the core with
some incidence angle 8 with respect to the fiber axis strikes the core-cladding interface. From Snell’s law, when the
angle of incidence is greater than the critical angle ¢, (Fig. 1), light is reflected and guided further along the core. The
greatest possible angle at which light can be launched into the core and guided by the optical fiber is the acceptance
angle Omax. For a planar fiber end, we can obtain an analytical expression for the acceptance angle:

sin@,,, =n./1-sin’ g, , (1)

According to Snell’s law, we have sin@ = N, sin¢ at the interface air-core, and n; sing, =N, sin90°at the interface
core-cladding. The sine of the angle of acceptance is called numerical aperture (NA), and it is given by:

The numerical aperture is a very important parameter of an optical fiber because it indicates the fiber capacity for
accepting and guiding light. Fibers with a higher numerical aperture can accept more light. As it was mentioned above,
numerical aperture of plastic fibers is typically larger than in glass fibers and is often approximately 0.5, which facilitates
easier the coupling of light into the fiber.

Proc. of SPIE Vol. 8834 88340P-2

Downloaded From: http://spiedigitallibrary.org/ on 12/02/2014 Ter ms of Use: http://spiedl.org/terms



Light acceptance cone

Air n=1
Cladding n,
Fiber axis N0~ core i}
Bounded o)

Planar
-7 fiber end

Figure 1. Numerical aperture of an optical fiber with planar cut end.

2.2 Considerations of the Numerical Aperture on non-planar surfaces

It is clear that each point of the surface at the fiber output will emit rays with the same acceptance angle (or numeric
aperture) defined at the planar input. Nevertheless, this condition is not valid if the output face is modified with different
shapes, for example conical lensed ends with different lengths, angles, and curvatures. In this case, an adequate shape of
the conical end could increase the numerical aperture at the fiber output instead of use a planar end'*"’. This increasing
in NA is of great importance to minimize the use of fiber components in luminaire systems based in plastic optical
fibers, due to the fact that a higher NA implies an increment of the acceptance angle and consequently a major
illuminated area without necessity to use additional external lenses to expand the emitted light.

Then, according to Eq. 1, the output angle of the emitted rays depends not only on the refractive indexes of the core and
cladding, but also on the curvature of the fiber surface, which can be defined using the coordinates of the emission point
on the modified end with respect to the fiber axis (R, h, ¢), as it can be observed in Fig. 2.

Cladding n, _ Cladding n,

N .
Coren; oo ~

I T Core n; B el i = P
Fiber axis Fiber axis

Planar Convex

output output

Figure 2. Output angles of the emitted rays for planar and convex outputs. Both configurations are drawn using the same angle ¢ for
the ray traveling inside the fiber.

As it can be observed in Fig. 2, a same ray can be emitted with different ways modifying the surface output of the fiber.
If we choose the correct surface, we can obtain a higher acceptance angle of the emitted rays, and to increase the
numerical aperture of the system. In order to increase the NA at the output end we have to use conical shapes like
parabolas or wedged ends, nevertheless their analytical description are more complex, although we can overcome this
difficulty performing modeling based in ray tracing of the different output surfaces. In this case more parameters like
curvature radius, curvature center position and shapes have to be considered. The optimization of these parameters
allows us to obtain a maximum possible angle which the light can be emitted at the plastic fiber end. These results
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contribute to minimize the use of fiber components in luminaire systems which can be based in solar concentrators
coupled to plastic optical fibers', and consequently it allows us to reduce their installation cost.

On the other hand, it is desirable to analyze the light distribution of the emitted light and the optical tolerances of the
parameters above mentioned to evaluate the performance of the optimized fiber conical end. This numerical
characterization is shown in later sections.

3. NUMERICAL EXPERIMENT AND RESULTS

Theoretically, the output of a FOP can be modified using different fiber lenses, like was mentioned in the previous
section. A FOP with the characteristics shown in Table 1 and a ‘white source point’ of 1million of emitted rays with an
aperture cone angle of 48° and a power of 50,000 lumens, which is composed by different wavelengths (0.4, 0.5, 0.6, 0.7
and 0.8 micrometers) were modeled using ZEMAX-EE optical design software. For this simulation the source point was
put almost in the surface of the FOP with the objective of modeling the plastic fiber while is illuminated by the light
concentrated in the focal point of a collector system.

Table 1. Physical characteristics of a Polymethyl-methacrylate FOP.

PMMA Optical Fiber
Total diameter 10 mm
Core diameter 9 mm
Core refractive index 1.491
Cladding refractive index 1.418
Length 50 m

For this numerical experiment, four different forms of lenses were selected (Fig. 2): Concave surface with parabolic
curvature, convex surface with parabolic curvature, conic surface, and tilted planar surfaces.

a) b) ©)

d) e)

Figure 3. Comparative between the different types of fiber lenses modeled for the numerical experiment. Every image shows
in an illustrative manner the physical appearance of each configuration. a) FOP with typical planar end. b) Plastic fiber with
a parabolic concave surface. ¢) Fiber optic lens with a parabolic convex shape. d) Plastic fiber with conic termination. )
FOP with tilted termination.
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In the simulation, the geometric parameters of each fiber lenses were varied, in the case of the concave and convex
surfaces the curvature radius was modified from 1 to 20 mm (convex case) and from -20 to -1 mm (concave case); in this
case, the minus sign indicates the curvature center position respect to the surface, positive at right, and negative at left.
For the conic surface the aperture angle changed from 56.3° to 3.9°; and, in the case of the tilted surfaces the slope varied
from 1° to 45°.

Two different detectors were utilized during the experiment. The first one was a detector volume with a size of 80x80x2
mm placed at a distance of 10 mm from the fiber where the incidence flux was measured. The size of the light spot and
the light distribution on a transversal line are shown in Fig. 4, 5 and 6 for each termination shown in Fig. 3.

333 lumens

a) b)

Figure 4. a) Incident flux (lumens) distributed on the detector and b) light distribution on a transversal line for a planar end.
The spot is contained in an area with 15 mm of diameter and reach a peak intensity of 333 lumens.

a) b)

349 lumens

104 lumens

Figure 5. Incident flux (lumens) distributed on the detector and light distribution on a transversal line for: a) the parabolic
concave lens, and b) the parabolic convex lens, with curvature radius of 10 mm and -10 mm, respectively. The x-axis shows
the radius of the spot and the y-axis show the flux. Both show a spot with a radius of 16 mm but different peak intensities.
The parabolic concave lens shows a peak intensity of 349 lumens, and the parabolic convex lens shows a peak intensity of
104 lumens.
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39 lumens

33 lumens

Figure 6. Incident flux (lumens) on the detector for: a) The fiber with conic termination with an semi-angle of 16.7°, and b)
the fiber end tilted an angle of 29°. Different sizes and distributions of the light spot can be observed. For the conic
termination there is a peak intensity of 39 lumens and a spot radius of 40 mm. For the end tilted fiber there is a peak
intensity of 33 lumens and a spot radius of 17 mm.

The second one was a flat detector with a size of 50x50 mm. In this one, the luminous intensity was measured
considering the incidence angle of the emitted rays on the detector. Fig. 7 shows the power concentrated by solid angle,
showing the numerical aperture obtained in each case.

The concave lenses do not generated significant variations in the aperture angle but show a uniform distribution in the
light spot; during the experiment the concave surfaces reached the best uniformity in the light spot in the cases when the
curvature has a radius between 6 to 13 mm. By contrast, the parabolic convex lenses can increase the numerical aperture
slightly (2° - 6°), but cannot reach uniform outputs; the simulation showed a better uniformity in the output when the
curvature radius were between -10 to -8 mm.

The plastic fibers with conic termination show the higher variation in the aperture angle, among 52° to 80°, due of the
variations in the conic semi-angle, but in general way the spot generated by the semi-angles higher than 10° show an
increase in the aperture angle. Furthermore, the light output reaches an acceptable uniformity when the conic semi-angle
was in the range of 14° - 20°.

The FOP with tilted end was the only lens that does not have revolution symmetry and due to the tilt the total internal
reflection was broken for some rays. The main characteristic of the output is that emitted rays are redirected toward the
same direction as the inclination of the fiber end, besides it is observed that this surface breaks the total internal
reflection of some rays propagating inside the fiber.
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Figure 7. Every graph shows the luminous intensity measured by the flat detector. The x-axis shows incidence angle in
degrees for the x-coordinate (with a y-coordinate equals to zero) and the y-axis represents the luminous intensity in lumens.
a) FOP without lenses, the light spot has and aperture angle of 50° and total power of 45,883 lumens. b) Concave lens with a
curvature radius of -10 mm, an aperture angle of 50° and total power of 46,227 lumens. c¢) Convex lens with a curvature
radius of 10 mm, an aperture angle of 60° and total power of 40,090 lumens. d) FOP with conic end, the cone has a semi-
angle of 16.7° and expand the light with an aperture angle of 80° and total power of 46,020 lumens. d) Fiber end tilted 29°
with an aperture angle of 48° and total power of 33,507 lumens. e) This image represents the cross section for the y-axis
using the fiber end tilted 29°.

4. CONCLUSION

We have reported a numerical analysis of different fiber termination shapes in order to study the maximum numerical
aperture that can be obtained in end emitting plastic optical fibers with diameters around 10 mm. We modeled using ray
tracing of the emitted rays from different surfaces outputs of the fiber using shapes like: concave, convex, conic and
tilted planar lens. We observe that the suggested surface in order to increase the acceptance cone at the output end is a
cone with semi-angle between 14° and 20°. Other important result is the case of the parabolic concave lens where the
output has uniformity, for a curvature radius among 6 to 13 mm, even better than the FOP without lenses. These results
contribute with the improvement and design of compact luminaire systems based in optimized plastic fiber lens for
indoor illumination.
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Abstract: We show a tunable multimode-interference filter based on a Yb-doped fiber. The filter

is tuned up to 3.2 nm modifying the gain of the Yb-doped fiber, and has a temperature sensitivity

of 0.22nm/°C.
OCIS codes: (060.0060) Fiber Optics and Optical Communications; (060.2370) Fiber Optics Sensors

1. Introduction

Recently, the multimode interference (MMI) in optical fibers has been extensively studied due to their interesting
applications in optical fiber sensors, fiber tunable lasers, photonic switches, all-fiber optical tunable filters, etc.
[1-8]. The MMI is produced when an electromagnetic field is coupled into a multimode waveguide; then, a specific
set of eigen-modes of the MM waveguide is excited and each of them propagates along the waveguide
independently with its own propagation constant. During their propagation can occurs a superposition of these
excited modes generating a complicated field distribution due to multiple interferences; however a self-imaging of
the input field can be obtained at certain positions. Due to their origin, the self-imaging position depends specifically
on wavelength, refractive index and length of the MM waveguide. In order to modify the self-imaging position we
can change the ambient conditions of the MM waveguide using curvatures, temperature, and strain, modifying in
this way the refractive index and length of the MM fiber. In this work we present a novel option to change the self-
image position using active MM fibers. Our proposal consists in to use a double-clad Yb-doped fiber as a MM
waveguide, and by changing the pump power level of the Yb-doped fiber, we modify its emission gain, which can
affect the refractive index of the doped core, and consequently to change the spectral characteristics of the MMI-
filter. Our results show evidence of this effect, and additionally we characterize the temperature dependence of the
active MMI filter.

2. Experiment and results

The experimental setup is shown in Fig. 1. A white light source and a laser diode with emission at 980nm were used.
To form the MMI filter we use a 5.2 cm length of double clad Yb doped fiber (YB1200-10/125) with 10um of core
diameter, and we spliced in both sides two single mode fibers (SMF28) with 8 um of core diameter respectively.

White Light

WDM fiber

— OSA
980/1660nm SM fiber SM fiber

Laser diode
980nm

—>
Source \
DC-Yb-doped
—>

Fig. 1. Experimental Setup.

However the difference in core diameters between the SMF fibers and the Yb-doped fiber is not large, we can obtain
multimode interference as it is observed in Fig. 2a due to the fact that in the 1300-1650nm wavelength region the
Yb-doped fiber shows a multimode behavior.
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a) b)

Fig. 2. a) Spectral transmission of the MMI filter using a white light source, in this case, the MMI filter is not spliced to the WDM. Also, in this
incise is shown in red the spectral transmission of the WDM used in setup. b) Spectral transmission of the MMI filter spliced to the WDM in
blue.

If we use the setup shown in Fig. 1 only with the white light source as input, we obtain the spectral transmission
observed in Fig. 2b. Then, our interest is to modify the spectral transmission of the MMI filter changing the pump
power of the diode laser at 980nm. To proceed to measure this, we use at the same time the white light source and
the laser diode in the setup, obtaining the results shown in Fig. 3.

Fig. 3. Spectral transmission of the MMI filter for different current of the laser diode at 980nm

According to Fig. 3, the spectral characteristics of the MMI filter are modified as the pump power level of the laser
diode is increased. One of the principal characteristics is the tuning of the peaks in the spectrum of the MMI filter,
which can shift up to 3.2 nm. This result is of great interest for power tunable devices, and suggests novel properties
of MMI devices that have to be studied in detail in future works.

Additionally, we show the temperature response of the active MMI filter as it is shown in Fig. 4. In This case, we
use only the white light source as input.
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Fig. 4. a) Temperature response of the MMI filter spliced to the WDM and using only a white light source. b) Sensitivity on temperature.

According to Fig. 4, the sensitivity of the MMI filter measured for the peak located at 1530nm is 0.22 nm/°C
respectively; however it is possible to obtain higher sensitivities to temperature in other wavelength ranges.

3. Conclusions

We have reported the tuning of an active MMI filter modifying the pump power level of the doped fiber and
changing its temperature. In both cases, we obtain a wavelength shift of the peak located at 1530nm. For tuning
based in power level, the peak shifts to longer wavelengths up to 3.2 nm, while, for tuning using temperature the
peak shift to shorter wavelengths with a sensitivity of 0.22 nm/°C. These results are reproducible and are of great
interest for the design and development of power tunable filters and sensors based in multimode interference
devices.
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ABSTRACT

The therma effect of an Yb-doped fiber laser with fattening is numerically investigated. We have identified two
principal sources of thermal sensitivity: The temperature dependence of the cross-section of the pump and signa
radiations, and modifications of the numerical aperture (NA) due to changes in temperature. We have found that the first
factor affects principally the thermal response of the fiber laser with fattening and this sensitivity can be modulated
according to the fattening ratio. Additionally this thermal response is higher than that found in doped fibers without
fattening. Our results are reproducible and contribute with new information for the development of novel temperature
fiber laser sensors.

Keywords: Thermal effects, fattening, doped fibers

1. INTRODUCTION

Y b-doped fiber lasers have become a key piece of many powerful applications; we can mention for example the delivery
of high power lasers and fiber laser sensors. In the first case, many efforts have been made to improve the performance
of high power fiber lasers. Nevertheless, a special attention has to be taken in account when temperature effectsin Yb-
doped fibers are considered. In this sense, temperature perturbations generate instabilities caused by thermal
modifications of the doped core. At this respect, many works have reported changes of the cross-sections of the doped
fiber due to therma effects; these changes have a great influence on the performance of fiber lasers, being these
magnified at low pump powers [1-9]. These temperature effects have been studied in cylindrical doped fibers; however
have not been analyzed in tapered doped fibers and doped fibers with fattening.

Additionally, many efforts have been made to develop temperature and strain fiber sensors for environmental
measurements where immunity to electromagnetic interferences and personal safety are required. A large humber of
fiber optic temperature sensors based on different principles and structures have been developed; between them, we can
distinguish two principal groups which are based in doped [10-17] and un-doped fibers [18-24]. In the first group, we
can mention sensors based in the temperature dependence of the fluorescence lifetime of rare-earth doped fibers, and
techniques based in the fluorescence intensity ratio, or by using the linear variation with temperature of the amplified
spontaneous emission in doped fiber amplifiers [10-17]. In these sensors, the key point is the temperature dependence of
the pump and signal cross-sections of the doped fiber. On the other hand, for the second group of temperature sensors
based in un-doped fibers, these have been developed using modal interference techniques, such as fiber Fabry—Perot
interferometers, fiber Bragg gratings, long period gratings, optical fiber couplers, tapered fibers or fibers with fattening
[18-24]. In these sensors, the principal key is the temperature dependence of the dielectric material that modifies the
modal behavior of the propagating radiation in the waveguide which generates a power variation at the end of the fiber.
In fact, severa works have been done to improve the performance of these temperature sensors employing a
combination of these sensing techniques in doped and un-doped fibers with the goal to discern between simultaneous
strain and temperature measurements [10-13]. This continuous progress to develop improved temperature sensors
requires the necessity to explore novel configuration based on the sensing techniques described above. In this sense, we
propose the use of a fiber with fattening, inscribed simultaneously in a doped fiber amplifier, which poses an additional
temperature sensitivity caused by its temperature-dependence cross-sections. In fact, the efficiency of pump absorption
in doped fiber lasers with fattening has to be studied [5-6], and a detail analysis of its temperature response has to be
performed. For this reason, in this work we present an analysis of the temperature sensing characteristics of a Y b-doped
fiber laser with fattening and we explore its feasibility to be used as a sensing component in temperature fiber sensors. In
this analysis, we study the thermal response of the doped fiber with fattening using a parabolic longitudinal shape and a
Co-propagating pump scheme.
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2. NUMERICAL EXPERIMENTS, RESULTSAND DISCUSSION

To study thermal effectsin the Y b-doped fiber fattening, we can distinguish two types of perturbations:

1. Changesin therefractive index of the cladding and “active core” by temperature.

2. Changes of the absorption and emission cross-sections of the “active core”’ by temperature.
It is worth to mention that variations in temperature cause thermal expansion of the fiber in both transverse and
longitudinal directions. As aresult, amodification of the section shape with fattening can be expected. In this sense, the
ratio of fattening for a fixed propagation length can be reduced or increased depending on the coefficient of thermal
expansion (CTE) of the fiber. This expansion modifies the modal behavior of the propagating light according to the
progressive changes by temperature of the cladding and core aong the fiber with fattening. Here we suppose that the
fiber is uniformly heated along the section with fattening and the thermal expansion of the transversal direction has
radial symmetry. In this way, we can expect that the section with fattening can be modified uniformly along the fiber.
Nevertheless, we are focusing only on thermal effects of fiber lasers with fattening due to changes of the refractive index
of the cladding and active core, and changes of the cross sections of the doped fiber. The study performed in this work
contributes to understand the sensitivity of fiber lasers with fattening at different temperatures. In this case, the
temperature values considered in this work do not reach 2000°C, which correspond to the molding temperature
necessary to modify strongly the fiber material. The temperature range considered in the analysis is 20-120°C. However
we have to keep in mind that a more detail analysis of temperature in these lasers have to involve a study of thermal
expansion effects in doped fibers with fattening.

We start our analysis of the temperature effect in active fiber with fattening by considering the first point mentioned
above, i.e. changes in the refractive index of the core and cladding. Modes traveling in fibers with fattening depend
strongly on the refractive index of core and cladding. In other words, the fraction of the fundamental mode propagating
along the core will change as temperature is modified. Then, a similar behavior can be expected in active fibers with
fattening. In a genera case, the core fraction of the fundamental mode in cylindrical fibers is reduced as temperature is
increased, and consequently, this behavior is repeated naturally in short sections of afiber with fattening.

So, we have to analyze how the mode fraction within the core with fattening is modified by temperature. Without loss of
generality, we can consider a Gaussian shape of the pump and signal fundamental mode traveling in a fiber with
fattening. As it is mentioned above, a fiber with fattening can be fabricated in single and multimode fibers, and
according to the fattening shape and pump conditions the fundamental mode can be selectively excited. In our case, we
consider a single mode doped fiber, in this way, the pump and signal radiation exists only as fundamental mode in the
doped fiber with fattening, then we can write the transverse intensity pattern using a Gaussian envelope approximation
asfollow [25]:

1 2y
fos(r) = 7 e (1)

Where subscripts p and s refer to pump and signal radiations, and Q is determined by the characteristic of the fiber like
the refractive indexes and radius of the core and cladding respectively. The multiplying factor in Eq. 1 is chosen to

normalize f(r) as follows: 27z'J. fos(r)dr=1.

For a step index fiber, Q is approximately given by:

\% K]_(W)
Q=alyU)—
VT iew

Where a is the core radius,U = ayk?n? - g%, W=ay/2-k?n,% , V=kayn? -n7 , k=2z/2, n; and n, are the

refractive indices of the “active core” and cladding respectively, and £ is the propagation constant of the pump or signal
mode. For a given V, the value of W can be obtained using the empirical relationship W =1.1428V —0.996 valid only
for step index fibers. In this way, according to the pump and signal wavelengths, one can obtain the respective values of

2
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U, W, and V using the Numerical Aperture (NA) of the fiber(NA: ,/nf - ngj , and subsequently the parameter Q. This

procedure is accurate for 1.5<V <25,

Previous works on cylindrical doped fibers report a reduction of the slope efficiency in the signal generation as
temperature is increased [26-28]. This behavior is directly related to modifications in the absorption and emission cross-
sections and also by modifications of the numerical aperture NA of the active fiber. Due to the different glass
composition, concentration of dopants and co-dopants, and the degree of structural disorder on the glass network used in
different active fibers, the change rate of NA with respect to temperature can not be determined easily for each doped
fiber. To overcome this complication, we consider an average behavior of NA considering the refractive indices changes
by temperature reported in Ref. [8], where values of NA between 0.18-0.19 with temperature increments of 20°C to
120°C can be calculated. This approximation allows us to analyze how the fundamental mode of the pump and signal
radiations is confined in the doped core. Once determined the variation range of NA with temperature, we consider an
active fiber with fattening.

We can now analyze the effect of temperature in an active fiber with fattening and with an initia core radius of 1.5um
and a final core radius of 2um which corresponds to a fattening ratio of T=0.75. If we take the value of NA=0.18 for
20°C and NA=0.19 for 120°C,the calculation of Q gives the following results for the Gaussian envelope of the
fundamental mode at both ends of the fiber with fattening.

. 1
08 08
—06 —~06
— S
~— N
Lo, = 20°C (NA=0.18) { o4 = 20°C (NA=0.18) ]
== 120°C (NA=0.19) // == 120°C (NA:O.lQ)\
0.2 / \\ 02 ]
0 : 0
3 2 1 0 1 2 3 3 2 4 0 1 2 3
r r
a b)

Figure 1. Temperature behavior of transversal profiles at both ends of the fiber with fattening: a) Final end with core radius
r=2um, b) Initial end with core radius r=1.5pum.

Asit can be observed in Fig. 1, the transversal profiles of the fundamental mode at 1064 nm are modified slightly at both
ends of the fiber with fattening for different values of numeric aperture NA. However, we can distinguish that the end
with alower core radius is more sensitive to variations of NA. If one considers that the changes of NA are attributed to
variations of the refractive indices of the cladding and core by temperature, Then, Fig. 1 suggests that the end with lower
core radius is slightly more sensitive to thermal variations. This result can be inferred if we consider Q in Eq. (2) which
indicates the width of the Gaussian profile. According to Eqg. (2), Q can be strongly modified as the arguments of the
Bessel functions are near the origin and a higher dependence on the parameter Q with temperature is expected.

Now, we analyze the thermal effects of doped fibers with fattening considering absorption and emission cross-section
modifications due to changes in temperature. Previous works in cylindrical fibers have reported changes in population of
the energy levelsin Y b-doped glasses, and broadening of the homogeneous line-width as temperature is increased [1-6].
It results in modifications of the absorption and emission cross-sections for the signal and pump radiations. In this case,
it is worth to mention that these effects may vary for each individual doped fiber. Independently of the different changes
of cross-sections reported in recent works, we focusing in the effect of these changes in doped fibers with fattening.
Without loss of generality, we use the changes of absorption and emission cross-sections by temperature reported in Ref.
[1], which is representative of several Y b-doped fibers. These changes are expressed in the following equations:
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o(T) = 5(20°C) + 92 AT ©)
dT
doégg‘mm

= 7.78x107°m? /°K (4)

d 61064nm 8 2
—EM___ _ _244%10"%°m?/°K (5)
daTr

do_angnm ~ do_g%ﬁnm

= =-1.63x10"2'm? /°K (6)
dT dT

Where, o4 and o2%4"™ are the absorption and emission cross-sections for the signal wavelength and, o3/o™

and o 322" are the absorption and emission cross-sections for the pump wavelength, respectively.
In order to model a temperature dependent Y b-doped fiber laser with fattening, we numerically analyze the following

coupled equations:
di  (r,
p;; 2) = (aé)n(T)x Ny (T) - o i (T) x nl(l'))Ntotl o(r.2) ™
dl Sé;, 2 _ (aémff)x N (T) = 0 55 (T) x nl(l'))NtotIS(r,z) ®)

where, 1,(r,2) and I4(r,2) are the pump and signal intensities, Ny is the total Ytterbium population, oler T,

Oinss Tom are the temperature dependent absorption and emission cross-sections of the pump and signal at 976nm and
1064nm respectively, and ny(T), n,(T) are the temperature-dependent upper and lower-state populations of Yb, which
are given at a steady state by the following equations:

_ Rabs +Wabs 9

ny = R 9)
abs T Rem +Waps +Wem + A

nl Zl* n2 (10)

Where, Ryps =0 5l phvp s Rem = 0&nl phvp s Waps = 05051 shvs , @d W, = ognl phvs.

In these equations, the ASE generation is not considered and only effects of the fattening and temperature modifications
are investigated.

In order to consider the taper effects and the overlap of the pump and signal fundamental mode with the active core, we
can use[25]:

I p,s(rvz) = Pp,s(z) fp,s(r) (11)

Where subscripts p and s refer to pump and signal radiations, P,¢(2) are the z-dependent powers at the pump and signal

wavelengths, and f(r) is given by Eq. 1. It is clear at this point that the effect of the fattening and temperature in
parameter Q defined in Eq. 2 directly modifies the evolution of pump and signal intensities described in Eqg. 7 and 8.
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If we consider the pump power at any value of z, we have,

0 27

Po,s(2) = I J‘I p,s(r,2rdrdp =27T‘[| p,s(r,2Z)rar (12
00 0

Then,

r (13)

dP, s(2) _ 2”‘[ dl,5(r,2) ”
dz . dz

Using Eq. 11 and 13, we can rewrite Eq. 7 and 8 asfollows:

a(z)
dP,(z
gz( ) _or '([(aé’n(r) xNy(T) - ol (T) % nl(r))Ntot Py (2) f o (r)rdr (14)
dP.(2) a2
—;Z =2z J(;(O'gm(T) x N (T) = 0 555 (T) X nl(T))Ntot P, (2) f4(r)rdr (15)

On these equations, we assume that the fiber is doped with uniform Y b-concentration up to the core radius “a” which
depends on z. Besides, it is worth to note that n,(T) and n,(T) depend on f,(r) due to their relation with I ,and

I sintensities.

Once the temperature dependent coupled equations are defined, we proceed to model a Y b-doped fiber amplifier with a
linear fattening shape, which alows us to obtain a representative temperature behavior of a Y b-doped fiber laser. This
model is performed in CW regime using the following scheme:

P+ (1-10W) Y b-doped fiber with fattening
Pump 976nm ~
——) | __}a_h:}azl.Sum
= [
S+ (0.003W)
Signal 1064nm om m e L >

Fiber Length = 3m

Figure 2. Temperature dependent modeling using a parabolic shape of the fattening in the Y b-doped fiber amplifier with co-
propagating single pump.

Firstly, we analyze the radiation conversion along the fiber between the pump and signal radiations at a fixed
temperature of 20°C. At this temperature, the absorption and emission cross-sections of pump and signal radiations are:

oh =1488x10%m?, 0§, =1.820x10 #* m?, o3, =6x102'm?, and o, = 3.58x10 *°m?, for 976nm and 1064nm pump
and signal wavelengths respectively. As it can be observed, the longitudina shape of the fiber with fattening is
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considered parabolic, and the temperature is changed from 20°C to 120°C. In this first numerical experiment the
numerical aperture NA=0.18 is considered constant along the fiber and it has no modifications by temperature. This
suggestion is supported considering the negligible changes of NA shown in Fig. 1 for both temperatures 20 and 120°C
respectively. Then, we analyze only the effects of temperature dependent cross-sections on the fiber amplifier with and
without fattening. The corresponding results of the signal conversion for the fiber with and without fattening at two
different temperatures are shown in Fig. 3.

0.8+ With Fattening
== Sjgnal+ (20°C) N
— == Pump+(20°C) N \M Y/ commm——mmmam=—d
; oo Signal+ (120°C)

< 06[ eee pump+(120°C)

aj Without Fattening

; === Pump & Signal (20°C)
8 0.4l °** Pump & Signal (120°C)

Figure 3. Modeling of a Y b-doped fiber amplifier with and without fattening. Evolution of the Pump and Signal radiations at
two different temperatures for 1W of pump power.

10

With Fattening
Signal+ (20°C)

Pump+ (20°C)

e e Signal+ (120°C)

eee Pump+ (120°C)

6 Without Fattening
Pump & Signal (20°C)
eee Pump & Signal (120°C)

Power (W)
|

Figure 4. Modeling of a'Yb-doped fiber amplifier with and without fattening. Evolution of the Pump and Signal radiations at
two different temperatures for 10W of pump power.
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It isimportant to note the behavior of the cross point of the signal and pump radiations shown in Figs. 3 and 4, dueto the
fact that this cross-point shift is an indicative of how temperature can affect the performance of the Y b-doped amplifier.
According to this consideration, we can observe that signal conversion is more sensitive to changes in the temperature
dependent cross-sections when afiber with fattening isused. Also, according to Figs. 3 and 4 the temperature sensitivity
of the signal radiation in the fiber amplifier for the co-propagating case grows as the temperature is increased and it is
higher for low values of the pump power as it can be observed in the output power of the signal. This is an important
result to consider in the design of fiber lasers and temperature fiber sensors. Additionally, this sensitivity can vary
according to the length of the fiber used. For example, these calculations were made with 3m of fiber length; however,
more sensitivity changes can be obtained at 2-2.5m where the cross-point of the signal and pump radiations are located
as is shown in Fig. 3. Additionally, further analysis has to be performed to optimize the temperature sensitivity using
different fattening ratios and the longitudinal shape of the doped-fiber with fattening.

3. CONCLUSION

We have reported a numerical analysis of the temperature effects in Y b-doped fibers with fattening; our results can be
extrapolated to other doped fibers and are of great interest for the improvement of high power tapered lasers, and the
development of temperature fiber laser sensors. Power field distribution changes with changes in refractive index have
been calculated, which in turn are temperature dependent. The range of temperature studied was from 20 to 120 °C. The
effect is enhanced because of the change of the mode field distribution along the fiber with fattening. We also predicted,
as a consequence, that the evolution of the pump and signal absorption as a function of distance also changes with
temperature. The shifting of the curves is significant from fibers with and without fattening at different temperatures. It
was determined that the temperature sensitivity is higher for lower pump power levels in a co-propagating case. We
believe that these results are useful for the prediction of temperature behavior of an Yb-doped fiber laser, for the
possibility of temperature sensing and even it could constitute a form to modulate or tune the fiber laser response via
adjustment of its operating temperature.
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ABSTRACT

Among the main challenges for systems based in solar concentrators and plastic optical fibers (POF) the accuracy needed
for the solar tracking is founded. One approach to overcome these requirements is increasing acceptance angle of the
components, usually by secondary optical elements (SOE), however this technique is effective for photovoltaic
applications but it has not been analyzed for systems coupled to POFs for indoor illumination. On this subject, it is
presented a numerical analysis of a solar collector assembled by a Fresnel lens as primary optical element (POE) combined
with a compound elliptical concentrator (CEC) coupled to POF in order to compare its performance under incidence angle
direction and also to show a trade-off analysis for two different Fresnel lens shapes, imaging and nonimaging, used in the
collector system. The description of the Fresnel lenses and its designs are included, in addition to the focal areas with space
and angular distribution profiles considering the optimal alignment with the source and maximum permissible incident
angle for each case. For both systems the coupling between the optical components is analyzed and the total performance
is calculated, having as result its comparison for indoor illumination. In both cases, the systems have better performance
increasing the final output power, but the angular tolerance only was improved for the system with nonimaging
concentrator that had an efficiency over 80% with acceptance angles 6; < 2° and, the system integrated by the imaging
lens, presented an efficiency ratio over 75% for acceptance angles 6; < 0.7°.

Keywords: Nonimaging Optics, Fresnel lens, Compound elliptic concentrators, plastic optical fiber, illumination, solar
collection.

1. INTRODUCTION

Since the XIX century, Fresnel lenses have been used with different purposes as lighthouses, imaging systems, hydrogen
generation, solar-pumped lasers and light concentration. Moreover, in contrast with other concentrators, Fresnel lenses
offer flexibility in optical design thanks to its high manufacture error tolerance, light-weight, small volume and low cost.
Indoor illumination by sunlight concentration with Fresnel lenses is one of the uses of imaging Fresnel lenses which has
grown its implementation due to the importance of reduce the energy consumption in modern societies'=.

For improve the final performance, this work proposes and analyzes a system that includes, in addition to the primary
optical element (POE), a secondary optical element (SOE), looking to reduce the losses due to change in incidence angle
and optical decoupling with the Plastic Optical Fiber (POF). The compound elliptic concentrator (CEC) represents a viable
solution due to its easy manufacture process and its capacity of obtain high concentration ratios'*2,

On this subject, a numerical analysis of two different systems is presented, one with imaging concentrator and the other
with nonimaging concentrator, integrated by a Fresnel lens combined with a CEC, as SOE, coupled to POF in order to
compare its performance under changes of incidence angle and also to show a trade-off analysis for different Fresnel lens
shapes used in the collector system.

For both systems, the Fresnel lenses were designed using the edge-ray method proposed by Leutz!>° and the CEC is
designed, according to the absorber area of the nonimaging Fresnel lens, using the string method®. Every system, integrated
by the Fresnel lens, the CEC and the POF, was simulated using Radiant Zemax® in a series of iterations varying the
incidence angle of the source-rays over the collector.

Since some of the losses are inevitable, such as absorption loss and reflection loss!?, the present work pursuits obtain a
proposal for indoor illumination with Fresnel lenses and POF that employs a less sophisticated tracking system with an
increase in the acceptance angle of the collector without significant reductions of the final performance.



1.1 Theoretical background

Work in solar energy collection implies the use of solar concentrators which can be analyzed depending of the optical
principles applied for light transmission: refraction or reflection; and the kind of concentration they provide: imaging and
nonimaging. The nonimaging concentrators can be ideal concentrators, that means the concentrator geometry’s design
may approach the thermodynamic limit of concentration, besides imaging optics usually do not reach ideal levels of
concentration. In contrast, imaging concentrators approach to focal points instead of the focal areas that result of
nonimaging collection!>*1°

As mentioned above, imaging Fresnel lenses in solar collection require high tracking precision, moreover, nonimaging
Fresnel lenses are based in the edge ray principle and offer an acceptance angle, leading to less tracking precision as
proposed in this work; although, both are essentially chains for prisms designed following the main concepts of
Geometrical Optics, particularly the Snell’s Law.

The imaging Fresnel lens can be designed with grooves facing inwards (toward the focal point) or facing outwards (toward
the source), for the first case the prisms have smaller angles compared with the prisms of the second case, this leads in the
fact that imaging lenses facing outward are less prone to focal errors but, furthermore, these lenses are difficult to clean
and are prone to shadowing losses.

Nonimaging Fresnel lenses generally have grooves facing inwards, which generate a smooth outer surface, and should
reduce focal aberrations, these advantages allow that nonimaging Fresnel lenses could be used as solar concentrators,
collimators and for lighting applications>'!.

As in the case of PV systems, solar illumination systems require efficiency and reliability, but the limitations of each kind
of Fresnel lens may difficult to obtain high efficiency systems. The objectives of secondary optics elements are create a
determinate irradiance distribution and increase the tolerance of alignment and tracking by catching refracted light that
otherwise would miss the receiver'>!3, these two objectives can be adapted for systems using POF. In the case of the SOE
design, it is necessary set, as initial conditions, the area and acceptance angle of the receiver (the FOP). A graphic
description of the problem addressed in this paper is shown in Figure 1.

Figure 1: The SOE has to match the POF incidence angle and the Fresnel lens exit. The SOE can reduce the hot spot produced
by the Fresnel lens.

Similar to POEs, the SOEs may accomplish three roles: refraction, reflection or a combination of both, but, for the case of
systems implementing POF, must take in advance the focal aberrations produced by the angular misalignment between the
source and the Fresnel lens and the acceptance cone of the fiber. The literature had reported different geometries for SOEs
and its effects for CPV and solar concentration in general, not only using Fresnel lenses as POE but also with other solar
concentrators; between the options listed, the compound parabolic concentrator (CPC) is one of the most often choices
due to its efficiency and easy-manufacturing design because, although it combination cannot achieve the thermodynamic
limit, it has been viewed as one of the best possible combinations'>!".

The generalization of the CPC for finite sources lead to the compound elliptical collector in 2D, this nonimaging design,
in principle collect all the rays from a source, but as in the case of the CPC, a rotational symmetry will cause losses due to
skewness. The Figure 2 shows the CEC in 2D and explains the construction process for this nonimaging element®.



Figure 2: String method applied for CEC design. Rays from B land on D and rays from P in any point between the absorber
[DC]. The rays exit angle on the CEC is increased, but considered to fit the FOP.

When a waveguide, as the POF, is used for transmit the light collected it is important take in advance the greatest possible
acceptance angle 8,,,,,. From Snell’s law, when the angle of incidence is greater than the critical angle ¢, (Figure 3), light
is reflected and guided further along the core. The maximum acceptance angle at which light can be launched into the core
and guided by the optical fiber is the acceptance angle 8,,,, we can be obtain by the analytical expression:

SiN Bqx = ny4/1 — sin? ¢, = /n? —n2 (1)

where each one of the variables are defined in Figure 3.

Light acceptance cone
Airn=1
Cladding n

2
——————————————————————————— -~ ~

Fiber axis

Figure 3: Numerical aperture of an optical fiber.

2. NUMERICAL EXPERIMENTS

This section describes the process of design of two systems for solar collection with Fresnel lenses and FOP as final
absorber and describes the numeric analysis performed for its performance comparison. Due to the fiber, both systems
must concentrate the light collected over the area of the fiber core and considering the acceptance angle of the fiber.

2.1 Solar Collector design

As it was mentioned before, the Fresnel lens design consists in calculate, using iterative methods, each one of its prisms;
for this work the prisms selected for create the Fresnel lenses were conventional refractive prisms' according with the
theory proposed by Leutz et al. based on Geometrical and Nonimaging Optics'?; for the case of the imaging lens, it was
considered as a specific case of a nonimaging lens, where the acceptance half-angle was +6 = 0° and having, each prism,
a constant width.

The material used for design both lenses was Polymethyl Methacrylate (PMMA) that has a refractive index n = 1.4921
considering a wavelength 1 = 555nm'? and, in the two cases, the lenses were designed as revolution symmetry surfaces.

The imaging Fresnel lens was designed considering a f-number (f# = f/2R, being f the focal length and R the lens radius)
equals to 1.0°, this characteristics allows a half-output angle 8, = 26.56° that corresponds with the half-acceptance angle
of the POF as will be seen in next section. The complete list of design parameters is presented in jError! No se encuentra
el origen de la referencia.. The Figure 4.A shows the resulting lens that have prisms facing inward.



Table 1. Design parameters for the imaging and the nonimaging Fresnel lenses.

Imaging Fresnel lens Nonimaging Fresnel lens
Radius 99.0 mm 83.1 mm
Arc half-length - 94.5 mm
F-number (f*) 1.0 1.19
Focal length (f) 198.0 mm
Number of prisms 90 90
Aperture segment angle (w) Variable 0.3°
Prism width (Ax) 1.1 mm Variable
Acceptance half angle (6;) 0° 5°
Output half angle (6,) 26.5° 27°

In the case of the nonimaging Fresnel lens, the focal length was the same as the used for the imaging lens and, looking an
output angle that corresponds with acceptance angle of the fiber, the maximum output half angle was set on 27° and, the
segment angle of each prism, on 0.3°. The aperture radius and half-length resulting are shown on The imaging Fresnel lens
was designed considering a f-number (f# = f/2R, being f the focal length and R the lens radius) equals to 1.0, this
characteristics allows a half-output angle 6, ~ 26.56° that corresponds with the half-acceptance angle of the POF as will
be seen in next section. The complete list of design parameters is presented in jError! No se encuentra el origen de la
referencia.. The Figure 4.A shows the resulting lens that have prisms facing inward.



Table 1. Design parameters for the imaging and the nonimaging Fresnel lenses. This lens was designed for an acceptance
angle of £5°, the Figure 4.B illustrates the final design.

OSSN L L

Ax A Ax Ax

A)

B)

Figure 4. Fresnel lenses designed. A) Imaging Fresnel lens composed by 90 prisms with constant width (Ax) facing inward.
B) Nonimaging Fresnel lens with 90 prisms with constant segment angle (w). For the nonimaging lens it was considered that
the arc half-length were approximately equals to the imaging lens aperture radius.

For the design method presented by Leutz et al. 2, the acceptance half angle of the nonimaging Fresnel lens is related with
the focal length and the half width of the absorber by:

f:

Where d represents the half width of the absorber. This limits the focal area to have a radius of 17.3 mm that will be
considered for the CEC design.

d
tan6;

(@)



Figure 5. Imaging Fresnel lens focusing a collimated white light source (D65) with 8 = 0° (green) as ideal incident angle and
6 = +5° (red and blue) as maximum incident angles. The radiance in position space is shown for each case.

For every Fresnel lens designed, a series of simulation was performed for analyze the angular and special distribution
captured in a radiometric detector placed at a distance equals to the focal length. In each case, the incidence angle of the
source was changed in steps of 0.1° from 0° to 5°. The Figure 5 shows the imaging Fresnel lens systems with its spatial
distributions for the cases of -5°, 0° and 5° and the Figure 6 shows the same setup for the nonimaging Fresnel lens. In both
systems, the FOP was placed at the focal length and it could be observe that the extreme cases (6;_ = —5° and 6;, = 5°)

do not allow the light enter into the FOP. A more detailed description of these simulations can be found in the Results
section.



Figure 6. Nonimaging Fresnel lens focusing a collimated light source D65 with 6 = 0° (green) as ideal incident angle and
6 = +5° (red and blue) as maximum incident angle. The radiance in position space is shown for each case.

2.2 Secondary optics element (SOE) design

The CEC designed for the systems has the role of redirect the light collected towards the POF in a very small area with
the objective of avoid the losses generated by focal area aberrations due to angular misalignment with the source. The
design process of the SOE is illustrated in the Figure 7. The resulting CEC takes the nonimaging Fresnel lens absorber
area as the input area diameter [AB] of 34.6 mm and the input area for the POF core as its output area that has a diameter
[CD] of 9 mm.

Figure 7. CEC design based on the Fresnel lens and POF output and input power profiles.

The CEC generated has as entrance area diameter [A’B’] of 18.5 mm, that limits the entrance of the light collected for all
the acceptance angles, but represents the option for reduce the output area to 9 mm.



2.3 lllumination system design

The general designs consists of a Fresnel lens (Imaging or Nonimaging) as a Primary Optical Element (POE), a Compound
Elliptic Concentrator as a Secondary optical Element (SOE) and a Plastic Optical Fiber with PMMA (n = 1.4921),which
has a solid core with radius of 4.5 mm, and fluorinated polymer (n = 1.418) cladding as final receiver. The difference
between the 2 systems presented is the use of an Imaging or Nonimaging Fresnel lens and it is show in Figure 8.

As it was mentioned before, the acceptance angle of the fiber was taken into account for the design of the other optical
elements, this acceptance angle was calculated using Eq. 1 and has the value of 8, =~ 27.66°.

A)

B)

Figure 8. The upper design shows the Imaging System and the lower one the Nonimaging System. Both system are designed
with the same SOE element and considering as final collection area de input of the POF. The ray trace shown represents the
ideal case of normal incidence.

Every system must combine the functions of concentration and angular correction using the SOE for decreasing the losses
in the coupling with the POF'®,

2.4 Methodology

The source implemented for the system was a collimated with the spectral distribution of a D65 source. For the optical
fiber, only a segment of 10mm was used because the losses related with the fiber propagation do not be considered for the
present work. The exact placement of the CEC was selected for each case looking for the smaller area of concentration at
the entrance of the CEC; for the imaging Fresnel lens it was 5 mm nearest the lens and for the nonimaging 20 mm.

For the numerical experiments, the systems shown in Figure 8 were simulated but, for obtain better results, additional
detectors were placed among the system, one just before the POE and other one just after. For the case of the nonimaging
Fresnel lens, the detector placed before it has an aspheric surface similar to the Fresnel surface. An extra detector was



placed for verify the output angle of the SOE and, finally, a third detector was placed after de POF for measure the final
power output of the system.

The results presented in the next section will be in terms of ratio instead of watts because the final performance for every
simulation was compute considering the light entering the concentrator and the losses due to material absorption and other
aberrations of the Fresnel lenses.

3. RESULTS
3.1 Focal area profiles

Each one of the displayed areas in

Figure 9 corresponds to a square radiometric detector of 70 mm length that shows the space distributions for different
incident angles of the source over the POE; the left side detector contains the output profiles of the imaging lens and the
right side the nonimaging outputs. The red circumference represents the POF and, as can be seen: to higher incidence
angle, higher displacement outside the fiber area. In addition, for the case of the imaging Fresnel lens, the output profile
presents aberrations, in contrast, the nonimaging lens maintain a well-defined spot.

A) B)

Figure 9. Focal area profiles, for different incident angles (6; , ~ —5°,0° +5° and 6; ,, ® —5°,0°, +5°). For both detectors
the red circle indicates the input of the POF. A) Imaging Fresnel lens. B) Nonimaging Fresnel lens.

For the angular distribution of the lens profiles, the Figure 10 shows that when the incidence angle of the source over the
lens change, the output will increase the half angle, resulting in losses due to angular decoupling between the lens and the
fiber. The losses presented in the system without SOE are related with both factors, the angular and space distributions
that cannot be coupled into the fiber.



Figure 10. Radiant intensity profiles. The angular distribution shown in each case is the accumulative output for different
incident angles (8; , = —5°,—2.5°,0° +2,5°, +5° and 6; , & —5°,—2.5°,0°, +2,5° +5°). The white circle represents the
angular acceptance of the POF 6, =~ 27.66°. The left side detector shows the system with the imaging Fresnel lens and the
right size the system with the nonimaging collector.

3.2 System performance without SOE

The systems were probed without SOE (Figure 11) and the final results shown that the imaging Fresnel lens has a tolerance
around 6; = 1° due to the aberrations presented in the focal point that affects the angular output. For the nonimaging lens,
the system only allows incidence source with 8; < 0.3° because the displacement of the focal area is higher than the input
area of the POF.

Figure 11. Efficiency ratio of the systems without SOE.

As the CEC was designed considering the output angles of the Fresnel lenses the output of the CEC must be analyzed for
assure the angular acceptance of the fiber; the Figure 12 shows the radiance in angle space measured at the output of the
SOE, just in the place where the POF is placed for the complete system. This results probes that the light collected will be
transmitted, for most of the cases, inside the fiber, the spots that are located outside the angular acceptance of the fiber
corresponds with its space misalignment. The angular distribution for the system with the imaging lens shows almost the
same angular distribution before and after de CEC.



Figure 12. Angular distribution of the CEC output. The white circle represents the acceptance of the POF 6, = 27.66°. The
left side detector shows the system with the imaging Fresnel lens and the right size the system with the nonimaging collector.

3.3 Total performance

The total performance, which represents the output power measured in system integrated by the Fresnel lens with the CEC
coupled with the POF without considering the losses produced by the collector, of both systems was increased, as is show
in Figure 13; for the nonimaging Fresnel lens the total performance remains constant over 80% with an acceptance angle
of incidence of 8; = 2°, in addition, the incidence angle of 8; = 2.5° represents a system with an efficiency over 50%. The
imaging collector have a performance over 75% with angular tolerance of 8; = 1°, that corresponds with the typical
tolerance of the imaging Fresnel lenses but, in this system, with higher performance.

Figure 13. Efficiency ratios of both systems. The insets placed along the graph for both systems represents the space
distribution at the fiber output. The system with the nonimaging collector shows a better performance with angular tolerances



over 8; = 2°, in contrast, the system with the imaging Fresnel lens increase its performance around a 10% but has, in general,
a lower angular tolerance than the nonimaging lens.

As was mentioned in the methodology, two detectors were placed before and after de POE for exclude the losses related
with the material absorption and aberrations of the lenses that are computed by Zemax when the construction material is
founded in its glass catalogue. The losses presented were ~3% for the nonimaging and ~10% for the imaging lens; in the
case of the imaging lens was detected that the prisms presents reflection of part of the rays arriving.

4. CONCLUSIONS

The imaging Fresnel lens performance was affected for the incidence angle of the source just as is reported in the literature',
but the introduction of the SOE allows an increment in the final performance of the system and improve the space
distribution of the lens.

The nonimaging Fresnel lens can be designed with different acceptance angles, but this tolerance affects directly the size
of the output spot, limiting the coupling with the fiber; this can be shown in the Figure 11 where the final performance of
the system with nonimaging collector is lower than the performance of the system with the imaging POE although the
nonimaging lens shows a better performance. The introduction of the CEC in this system results in higher tolerance for
the incidence angle of the source and allows, for the tolerance angles, maintain the performance over 80%.

Although the nonimaging Fresnel lens was designed for an acceptance angle of 6; = 5°, the final angular tolerances were
lower due to the displacement and size of the focal area. For future works, a similar analysis will be performed for
nonimaging Fresnel lenses optimized with acceptance half-angle decoupled to the absorber area and considering other
types of prisms*®. In addition, it is necessary look for other SOEs that can be coupled easily into the system.

At the end, the introduction of the SOE in each system, represents the possibility of implement a solar tracking system less
sophisticated that improve the system, which was the main objective of the present work. It is possible conclude that, for
the case where the CEC is not implemented, the imaging Fresnel lens is a better option, unless the waveguide that will be
use have a greater acceptance angle or area; if the CEC will be included in the system, the nonimaging collector is a better
option and, in general, this system complies the requirements for indoor solar illumination.
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ABSTRACT

We report an experimental study erbium-doped fiber laser for gas pressure detection in the L-band wavelength region by
laser intracavity absorption spectroscopy. By using a high-birefringence fiber optical loop mirror as spectral filter within
the ring cavity laser, the wavelength of the generated laser lineis finely selected and tuned in arange of ~10 nm in order
to select the wavelength where the gas absorption line is exhibited. Experimental results for detection of CO, pressure
with absorption at 1573.2 nm are shown and discussed. The proposed fiber laser sensor exhibits reliability and stability
for gas detection with absorption in the L-band such as CO,, CO, and H,S.

Keywords: Tunable fiber lasers; laser absorption spectroscopy; remote gas detection; EDF fiber lasers, wavelength
filtering devices.

1. INTRODUCTION

In the last decades, the atmospheric environment concern has motivated many efforts in different research fields for
detection and monitoring of pollutant gases. Compared with electrical sensors, optical sensors exhibit advantages such as
compactness, fast response, immunity to electromagnetic interference, high-sensitivity, and possibility of remote
sensing. These advantages make them attractive for continuous monitoring of gas presence. Particularly, optical fiber
sensors have been of persistent interest for gas detection by absorption spectroscopy. However, most of these sensors
uses broadband light source frequently in the visible spectrum, far-infrared or UV wavelength ranges where absorption
wavelength bands are exhibited in most of gases of interest. Rare-earth doped fibers used as gain medium exhibit broad
bandwidth amplification in which the absorption lines of different target gases are covered. In case of erbium-doped
fibers (EDF), commonly the gain spectrum usualy spans over 40 nm in the C-band. This feature make EDF-based
systems attractive for detection of pollutant gases with strong absorption linesin this near-infrared (NIR) waveband such
as acetylene (C,H,), methane (CH,), hydrogen iodide (HI), and ammonia (NH3) [1]. However, the optical response is
obtained from a wide straight transmission/reflection spectrum limits the selectivity of the detected gas. In order to
increase the selectivity of the measured gas, erbium-doped fiber lasers (EDFL) have been studied for its application in
laser absorption spectroscopy operating in the 1.55 um NIR waveband. The use of a spectral filter included in EDFL for
selection of the generated laser line improves the sensing selectivity [2]. In addition, where the spectra filter is
wavelength tunable it offers the possibility of multi-gas sensing with the same laser configuration. In this consideration,
different EDFL gas sensors have been reported based on the use of spectral filters such as fiber Bragg gratings (FBG)
[2,3], Fabry-Perot filters [4,5], and fiber interferometers [6]. In this sense, the fiber optical loop mirror (FOLM) with
high birefringence (Hi-Bi) fiber in the loop has been proved its reliability as spectral filter for wavelength selection and
tuning of stable generated laser lines in fiber lasers operating in the 1.55 and 2 pum wavelength ranges [7,8].
Nevertheless, compared with the fundamental lines observed in the mid-infrared wavelength range, the gases detected in
the NIR wavelength range exhibit weak absorption overtones lines, which lead to alow gas absorption sensitivity of the
sensor [9]. In this consideration, intra-cavity laser absorption spectroscopy (ICLAS) stands for a reliable gas detection
technique to increase the absorption sensitivity in NIR wavelength regions with weak absorption lines. In conventional
absorption spectroscopy techniques the gas container acts as short absorption cell when interacts with light, on the other
hand, in ICLAS technique the gas cell is inserted within a laser cavity, then, the numerous passes of light through the
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absorber allows to convert the short absorption cell into a high-efficiency multi-pass optical system improving the
detection sensitivity [2]. In ICLAS gas sensors based on conventional EDF lasers operating in the C-band, acetylene is
the commonly detected gas because exhibits the strongest line strength (at 1532.83 nm) from the available gases in the
supported wavelength range. The use of an L-band EDF as a gain medium in EDFL design allows the obtaining of
generated laser lines in a wavelength range from 1560 to 1620 nm. In this wavelength range the most important gases of
interest are carbon dioxide (CO,), carbon monoxide (CO), and hydrogen sulphide (H,S). Different L-band EDFL
operating in the L-band for their potential application as |CLAS gas sensors have been reported [10-12].

In this work, we present a tunable ring cavity EDFL based on the use of a Hi-Bi FOLM as spectral filter for laser
emission in the L-band wavelength range. The laser wavelength is finely tuned by temperature variations on the Hi-Bi
fiber of the FOLM. A generated laser line is wavelength tuned at 1573.2 nm in which CO, exhibit an absorption line.
Results of stability of the generated laser wavelength are discussed. In order to probe the performance of the proposed
laser configuration for intra-cavity laser absorption spectroscopy, preliminary results of CO, gas pressure detection are
obtained. The reliability of the proposed ring cavity EDFL based on a Hi-Bi FOLM for detection of gases with
absorption linesin the L-band wavelength range is experimentally demonstrated.

2. EXPERIMENTAL SETUP

The experimental setup of the proposed L-band EDFL is shown in Figure 1. The ring cavity uses an L-band EDF (NA of
0.25 and concentration of 3000 ppm) as gain medium. The EDF is pumped through a 980/1550 nm wavelength division
multiplexer (WDM) by a 250 mW laser diode at 980 nm. An optical isolator (1SO) ensures unidirectional propagation of
light. The Hi-Bi FOLM used as spectral filter is connected to an optical circulator (OC). A polarization controller (PC)
used to stabilize the generated laser line and a 90/10 coupler which provides the output port completes the cavity. In
order to perform intra-cavity laser absorption spectroscopy, a gas cell was inserted within the cavity between the PC and
the 90/10 coupler. The pass of light through the gas cell was optimized by using two fiber collimators (Thorlabs
F260FC-1550).

Figure 1. Experimental setup of the L-band EDF laser.

3. RESULTSAND DISCUSSION

The Hi-Bi FOLM isformed by a 50/50 coupler with output ports interconnected by a Hi-Bi fiber segment with length of
40-cm and birefringence of 5.25x10™. The reflection/transmission spectrum of the Hi-Bi FOLM exhibits a periodical
modulation of the input signal whose period can be calculated by [13]:

12
AM=—,
B-L
where /1 is the wavelength of the input light. B and L are the birefringence and the length of the fiber loop, respectively.

By using the Eq. (1), with the parameters of the Hi-Bi fiber used the calculated wavelength period of the Hi-Bi FOLM
operating around 1570 nm is of 11.72 nm. The Hi-Bi FOLM modulation period can be wavelength displaced by

1)
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temperature changes on the Hi-Bi fiber. In addition, the fringe contrast of the modulated reflection/transmission
spectrum can be adjusted by twisting of the fiber splices between the 50/50 output ports and the Hi-Bi fiber. For a Hi-Bi
FOLM constructed with a 50/50 coupler at temperature t and input wavelength A, the reflection can be described as

follows [14]:
R—Z 1+ Aco 7(l—l)+7(t—t ) (2)
2 JA 0 T 0 ’

where A and T are the measured wavelength and the estimated temperature periods, respectively. 1o and to are the
respective wavelength and temperature values where the Hi-Bi FOLM exhibits maximal reflection. The coefficient y
represents the insertion losses of the Hi-Bi FOLM and the constant A is the fringe contrast between the maximum and
minimum reflection. The Hi-Bi FOLM reflected spectrum for Hi-Bi fiber temperatures controlled to 17 and 20°C was
measured with a pump power under the lasing threshold of 38 mW at the output with an optical spectrum analyzer
(OSA). The measurements were performed with the cavity opened by blocking the input collimation lens at the gas cell
position. The input signal of the Hi-Bi FOLM is the amplified spontaneous emission (ASE) of the EDF, then, the
reflected output spectrum of the Hi-Bi FOLM is a periodical modulation of the EDF ASE. Figure 2(a) shows the Hi-Bi
FOLM reflection which was estimated as the measured Hi-Bi FOLM output signal divided by the previously measured
EDF ASE observed in the inset of Figure 2(b). Additionally in Figure 2(a) is presented the smulated Hi-Bi FOLM
reflection for the fiber loop temperatures of 17 and 20°C, by using Eq. (2). The following parameters were used:
t;=25.1°C is the room temperature and 4,=1570.54 nm is the wavelength of a maximal reflection peak at room
temperature (as it can be observed from Figure 2(b)). A of 1572 and 1574.5 nm are the wavelength at a maximum
reflection peak for each Hi-Bi fiber loop temperatures of 17°C and 20°C, respectively. A=1 since the rotation stages were
set to obtain the maximum fringe contrast. y was estimated in 0.446 by the insertion losses obtained from the estimated
reflection of the Hi-Bi FOLM. A=11.8 nm and T=24.8°C are the measured wavelength and temperature periods. As it
can be observed, the simulation parameters are quite fitted with the estimated reflection of the Hi-Bi FOLM. With the
increase of the Hi-Bi fiber loop temperature, the modulated spectrum of the Hi-Bi FOLM shifts toward shorter
wavelengths. Figure 2(b) shows the sensitivity of the wavelength shift of the Hi-Bi FOLM spectrum to temperature
variations on the Hi-Bi fiber loop. As it can be observed, from the room temperature at 25.1°C, a maximum reflection
peak of the Hi-Bi FOLM is wavelength displaced toward longer wavelengths from 1570.54 to 1574.92 nm when th Hi-
Bi FOLM temperature is decreased to a minimum of 16°C. The wavelength displacement of the Hi-Bi FOLM
modul ation spectrum as a function of the Hi-Bi fiber loop temperature can be linearly fit to a lope of -0.476 nm/°C.
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Figure 2. Characterization of the Hi-Bi FOLM, (a) the measured and the simulated reflected spectrum at Hi-Bi fiber loop
temperature of 17°C and 20°C, (b) the wavelength displacement of a maximum peak by Hi-Bi fiber |oop temperature
variations. Inset: The ASE of the EDF and the reflected Hi-Bi FOLM spectrum at room temperature.

Figure 3 shows the output spectrum of the laser line measured at the output with the OSA. In order to obtain laser
emission, the cavity was closed by the careful adjustment of the collimation lenses without the gas cell inserted within
the cavity. Then, by setting the temperature of FOLM Hi-Bi fiber loop to 17°C, the laser wavelength was tuned near to
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1573 nm in which the absorption of the CO, is expected [12]. The results were obtained with pump power of 125 mW in
which the maximum amplitude of laser emission was achieved. The solid black and the blue curves show the output
signal of the EDF laser emission without and with the gas cell inserted within the laser cavity, respectively. Asit can be
observed a single laser line at the central wavelength of 1573.2 nm is generated. Attenuation in the laser line amplitude
of ~30% is observed when the gas cell is inserted. The full width at the half maximum (FWHM) for the laser line with
the gas cell is of ~215 pm. The dotted red curve shows the Hi-Bi FOLM reflected spectrum. As it can be observed, the
laser line is generated in the immediacy of a maximal reflection peak of the Hi-Bi FOLM.

Figure 3. The EDF laser output spectrum with and without the gas cell insertion by using the Hi-Bi FOLM as spectral filter.

The long-term stability of the laser is shown in Figure 4. A set of 20 measurements with a time interval of 5 minutes
between each measurement were obtained with the OSA. The EDF laser line was tuned at 1573.2 nm by controlling the
Hi-Bi fiber loop to 20°C. Then, the PC was used to control the stability of the generated laser line. When the Hi-Bi fiber
loop temperature and the PC adjustments allow observing a stable generated laser line, the measurements were obtained.
As it can be observed the generated laser line exhibits good stability over a scanning time of 120 minutes. The stability
results show that the proposed EDF laser experimental setup can be used as source for gas detection by direct laser
absorption spectroscopy techniques.
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Figure 4. Stability of the EDF laser wavelength tuned at 1573.2 nm.
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Figure 5 shows the response of the laser line as a function of the CO, gas pressure. For this purpose, the gas cell was
filled with 100% of CO, concentration to a maximum gas pressure of 1.5 kg/cm?. The CO, exhibits different absorption
bands near to the 1570 nm wavelength range. In order to adjust the laser to a maximum detection with the gas cell at the
maximum gas pressure, the laser line was finely tuned in wavelength by temperature changes on the Hi-Bi FOLM fiber
loop. By monitoring the decrease of the laser line peak power, the maximum response was achieved at ~1573.2 nm.
From the maximum absorption settings, the gas was removed from the gas cell at controlled pressures of 1.1, 0.8, and O
kg/cm?. The absorption bands of the CO, at the 1570 nm wavelength range are overtones with weak peak absorption
coefficient of ~1.5x10-7 [ppm-m] ™ with is around three magnitude order |ess than other gases detected in the NIR region
such as acetylene. Then, although from the experimental results it can be observed low sensitivity of the EDF laser line
to CO, pressure, the gasis detected.
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Figure 5. The EDF laser output spectrum as afunction of the pressure of CO, within the gas cell.

Figure 6 shows the normalized peak power of the EDF laser line as a function of the CO, gas pressure of the results
obtained in Figure 5. The laser line exhibits maximal peak power variation sensitivity of ~18% to variations of the CO,
gas pressure from the gas cell filled with 100% concentration to empty. Since the laser peak power exhibits low
sensitivity to CO, pressure, the results were obtained for only four gas pressures. However, the sensitivity of the laser
line can be linear fitted to a peak power variation of -11.87% for each kg/cm? of CO, gas pressure.
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Figure 6. The normalized peak power of the EDF laser line as a function of the CO, gas pressure.
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The detection of CO, by using the proposed L-band all-fiber EDF laser is experimentally demonstrated. However, in
order to enhance the stabilization and the sensitivity of the system, the implementation of the laser should be combined
with different techniques reported [2-5]. The use of aHi-Bi FOLM as spectral filter for fine tuning of the generated laser
line is demonstrated as a straightforward method for development of all-fiber lasers for its application as sensors of
different gas characteristics. The proposed all-fiber EDF laser represents a reliable alternative as light source for
detection of gases in the L-band wavelength region. The fine wavelength tuning and the stability of the generated laser
line make it suitable for detection of CO and CO,, among other gases with absorption bands in the L-band.

4. CONCLUSION

In this paper, we experimentally demonstrated an L-band tunable ring cavity EDFL based on the use of a Hi-Bi FOLM
as spectral filter. By temperature variations on the FOLM Hi-Bi fiber, the wavelength of the generated laser line was
finely tuned at 1573.2 nm where the maximal absorption of CO, was achieved. The laser line exhibits good stahility,
required for gas detection by laser absorption spectroscopy techniques. The performance of the laser configuration was
applied for intra-cavity laser absorption spectroscopy of CO, pressure. Although the expected low sensitivity of the laser
line to CO, absorption is expected, detection of the gas is observed in a laser peak power variation of ~18%. The
reliability of the EDFL based on a Hi-Bi FOLM was demonstrated for detection of gases with absorption linesin the L-
band waveband.
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ABSTRACT

We report an in-fiber structure based on the use of a multimode fiber segment and a double cladding fiber segment, and
its application as spectral filter in an erbium-doped fiber laser for selection and tuning of the laser line wavelength. The
output transmission of the proposed device exhibit spectrum modulation of the input signal with free spectral range of
~21 nm and maximum visibility enhanced to more than ~20 dB. The output spectrum of the in-fiber filter is wavelength
displaced by bending application which allows a wavelength tuning of the generated laser line in arange of ~12 nm. The
use of the proposed in-fiber structure is demonstrated as a reliable, simple, and low-cost wavelength filter for tunable
fiber lasers design and optical instrumentation applications.

Keywords: Tunable fiber lasers, erbium-doped fiber, in-fiber interferometer, modal interference, wavelength filtering
devices.

1. INTRODUCTION

Tunable fiber lasers based on erbium-doped fiber (EDF) operating on the wavelength region of 1.55 um have been of
persistent interest for applications in different research areas such as optical communications because of the low
transmission losses at the operation waveband and for pumping laser sources design for thulium-doped fiber lasers
development. For the wavelength selection and tuning of the generated laser wavelength, different fiber interferometers
and filters used as spectra filters have been investigated [1-3]. In particular, in-fiber modal interferometers have been
demonstrated as reliable optical spectral filters because of their many advantages such as al-fiber compatibility, low
insertion losses, ease of fabrication and low cost. In-fiber structures are constructed by fusion splicing of different fiber
segments. The modal interference is produced by a fiber element used to recombine the excited coupled modes from
cladding with the core modes which cause modulated transmission of the input signal. Different techniques have been
reported to produce modal interference by in-fiber structures including the use of tapered fibers [4,5,6], multimode
interference effect [7-9], micro-structured fibers [10-12], splices between fibers with different core mode areas [13], and
core-offset splices [2, 14], among others. Moreover, in-fiber structures based on double cladding fibers (DCF) have been
reported as reliable modal interferometers for their application in the design of straight transmission fiber sensors and
multi-wavelength fiber lasers with advantages such as robustness, repeatability and ease of construction, and long-term
operation [15-17]. However, reported DCF-based in-fiber interferometers exhibit low fringe contrast and irregular
modulation profiles at the 1.55 um wavelength range which make them no suitable for their use as spectra filters for
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wavelength selection and tuning of the generated laser wavelength in tunable EDF lasers which requires spectral filters
with long wavelength periods and high fringe visibility.

In this work, we present a novel an in-fiber DCF-based modal interferometer by including a multimode fiber segment to
the in-fiber structure which allows increasing the fringes visibility of its transmission spectrum. In addition with the
increase of the fringe visibility, the in-fiber interferometer was designed with a long wavelength transmission period of
~21 nmin order to use it as spectral filter in atunable EDF laser. By bending application on the in-fiber interferometer,
the wavelength of the EDF laser generated laser is tuned in a total range of ~12 nm. The laser line exhibits narrow
bandwidth of ~0.25 nm and high optical noise-to-signal ratio (ONSR) of ~44 dB. The proposed in-fiber modal
interferometer is demonstrated as a reliable wavelength filter for tunable fiber lasers design.

2. OPERATION PRINCIPLE OF THE IN-FIBER MODAL INTERFEROMETER

As it is shown in the schematic diagram of Figure 1, the in-fiber structure is based on segments of a multi-mode fiber
(MMI, Thorlabs AFS105/125Y) with length L;=1.17 cm and a DCF segment with inserted between single-mode fiber
(SMF) segments. The DCF segment with length L,=2.5 cm is a home-made refractive index (RI) W-profile fiber with
core, inner cladding and outer cladding refractive indices of 1.459, 1.454 and 1.457, respectively, and core diameter of 7
um, inner cladding diameter of 47 um and outer cladding diameter of 125 um. The modal interferometer was
constructed by fusion splicing of the aforementioned fiber segments in a SMF-MMF-DCF-SMF (SMDS) structure. The
structure is based on a conventional SMF-DCF-SMF with the addition of a MMF inserted to increase the light intensity
coupled to the DCF cladding in order to enhance the fringe contrast of the modal interferometer transmission spectrum.
In addition with the increase of the portion of light coupled to the inner cladding of the DCF from the MMF, when light
from the input SMF is coupled to the MMF, the core mode is distributed in different modes along the MMF length. The
phase difference between the different modes propagated in the MMF leads to multimode interference (MMI) effect
which produces resonant dips of the input signal spectrum where constructive interference is maximal, which involve an
unwanted effect. However, strong resonant dips can be avoided for the operation wavelength range by choosing a proper
MMF length L; [18].The light is propagated along the MMF reaching the MMF-DCF splice in which part of the light is
coupled to the core of the DCF converted to the core mode and a significant portion of the light is coupled to the inner
cladding of the DCF. Because of the W-profile of the DCF, the cladding modes are not restricted to the inner cladding.
Then, cladding modes from inner and outer cladding are returned to the core-cladding region and propagated along the
DCEF. In order to reduce the high order modes interference which produce irregular oscillations, the SMDS structure was
painted with black ink, then, the light coupled from the MMF to the outer cladding of the DCF is dissipated through
partial energy transfer to high-order modes on the surface interface. The most significant intensity of the input light is
propagated along the core and inner cladding along DCF with length L,. The DCF acts as a modal Mach-Zehnder
interferometer where modal interference is produced by the optical path difference between the propagated core and
cladding modes (which represent the arms of the interferometer) because of the RI difference. Then, when the
propagated modes along the DCF reach the output SMF, a significant part of the light power from the core and cladding
modes of the DCF is coupled to the output SMF core in which interfere producing a periodical modulated output
transmission of theinput signal.

Figure 1. Schematic diagram of the in-fiber modal interferometer and light propagation.

Figure 2 shows the three-dimensional propagation of the light modes along the SMDS modal interferometer was
simulated by beam propagation method (BPM) as it is shown in Figure 2. The input light is a normalized core mode
input from the input SMF at the wavelength of 1550 nm in which the intensity is maximal. The painted surface was
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simulated with an arbitrary refractive index of 1.5. As it can be observed, the energy from the input SMF core mode is
distributed in different modes along the MMF segment producing a multimode interference at the lead-in facet of the
DCF. A main part of the light energy from the MMF is coupled into the core and first cladding of the DCF, where more
intensity is observed along the core. However, dominant cladding modes are strongly excited. As a result, modal Mach-
Zehnder interference is produced in the core of the output SMF. The light power from the core mode and the excited
cladding modes from the DCF is mostly distributed in the SMF core rather than in the cladding.

Figure 2. Three-dimensional BPM simulation of the SMDS modal interferometer.

3. EXPERIMENTAL SETUP

Figure 3 shows the experimental setup of the al-fiber ring cavity tunable EDF laser. An L-band EDF with length of 2.8
m, concentration of 3000 ppm and NA of 0.25 is used as the gain medium. The EDF is pumped at 980 nm by a 250 mw
laser diode (LD) through a 980/1550 nm wavelength division multiplexer (WDM). The ring cavity is completed with an
optical isolator (1SO) used to ensure unidirectional light propagation, a polarization controller (PC) used to adjust and
stabilizes the generated laser line, and a 90/10 optical coupler used as the laser output. The laser output spectrum is
measured with an optical spectrum analyzer (OSA) at the 10% output port of the 90/10 coupler. The SMDS structure
acts as spectral filter to select the wavelength in which the wavelength of the generated laser line is determined by the
maximum gain peak. The in-fiber SMDS structure was mounted on a flexible metal sheet whose ends were placed on a
pair of mounts over stages to ensure its position. One of the stages remains fixed while the other is a micrometric
trandation stage. By linear displacements on the trandlation stage, the generated laser line is wavelength tuned by
bending application on the in-fiber modal interferometer.

Figure 3. Experimental setup of the ring cavity tunable EDF laser.
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4. RESULTSAND DISCUSSION

The in-fiber SMDS modal interferometer exhibits a periodical modulation of the input signal which depends on phase
difference between the light propagated along the core and cladding of the DCF. Because both portions of light
distributed in the core mode and the dominant cladding modes travel the same physical length L,, the optical path
difference depends on the effective refraction indices difference between the core and cladding (Ang). Operating in a
wavelength (1), the wavelength period of the SMDS interferometer modulated transmission spectrum (AA) can be
approximated to [17]:

2
a=r @
Ang - L,

In addition, in-fiber structures based on DCF are sensitive to bending. As bending is applied to the SMDS structure its
physical length and the mode refractive index varies. As a result, the optical path of the cladding modes is modified
while the core mode remains immune to bending. The variation of the refractive index experienced by the interfered
modes is approximately the same leading to an optical path difference mainly affected by the physical length. Then, the
effect produced by bending of the DCF is a wavelength displacement of the SMDS interferometer transmission spectrum
toward shorter wavelengths as the bending is increased, making DCF-based in-fiber structures useful spectra filters for
tunable fiber lasers design. However, typically for conventional SMD-DCF-SMF (SDS) structures reported, the fringe
contrast is rather low in the 1.55 um wavelength range (less than 2 dB) because of the low portion of light intensity
coupled from the input SMF core to the DCF inner cladding [15-17]. Thus, SDS modal interferometers have been
reported for their application as spectral filters for straight transmission curvature and refractive index fiber sensors and
for multi-wavelength fiber lasers approaches. In our proposed SMDS modal interferometer, the insertion of a MMF in
order to couple more light intensity to the DCF inner cladding results in a significantly fringe contrast increase of the in-
fiber interferometer transmission spectrum which make it attractive for its application as tunable spectra filter for
tunable fiber lasers design. In order to characterize the transmission spectrum of the proposed tunable spectral filter, the
laser cavity shown in Figure 3 was opened at the splice between the 90% port of the 90/10 coupler and the WDM input
signal port. Then, the amplified spontaneous emission (ASE) of the EDF is the input signal to the SMDS modal
interferometer. Figure 4 shows the transmitted output spectrum of the SMDS structure to the EDF ASE input signa by
bending variations. By linear displacement on the translation stage, bending on the SMDS structure was applied from
straight position to 2000 um each 200 um of linear displacement. The measurements were obtained in the output port by
the OSA with the maximum pump power application of 250 mW. As it can be observed, the transmitted output signal of
the SMDS interferometer is a periodical modulation of the input signal with wavelength period of ~21 nm. At straight
position, a main modulation period with fringe contrast of ~23 dB and maximum peak at the wavelength of ~1573.5 nm
is observed. The laser line is expected to be generated at the wavelength in which the maximum gain transmission peak
is shown. While bending on the SMDS structure is increased the modulated output spectrum exhibits a wavelength
displacement toward shorter wavelengths.

Figure 4. The spectral response of the SMDS modal interferometer by bending variations.
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Figure 5 shows the spectrum of the generated laser line. The transmitted output spectrum of the SMDS is also shown.
The experimental result was obtained with the OSA at the output port with a pump power of 250 mW. The laser
emission was obtained without bending application on the SMDS structure. As it can be observed, single laser emission
with wavelength centered at 1573.7 nm which coincides with the maximum gain peak of the in-fiber interferometer
transmission modulation. The laser wavelength exhibits a narrow 3-dB linewidth of 95.3 pm and an optical signal-to-
noiseratio (OSNR) of 49.6 dB.

1568 1572 1576
Wavelength (nm)

Figure 5. The generated |aser wavelength without bending application at the SMDS output transmission spectrum.

Figure 6 shows the operation of the EDF laser under wavelength tuning of the generated laser line. Single wavelength
laser emission is observed in a wavelength tuning range of ~12 nm. A set of 9 measurements of the EDF laser line
spectrum tuned as a function of the bending applied on the SMDS structure were obtained at the output port with an
OSA and a launched pump power of 250 mW. The bending of the in-fiber modal interferometer was varied by linear
displacements of the translation stage in an interval of 200 um from straight position to 1600 pm. Asit can be observed,
the laser line is displaced toward shorter wavelength as the bending of the SMDS structure is increased. It is worth to
note that although there is not a linear of wavelength tuning of the laser line as afunction of the linear displacement; the
relation is approximately linear with respect to the amount of bending applied in the range shown. With the increase of
the linear displacement over 1600 um, the SMDS structure is less sensitive to bending variations. As a result, the
wavelength displacement of the generated laser lineisless perceptible.

Figure 6. The wavelength tuning of the EDF laser line by bending variations on the SMDS structure..
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5. CONCLUSIONS

In this paper, anovel in-fiber modal interferometer based on MMF and DCF segments and its application for the spectral
selection and tuning of the laser line of aring cavity EDF laser were experimentally demonstrated. By including a MMF
in a DCF-based in-fiber modal interferometer, the fringe contrast of the modulated transmission spectrum was increased
from ~ 2 dB to more than 20 dB in comparison with a conventional SMF-DCF-SMF structure. The increase of the fringe
contrast of the proposed SMDS structure makes it suitable for its application as spectra filter for tunable fiber lasers
design. The all-fiber EDF laser exhibits wavelength tuning range of ~12 nm, narrow laser line 3-dB spectral linewidth of
~95 pm and ONSR of 49.6 dB. The reliability of the proposed SMDS in-fiber structure as simple, repeatable, low-cost
and easy fabrication wavelength filter for tunable EDF fiber lasers design operating in the 1.55 um wavelength band was
experimentally demonstrated.
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ABSTRACT

In this paper, a cubic-like structure is proposed to scan and print tools used as medical equipment at low cost for developing
countries. The structure features a 3-axis frame plane that uses high-precision step motors. An actuator drives the “x and
y” axis through serrated bands with 2 mm pitch. Those give an accuracy of 2.5 microns tops. The z-axe is driven by and
inductive sensor that allows us to keep the focus to the printing bed as well as to search for non-smooth areas to correct it
and deliver an homogeneous impression. The 3D scanner as well as the entire gears are placed underneath in order to save
space. As extrude tip, we are using a 445 nm UV laser with 2000 mW of power. The laser system is able to perform several
functions such as crystallizing, engraving or cut though a set of mirror arrays. Crystallization occurs when the laser is
guided towards the base. This process allows us to direct it towards the polymer injector and as a result, it crystalizes on
the spot. Another feature that this system is the engraving process that occurs while the base moves. The movement allows
the beam to pass freely towards the base and perform the engraving process.

Keywords: 3D scanning, 3D printer

1. INTRODUCTION

3D scanning is a process that converts real-world objects into three-dimensional digital files through an optic-based data
acquisition system. Many different technologies can be used to create 3D renderings and each technology have advantages
and disadvantages in terms on resolution. The best option for this technology depends on the type of object that you want
to scan. In this 3D-printer, the scanner uses a laser line and a sensor that collects data from the object shape. To obtain the
shape of the object, a base rotates and acquires the necessary data to generate the render.

The 3D Printing technology is an additive manufacturing process that fabricates a physical object from a digital design. The
traditional production methods are subtractive, generating forms by removing of excess material. There are several 3D
printing technologies as well as materials [1]. Every 3D print starts as a 3D digital model. The design file is sliced into thin
layers that are sent to the 3D printer.

Printing process varies according to the technology in use. It started from basic desktop printers that as a principle melt a
polymer material and lay it down to a base plate in which it is deposited, to large industrial machines that use a laser to
selectively melt metal powder at high temperatures [1]. The printing process can take hours to complete according to the
model size and other physical characteristics.

Chuck Hull invented the first 3D printing process called ‘stereolithography’ in 1983 [2]. He defined stereolithography as
‘a method and apparatus to fabricate solid objects by successively “printing” thin layers of the ultraviolet curable material
one on top of the other’, he soon realized that his technique was not limited to only liquids, expanding the definition to
‘any material capable of solidification or capable of altering its physical state’.

Laser 3D Manufacturing 1V, edited by Bo Gu, Henry Helvajian, Alberto Piqué, Corey M. Dunsky,
Jian Liu, Proceedings of SPIE Vol. 10095, 1009511 - © 2017 SPIE
CCC code: 0277-786X/17/$18 - doi: 10.1117/12.2251588
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All 3D printing technologies create physical objects from digital designs through deposition of layer by layer by using
each one its own proprietary method. The most common technology in use is the Fused Deposition Modeling (FDM)
printing process that starts with a solid material string called filament. The material can be extruded on a specific and fixed
path created by a computer software. The advantage to this fabrication process is focused on the fast and low-cost
prototyping as well as it can be used for a wide variety of applications.

Other process is the Stereolithography (SLA). This process uses a laser to solidifying the material and the digital light
processing (DLP) employs a projector. To fabricate a 3D printed object, a platform is submerged into a translucent tank
filled with an aqueous resin. This process is repeated layer by layer until the desired object is completed. This process is
widely used for high-detail prototyping.

2. DEVELOPMENT

The machine was designed thinking in the market technologies for 3D printing and taking in to count the most commercial
materials of printing such as SLA & FDM. It is also introducing a 3D mechanism for scanning. Below of the mechanism
of the printer has a gear system for a plate that is used as a platform to take objects in different angles as shown in Fig. 1.

XY Axis Enclosure System

Dual Extruder System
U.V Filter Panel

Support of Printing Plate
Base Plate
Z Axis Mechanism

Gear System of scannnig Plate

Figure 1. Schematic diagram of the 3D scan, 3D printer and engraving system

The dual extruder System is compounded by 2 kinds of nozzles (A & B) as shown in Fig. 2. The Nozzle A features a hot-
end that provides heat to fuse the filament. The nozzle B have an optical array that proves a dual function as extruder &
engraver. It is possible due to the dual position of the laser beam. The first position focuses the beam to the nozzle, this is
to crystalize the SLA, by repeating this path layer by layer, it is able to create physical objects as shown in Fig. 2B. The
second position release the laser beam to the plate, in this way it is possible to exploit as an engraver (Fig. 2C). The laser
engraving is a non-contact process between the engraving object and the laser. The laser beam generates a wear effect on
the part or material to engrave it. The level of wear that has the laser, is of a power of 2000 mW. The laser will have an
input angle of 90° but a single side of the dual extruder nozzle that allows an angle to impact the liquid material and solidify
it by making a manual shift of a laser engraving, as Fig. 2 shows.
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Laser Beam

Optical Arrayment

Nozzle B

Figure 2. View of the nozzle and the laser

The next figure shows the performance on the printing mechanism. The movement on the axis “x” and “y”, shown in Fig.

3, depicts the movement enclosure system for the axes X&Y by using Nema 17 motors with 16 tooth pulley and 32 micro
steep drivers that allows a resolution over 5 pm in booth axes.
Quick Conector

Flux of Resin

Dual extruder system

&y

Figure 3. Isometric View of axes.

It is planned to add a camera, which will take the images from each angle while the base of the object will rotate on its
axis. The 3D scanner uses two helicoidally gear system, the first with 30 and the second with 15 tooth as shown in Fig. 4.
The system has a moving relation of 1:2, this is why, a Nema 17 stepper motor is used. The Nema 17 works with 1/32

micro steps. To calculate for one loop in the gear it is needed 12,800 pulses. According to the iterations, the maximum
resolution is 0.02815° degrees.

360° degrees = (200 steeps ) (32 micro steeps)(2 revolutions) = 12,800 pulses
1° degree = 35.5555 pulses

Camera

Scanning Plate
Helical gear 15 tooths
;n //‘ﬂ‘.-r
{%‘M{ﬁ / Helical gear 30 tooths
NN
Y o =

/ /‘//;’é//

_lj &,/NJ / Nema 17 Step motor

g S— S S—
;\L F—/
=2

Figure 4. Explode view of scanning plate
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3. RESULTS

The final design proves a maximum resolution of 5 um and layers of 25 pm with a 40x40x40 cm of print volume. Also,
with the dual extruder system, it allows us to print with different kind of materials and multipurpose impressions such as
biomedical, didactic and industrial tools. In addition, the laser can make small cuts or engraving soft materials as raft wood,
paper and cardboard. The machine opens an opportunity window to replicate physical objects

Figure 5. Schematic diagram of the entire system

4. CONCLUSIONS

A cubic-like structure to scan and print tools used as medical equipment at low cost is proposed. The structure features a
3-axis frame plane that uses high-precision step motors. An actuator drives the “x and y” axis through serrated bands with
2 mm pitch. Those give an accuracy of 2.5 microns tops. An UV laser at 445 nm with 2000 mW of power is used. The
laser system is able to perform several functions such as crystallizing, engraving or cut though a set of mirror arrays.
Crystallization occurs when the laser is guided towards the base. This process allows us to direct it towards the polymer
injector and as a result, it crystalizes on the spot. Several materials such as FDM and SLA can be used. By having a
40X40X40 cm volume, it is possible to print large tools for several fields focused on tools used in bio applications at low
cost.
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Noise Suppression ASE of Erbium Doper Fiber Laser
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Abstract: In this work we present the results obtained to couple a filter Optical fiber
to Erbium doper fiber laser, with this setup we eliminate noise ASE.
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1. Introduction

Band-rejection fiber filters are required for the elimination of unwanted wavelengths in optical fiber
systems, In optical fibers, wavelength dependent loss can be induced though the inscription of long period
gratings (LPG’s) A convenient way to fabricate LPG’s in optical fibers is through the periodical
application of an electric arc from a fusion splicer [1-3]. In this work we used fiber filters based on the
fattening, a method for the fabrication of band rejection fiber filters based on the fattening of the optical
fiber diameter by using a commercial fusion splicer, this method is describe in the reference[4].

2 Experimental Description

In this experiment, we used 9 meters of Erbium dope fiber (ER20-4/125) we couple to the fiber a WDM,
and we used a laser pump diode of 980nm. In the cavity we splice the fiber filter fattening to the Erbium
dope fiber and out the laser we see with a OSA the effect the put filter. We fabricate a LPG's to
wavelength central of the 1560 nm, band loss of the filter varies in a range between 0.5-5 dB. In the
results we see the out spectrum the laser is more narrow than the laser before we put the LPGs, this is
because exist one attenuation due to LPGs. This result we need for to unite another amplifier without
what the first amplifier is saturate and we have a good response. We do an analysis of the result the
splice the LPG's with the Erbium doped fiber laser and compare with another LPG's filters.
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ABSTRACT

This works describes a novel optical refraction index sensor which is based on the analysis of double reflection lecture
detection. This processinitially identifies the thickness of a semitransparent solid o liquid material by the retro-reflection
of alaser diode at 633nm as a function of distance along the device under test with a Z-axis scanner to find the focusing
point. This feedback signal brings how far traveled the beam path which is indirectly related with the refractive index at
different materials, the data of the thickness at each layer istreating with a geometrical analysis of the beam vel ocity.
Keywords: fiber sensor, refractive index, double reflection lecture.

1. INTRODUCTION

Currently, the manufacturing industry has demand precision measurement at almost any point of its process.
Traditionally, contact CMMs (coordinate measuring machines) represent the standard precision measurements,
unfortunately, these include elements of physical contacts which are not desired in some important measurements. The
new trends of precision measurement are therefore the noncontact systems. Mainly, it new kind of system represents
more than 60% of the market for sensing and is widely used in the automobile, aerospace, and electronics industries [1].

An important feature in noncontact measuring for the thickness is the speed to process the information. This speed
during the process means better control in the quality of parameters and suggested a lower manufacturing cost. There is
no doubt about that the repeatability and the accurately are also very important features during production. The
portability of the system also enables to set and adjust the tool or sensor to take datain real time.

This work describes a novel optical refraction index sensor which is based on the analysis of double reflection lecture
detection. This process initialy identifies the thickness of a semitransparent solid or liquid material by the retro-
reflection of alaser diode at 633nm as a function of distance along the device under test. For the index detection, a lens
is attached in a Z-axis-scanner to find the focusing point. This feedback signal brings how depth is penetrated the beam
and also how far traveled the beam path. As we know, the refractive index isindirectly related to the traveled beam path
at different materials, the data of the thickness at each layer is treating with a geometrical analysis of the beam velocity
and all data can provides us of the refractive index at each material. The system is compact, robust and reliable.

2. OPTICAL REFLECTOMETRY

Nondestructive measurement of the optical properties of some samples as a function of distance along the device under
test generally requires the methods of reflectometry. Diagnostics for concatenated components or long optical fiber
transmission line are usualy conducted with some variation of optical time domain reflectometry (OTDR) [2]. This
method had proved to be of immense value in the metrology of optical transmission systems. Reported measurements
include determination of fiber attenuation, break location, diameter fluctuations, spliced-quality, mode conversion at
joints, defect identification, and micro-bending loss. Most of the applications are associated with testing long-distance
optical communication systems.

In addition to the OTDR method there are different kinds of refractometers that have been used so far. Naming some of
them, we could find examples of Pulfrich refractometer [3], Abbe refractometer [4] and refractometers which use a

Optomechanics 2011: Innovations and Solutions, edited by Alson E. Hatheway,
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minimal deviation angle for their measurements [5-7]. All these methods required geometrical configurations and Snell’s
refraction laws as well. These refractometers have employed lasers as the light source. This implementation allows more
precise measurements due to its spatial and temporal coherence.

In an interesting review article, Healey [8] described in some details the various types of single-mode reflectometer
developed up to date. These include devices based on coherent detection and optical frequency-domain instruments.
Here, we only mention the basic operating principles of the simple one, a conventiona pulsed-echo OTDR. A schematic
diagram of a typical device is given in Fig. 1. With this instrument, a pulsed beam is launched into the tested fiber
through a directional coupler. A single port launches the pulse into the test fiber and recovers the returned signals. These
signals may be classified as reflections from discrete discontinuities and a very weak distributed Rayleigh scattering. The
signals are detected in a fast optical detector, processed and displayed as a function of time (or distance) over some kind
of graphics display. The recorded response is often referred to as a signature, and represents a unique characteristic of
the system under test.

PULSED
LASER

DIRECTIONAL
COUPLER

TEST FIBER

FAST DETECTOR

|

WIDEBAND
APMPLIFIER

SIGNAL PROCESSING
AND DISPLAY

Fig. 1. Basic schematic diagram of a OTDR.

This simple idea to collect light from the backward direction of a fiber opticsis an excellent feature that is widely used
to develop sensor instruments. Typically, a fused coupler or aWDM are the optical passive elements used in this kind of
setup. It basically works by the injecting of an optical signal in a fiber optics and in its forward direction this signal
beam is put in contact with an external material, and then the response of its optical property of this material, such as the
reflection, is used to get some information back to the system. Such a signal is retro-reflected into the fiber optics and
collected in the optical passive element and delivered to an electronic system that interpreted it and give a measurant.

3. FOCUS & MEASURING PROCESS

Auto-focus system is widely used in photographic cameras and helps in the localization for the best position of a
recollected light back from an exterior scenario and therefore to get a nice contrast and view of a picture. The focal
length of alens, in one hand, is the distance from the center of the lens to the principal focal point and technicaly in a
convex lens, the light beam is concentrated with a maximum collected optical power. However, if the focus of thelensis
misadjusted, the optical power drastically drops and thus the quality of an image is getting poor. Asit can be seenin Fig.
2, the position dO, d1, d2 or d3 shows the power densities or diameter beam spots which varied against the distance,
meaning that for the position dO, the power position has a highly concentrated beam and thus a maximum optical density
power (or amaximum voltage 5V asisindicated in theillustrated example).
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Figure 2: Power densities vs displacement as function of itsfocal point (focal point at d0).

Figure 3 shows the layout of alens and its focus position and is described as a follow: the position of a moving platform
relative to a fixed base (lens holder) is controlled by an external linear actuator motorized, which incorporate a lead
screw passing through alead nut in this platform. The rotation of such alead screw is controlled by a stepper motor. This
allows the system to control its position in a very accurate resolution of some micrometers. Relaying on this resolution,
we scan the surface from an initial position up to a fina position and recorded this displaced position and treated by a
signal processing board to generate a data which corresponds to a thickness from a sample. In other words, these
positions in distance are the focal point of the laser beam for these two positions. In this way, we can measure distance
relative to the surface. In Fig. 3 also schematically shows two different focal points for two different spot diagrams.

Spot
Diagrams

10um |
3.6um Spot

10pm

15pm Spot

Figure 3: Layout decribing the focal point with spot diagrams for two different lenses

In the layout of Fig. 3, it is also describe experiments we carry out with two focused lenses and the selected lens
corresponds when the beam at the focal point had a diameter of about 3.6 micrometer of diameter.

In addition to search the lens focal distance, another important point was the measuring process. The measuring process
consists on obtaining the relative difference between the track travel by the light without a sample and the same track
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with a sample included. In order to obtain thisratio it is necessary to make 3 measurements. The first one is the relative
height of our reference. For all the samples it was used a cooper plate due to its high reflectivity. All the samples were
set on this plate. The second measurement is the relative surface height of each sample asit is showsin Fig. 4. The third
one isthe relative height of the bottom of the sample; this measurement is also showed in Fig. 4. Once the measurements
are done, the next three formulas are applied,

Dif =D, —D,,;, (1)

where D is the third measurement, the bottom distance of the sample, D, is the second measurement, the sample
surface distance.

Difref = Dref - Dmin (2)

where D, is the first measurement, the distance of the reference.

Dif
RI = Si (3)

where Rl isthe refractive index of the sample.

LASER BEAM
(™)
e~
——()

PN

(1)
|
V

Figure 4. Measurmements required for obtaining the refractive index.

(

HEIGHT

Cooper Plate

4. OPTICAL FIBER SENSOR

The optical fiber sensor set up is showed in Fig. 5. This set up consists in a diode of 630nm as the light source. This
diode is fusion spliced with aWDM which sends the light to the sample through the mechanical arrangement. The light
which is retro-reflected is collected by the same fiber and send it to a photodetector. Finaly, an electronic system
interprets the measurement.
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Fig. 5 Optical set up.

The Fig. 6 is a schematic diagram of the mechanical device which was design in order to scan certain distance range
searching for the laser focal point.

Fig. 6 Schematic diagram of the mechanical device.

The mechanical device consists on a actuator (Thorlabs Z812B) with a maximum travel distance of 12mm and a lens
(Thorlabs C330TME-B). The program done to this application can manipulate some actuator parameters like its
velocity; its acceleration and the distance of each step while the scanning. The parameters chosen for the experiments
were: 2 mm/sec for acceleration, 2 mm/sec for velocity and 50um per step.

Once established the actuator parameters, the actuator start moving towards the sample, each step done by the actuator

was recorded on the computer in order to have a better resolution on the graph and therefore a more precise results after
applying the math.

5. EXPERIMENTAL RESULTS

Fig. 7 and 8 show the results obtained. Fig. 7 represents the liquids and Fig 8 the solids semitransparent used in this
work.
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Fig. 7. Liquids double lecture experimental results.
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Fig. 8. Solids double lecture experimental results.

Each graph is a representation between the distance travel by the actuator and the light intensity (voltage) reflected by
each sample. Asit can be notice, each sample was tested three times, showing good agreements among them.

Now, applying Eq. 1-3, refractive indexes were obtained. Table 1 shows these results. Each result was compared with
the refraction index reported for the literature showing to be in a good agreement. The error achieved is no greater than a
5%.

Table 1. Experimental results.

Sample Refraction index
Water 1.320
Oxygen water 1.345
Distilled water 1.305
Ethyl alcohol 1.301
Mezcal 1.262
Acetone 1.272
Oil 5 1.369
Pump oil 1.402
Vacuum pump oil 1.405
Mirror 1.548
Compact disk 1.634
Object holder 1.445
Acrylic 2.1mm 1.487

6. CONCLUSIONS

It was concluded that the measuring of the refractive indexes of liquids and semitransparent solids are possible. The
operation principle is based on the search of the lens focal point considering the maximum intensity of the laser beam
which is reflected by each sample. Additionally, the instrument developed was found to be used for a large variety of
sensing applications (eg. proximity sensing, deep analysis for gasoline contaminants, etc.). It is aso considered the
implementation of different wavelength lasers as light sources.
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ABSTRACT

A sensor instrument able to measuring the thickness of different semitransparent objects with a resolution of one micron
is described. This is based on a fiber optic reflectometer and a laser autofocus system and permit to measuring the
thickness of thin surfaces such as semiconductor films, plastic materials and semitransparent objects. The response time
for the measuring was roughly 2 sec and the thickness results were compared with a digital mechanical micrometer and
both are in good agreement.

Keywords: optomechatronics, fiber sensor

1. INTRODUCTION

Currently, the manufacturing industry has demand precision measurement at almost any point of its process.
Traditionally, contact CMMs (coordinate measuring machines) represent the standard precision measurements,
unfortunately, these include elements of physical contacts which are not desired in some important measurements. The
new trends of precision measurement are therefore the noncontact systems. Mainly, it new kind of system represents
more than 60% of the market for sensing and is widely used in the automobile, aerospace, and electronics industries [1].

An important feature in noncontact measuring for the thickness is the speed to process the information. This speed
during the process means better control in the quality of parameters and suggested a lower manufacturing cost. There is
no doubt about that the repeatability and the accurately are also very important features during production. The
portability of the system also enables to set and adjust the tool or sensor to take data in real time. For these reasons, we
developed an optomechatronic arrangement consisted in an optical fiber sensor, a computer interface and one axis
positioning actuator which measures the thickness of different samples. Such instrument has a resolution of 1um and
measure time of only 2 sec.

2. OPTICAL REFLECTOMETRY

2.1 Fiber optic reflectometer

Nondestructive measurement of the optical properties of some samples as a function of distance along the device under
test generally requires the methods of reflectometry. Diagnostics for concatenated components or long optical fiber
transmission line are usualy conducted with some variation of optical time domain reflectometry (OTDR) [2]. This
method had proved to be of immense value in the metrology of optical transmission systems. Reported measurements
include determination of fiber attenuation, break location, diameter fluctuations, spliced-quality, mode conversion at
joints, defect identification, and micro-bending loss. Most of the applications are associated with testing long-distance
optical communication systems.

In an interesting review article, Healey [3] described in some details the various types of single-mode reflectometer
developed up to date. These include devices based on coherent detection and optical frequency-domain instruments.
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Here, we only mention the basic operating principles of the ssmple one, a conventional pulsed-echo OTDR. A schematic
diagram of a typical device is given in Fig. 1. With this instrument, a pulsed beam is launched into the tested fiber
through a directional coupler. A single port launches the pulse into the test fiber and recovers the returned signals. These
signals may be classified as reflections from discrete discontinuities and a very weak distributed Rayleigh scattering. The
signals are detected in afast optical detector, processed and displayed as a function of time (or distance) over some kind
of graphics display. The recorded response is often referred to as a signature, and represents a unique characteristic of
the system under test.

PULSED

LASER DIRECTIONAL

COUPLER

TEST FIBER

FAST DETECTOR

WIDEBAND
APMPLIFIER

SIGNAL PROCESSING
AND DISPLAY

Fig. 1 OTRD system layout.

This simple ideato collect light from the backward direction of afiber opticsis a excellent feature that is widely used to
develop sensor instruments. Typically, a fused coupler or a WDM are the optical passive elements used in this kind of
setup. It basically works by the injecting of an optical signal in a fiber optics and in its forward direction this signal
beam is put in contact with an external material, and then the response of its optical property of this material, such asthe
reflection, is used to get some information back to the system. Such a signal is retro-reflected into the fiber optics and
collected in the optical passive element and delivered to an electronic system that interpreted it and give a measurant.

3. AUTOFOCUSSYSTEM

Figure 2: Power densities vs displacement as function of itsfocal point (focal point at d0).
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Auto-focus system is widely used in photographic cameras and helps in the localization for the best position of a
recollected light back from an exterior scenario and therefore to get a nice contrast and view of a picture. The focal
length of alens, in one hand, is the distance from the center of the lens to the principal focal point and technicaly in a
convex lens, the light beam is concentrated with a maximum collected optical power. However, if the focus of the lensis
misadjusted, the optical power drastically drops and thus the quality of an image is getting poor. Asit can be seenin Fig.
2, the position dO, d1, d2 or d3 shows the power densities or diameter beam spots which varied against the distance,
meaning that for the position dO, the power position has a highly concentrated beam and thus a maximum optical density
power (or amaximum voltage 5V asisindicated in theillustrated example).

Figure 3 shows the layout of alens and its focus position and is described as a follow: the position of a moving platform
relative to afixed base (Iens holder) is controlled by a external linear actuator motorized, which incorporate a lead screw
passing through a lead nut in this platform. The rotation of such a lead screw is controlled by a stepper motor. This
allows the system to control its position in a very accurate resolution of some micrometers. Relaying on this resolution,
we scan the surface from an initial position up to afina position and recorded this displaced position and treated by a
signal processing board to generate a data which corresponds to a thickness from a sample. In other words, these
positions in distance are the focal point of the laser beam for these two positions. In this way, we can measure distance
relative to the surface. In Fig. 3 also schematically shows two different focal points for two different spot diagrams.

| 15um Soot
Figure 3: Layout decribing the focal point with spot diagrams for two different lenses

In the layout of Fig. 3, it is also describe experiments we carry out with two focused lenses and the selected lens
corresponds when the beam at the focal point had a diameter of about 3.6 micrometer of diameter. Additionally, this spot
size would allow to detecting the depth of small holes or material defects with diameter smaller than 4 micrometers, but
the purpose of this work was only to determine the focal distance of plane surface rather than works for the depths of
some specia samples.

4. OPTICAL FIBER SENSOR

The optical fiber sensor consists in a directional 3dB coupler which divides the laser beam into two beams, one beam
goes to ground, and the another transmit the light to the test surface and the reflecting light is send back to the coupler
and photo detector to be then processed by a signal processing electronic board.
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Fig. 4 Experimental Setup.

6. EXPERIMENTAL RESULTS

The results of the thickness on the plastic sample shown a relative error of +/- 2 micrometers, and did not require a
correction factor because it only depends in its focal point instead of the reflectance coefficient of surface area. The
system also uses a webcam which allow seeing the sensing point before making a measure, and it has to be calibrated
and positioned in the x-y coordinate. In order to confirm the correct position between the camera viewer and the real
position of the laser beam, a calibrated movement in its x-y position were implemented in the software, meaning that
once it was get an image, the laser beam of our sensor moves automatically to this position and start a measurement.

Figure 5: Explanation for arelative distance of a material which corresponds to the thickness

As showed in figure 5, we make measurements of the height relative to the surface by taking two points over the surface.
The tests were made to prove the precision of the instrument which consisted in measuring different materials such as
the width of a Compact Disk (opaque object), the width of a microscope dlide (transparent objet) and a polymeric
rectangular base. These measurements were compared with a Vernier Caiper instrument and the agreement between
both measurements isfairly good as shown in Table 1.
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Figure 6: Photos of the three different tested materials

Table 1: Experimental results

Measurement with the Measurement with the Noncontact fiber optic
Vernier Caliper micrometer

Compact Disk 1.4487 mm 1.4657 mm

Microscope Slide 0.0496 mm 1.02 mm

Polymeric film sample 1.1mm 1.11mm

The table 1 shows that the instrument work well for opaque and semitransparent objects, but it doesn’t work properly for
atransparent like surfaces.

CONCLUSIONS
It was concluded that the measuring of the surface thickness using the focal point considering the maximum intensity of
the laser beam over the surface is possible only for opague or semitransparent objects, and it was found to be a cheaper
way of detecting the thickness of some samples. Additiondly, the instrument developed was found to be used for alarge
variety of sensing applications (eg. proximity sensing, index of reflection measurements, etc.).
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ABSTRACT

This paper presents a 3-Axis enhanced alignment system for optical fiber. The arrangement uses in one of its axis a
vision recognition system which employs Canny edge detector and Phase correlation. The other two-axis are aligned by
controlling a couple stepper motors through displacement algorithms. The setup uses a commercial multimodal
transmitter and receiver, multimode fiber, a digital microscope, three stepping motors and software. This automatic
system takes an alignment time of 20 seconds and up to 70% of coupling power efficiency.

Keywords: Optomechatronics, Automatic Alignment, Fiber Optics, Image Processing.

1. INTRODUCTION

The main laboratory problem when working with fiber optics and lasersis to launch efficiently the light into these fibers.
The alignment process needs considerable time and effort even for a skilled personal and due to this problem, the
automatic alignment is becoming an important step to setup a whole experiment [1-3]. Today, there are some
commercia solutions to this problem, but due to the high prices, this stage continues to be a manual process in many
labs. The main goa of this research work is to develop a system which could be customized to fit with any manual
alignment equipment of alaboratory and to have aresolution quite enough to cover the fiber optics applications need. As
from our previous work [4], we start improving some crucia process like pre-alignment of the fiber and at that time, the
used of a hexagonal shape arrangement of SMF's fiber generates a map location of the spot light and throughout an USB
based PC interface was possible to automate the alignment process. The drawback of this previous system was that the
coupling efficiency was less than 60% and it previously required of a manual pre-alignment step in one of its axis. For
this new version, it was added a third axis to the whole system which consists of a vision recognition system. It was then
found in the literature that to reduce the pre-alignment time, some commercia systems use expensive machine vision
systems and software to pre-align the fibers, instead of that, our third axis was proposed with a less expensive solution
using a digital microscope and software based on the OpenCV library. This new feature in our system allows us to have
atotally automatic alignment system and get a coupling efficiency of roughly 70% in only 20 sec.

2. THEALIGNMENT PROCESS

The proposed alignment method begins with the automation process for every manual process. Firstly, we need to bring
near enough to both fiber facetsin order to launch a small power signal. This processis not as simple asit looks like, and
sometimes required some support from a manual alignment process. Once it detects some signal, the automatic process
starts with a digital microscope with aresolution quite enough to locate both fibers. By using software made in home, we
propose the uses of the Canny edge detector to get a clear vision of both fibers, and the phase-correlation algorithm to
make a relation between the image pixels and the motor steps which allow also calculate the motor steps required to
align both fibers in the z-axis. Our computer screen is divided into two parts and each half displays one fiber image (the
transmitter fiber and the receiver fiber). The next step is to maximize the signal, and this could be done in several ways
depending of the step resolution of the alignment system, we therefore use a simple 3D scanning routine, very similar to
our previous work [4] in which was possible to use a fiber array to map the light's spot beam and in this way get a
maximum power by relocated the x-y axis. Asafina step, the system could try to search for the best signal, and seeking
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automatically the place x,y,z, where the best signal is obtained. In figure 1, it is illustrated a flowchart in which is
indicated the best way to work with the alignment process.

Fig 1. Flowchart of the alignment process.

2.1 TheAlignment System

The system consists of a 3-axis manual translate stage mount, 3 stepper motors (1.8° per step) with motor drives, a 840
nm LED transmitter (OPF1412), a ST multi-modal fiber receiver (OPF2412), an USB data acquisition/control interface,
adigital microscope, and software, seefig. 2.

Fig 2. 3-axis alignment-mount with a digital microscope.

3-Axis Micro-block Flexure stage

The 3-axis stage translation mounts required to attach 3 stepper motors and be a device easy of controlling each
movement, but most of the manual flexure stage mounts designs do not permit to adapt a third axisin a simple way. To
avoid the problem, we suggest to using a separate translation mount to control this axis.
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The software

The software was developed to run in the Linux operating system, using Qt and the OpenCV Library to perform the
Canny edge detector and Phase Correlation algorithm and thus process a digital microscope image to determine the
locations of these fiber facets. The Program aso plots the real time signal intensity, and allowed calculating the current
percentage of coupling which is based of the incoming voltage and the current from the LED transmitter and receiver, al
datais acquired by the USB data acquisition/control interface.

Fig 3. Microscope image of both fibers. Fig.4 Processed image, the red line show each region to be
processed with phase correlation algorithm.

3. EXPERIMENTAL SET UPAND RESULTS

Fig. 5 shows the experimental set up which consists of a 840 nm LED Transmitter (OPF1412) used as a pump, a multi-
modal fiber (62.5/125um) with ST connector, a 840 nm multi-modal receiver (OPF2412), 3-axis trandlate stage mount, 3
stepper motors (1.8° and an USB control interface based on the PIC18F4550.

Fig 5. Experimental set up.
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3.1 Procedureand Results

We automatically aligned the fibers using our system based on the maximum detected voltage from the incoming signal
of the 840 nm receiver(OPF2412), and was also compare the results using a Thorlabs optical power meter. The achieved
results are show in table 1 and are in good agreement.

Power Meter Coupling Percentage Average Time (Sec)
OPF2412 69.67 20

Table 1. Coupling efficiency and percentage alignment time.

CONCLUSIONS

As we have shown, it is possible to automate a 3-axis alignment system based on manual translate flexure stage mounts
with a resolution good enough to start align multimodal or single mode fiber at a reasonable time. The system
performance was fairly good and has a time processing of 20 Sec for the best coupling efficiency between two
multimode fibers that corresponds a value of 70%. The system was totally automatic and it could be dightly modified
for a better result.

There are several ways to improve this system, for example by substituting the actual stepper motors with one which has
a 0.9° stepper resolution. Moreover, it could be possible to align multi-modal rare-earth-doped fibers based on its shining
core by using line detection algorithms like the Hough transform, and aligning the fibers based on the fiber core position
instead of the fiber outer cover cladding. By this way, it would be possible to get a time reduction at the optimizing
process.
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ABSTRACT

This paper presents the development of an automatic alignment system for specialty optical fibers. Based on a XY
coordinates system, the alignment is achieved by the control of stepping motors through displacement algorithms. A
hexagonal shape arrangement of SMF’s fibers generates a map location of the spot light. This photo-detection system
enables to analyze the launching of the beam into the fiber. Through an USB based PC interface and software to
automate the alignment process the device's performance has been improved in time and in optical coupling efficiency.
The results obtained are 2 or 3 seconds in the alignment process and roughly 80% coupling efficiency.

Keywords: Optomechatronics, automatic alignment, fiber optics.

1. INTRODUCTION

Automatic alignment systems play an important role in various areas of technology development. In the field of research
and development, mainly in the field of optics, high precision mounts are required for alignment of experimental
arrangements with micrometric displacements or even nanometric [1,4]. The process of aignment of optical systems
require a considerable time even for skilled personnel. Moreover, the implementation of these systems is useful for
applications in diverse areas such as laser materials processing [2,3], industry, military, medical operations for high
precision optical recording systems, etc. Automatic alignment systems require, in one hand, sensors that detect the signal
and a system that processiit, in order to align at the right position [5]. In our system, the sensing is replaced by reading
signals through an arrangement of single mode fibers to locate the spot and optimize the performance of our whole
device. This automation system brings a fast, economic and flexible way to improve the alignment process than
commercial solution based systems.

2. THE ALIGNMENT

The adignment system comes from the need of optimization in the process of launching of a laser beam into an optical
fiber. It is considered the alignment of a laser beam into a speciaty optical fiber. The process starts by a 2-axis-
dimension scanning of a system of fiber based photo-detection which search and find signal intensity in at least one of
the fibers and through alocation analysis, it will align the fiber to the right beam axis.

2.1 TheAlignment System

The system consists of a CPU that through one computer software sent commands to an electronic control device via
USB link asisseenin Fig. 1. The control device handles two stepping motors assembled to a XY positioning mechanica
commercia system over which is mounted a hexagonal shape arrangement of fibers to photo-detect the light. The USB
interface after reading the signal can control the translate mechanism by computing the reading data. Subsequently, the
system was tested to align an incident laser beam.
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Fig 1. Description of alignment system’s device.

Photodetection system
The system is based on a hexagonal geometric shape arrangement of SMF’s fibers as illustrated in Fig. 2. As it can be

seen, the target fiber is located at the center. The hexagonal arrangement allows a bigger area for the light detection and
amore precise location of the axis of the spot.

Fig 2. The fiber based photo-detection system
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The fiber arrangement is connected to the measuring device that read the power intensities of each fiber. When a signal
is detected in any fiber, the intensity information is sent to the CPU together with the coordinates of the receiving fiber.
This information enables to micro-stepping movements to realign the whole fiber system and to get the maximum power
intensity in this desired fiber. Table 1 illustrates the mapping in power of alaser beam.

Fiber No  coordinates  intensity

A (Xa:ya) la
B (Xe,yB) Is
C (XcYo) lc

Table 1. Expected response of each fiber

The measurement of intensity in the arrays of fibers allows better localization of the axis of the light’s beam through the
hypothesis of a Gaussian distribution profile asit iswell know that for a Gaussian beam has a maximum localized.

/ spot of light

fibers array gaussian distribution
Fig 3. Photodetection SMF' s array and Gaussian distribution

Intensity amplifier

Together with the photo-detection system, this feedback device is used to measure the intensity from each fiber and
sends the data to the acquisition/control card. This device works through 2 internal stages: in the first stage, it takes
measurements of intensities from each fiber using an array of photo-transistors. The second stage consists in the signal
processing. Here, the signal is amplified from the photo-transistors and adjusted to be processed with the
acquisition/control interface.

The software

The software was built to run Linux operating system, additional this program brings the user a manual control of the
alignment process through a mouse scroll wheel interface, where every single wheel click moves the fiber array
platform. This software program generates plots of the measured intensity of each fiber and decides how many steps the
micro-motor must do. It brings a more precise control on maximizing the insertion of light in an optimum time.

3. EXPERIMENTAL SET UP AND RESULTS

Fig. 4 shows the experimental set up which consists of a 630 nm He-Ne laser used as pump, a fiber array, a speciaty
optical fiber, two stepping motors, and one interface.
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Fig 4. Experimental set up.
3.1 Procedure and results

We align manually the axes of the laser light and the fiber in order to maximize the percentage of light coupled.
Afterwards, the system was tested in automatic mode by measuring the achieved aignment and its working time. These
results of automatic alignment were compared with manual mode. Although the coupling efficiency in the manual mode
is dightly higher, the average time for the process is significantly short. The target fibers can be any of type, such as,
double clad fibers, multimode fibers, polarized fiber, highly nonlinear fibers, etc. Comparing with commercia devices
for automatically aligned, it was found that the materials used in our proposed are considerably low. The system results
to be robust, replicate and reliable. By including extra axes in our system, it will allow us expanding its functionsto 3 or
more axes.

Operatingmode  Averageintensity Relative alignment Average
(V) (In/1max) time (s)
Manual | max 0.95 560
Automatic I 0.8 2

Table 2. Experimental Results (coupling efficiency and time of alignment)
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3.2 Conclusions

It was proved the efficiency of our system by the alignment process and enable us times that runs from 2 to 3 seconds for
an optical power coupling efficiency of 80%. The cost for the whole systemsis low when compare with a conventional
automatic alignment system. The reliability of our system permits to accelerate the process of our research, focusing all
the efforts only in the analysis of the phenomenato study. It isintended to optimize our system and expand its functions
to 3 axis alignment.
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