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ABSTRACT

A setup for core-pumping of Yb-doped optical fibbes been developed to induce photodarkening amchb®ark their
suitability as a long-life active medium in highvper fiber lasers for industrial applications. Theasurements setup, its
reliability and preliminary tests on PD affectedld?D free fibers are here presented. Repeatabflityeasurements has
also been carried out.
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1. INTRODUCTION

Fiber lasers (FL) are nowadays considered a dismupechnology in many industrial applications s materials
processing as well as in several other fields, irmngrom biophotonics to spectroscopy and, moregéemeral,
fundamental researthBorrowing most of the features from the low powerld of information and communications
technology, these lasers have been developed tbtheeenost challenging applications at higher poregimes. High
power FL can be considered as a class of solice deders that features three main advantages:r ethgiemal
management due to the geometry of the fiber, intidrggh quality output beam and higher wall-pludjoédncy than
traditional CQ and solid state lasers. Among others, Ytterbiuin) (foped silica optical fibers have been considered
the best candidates for realization of high powlemith emission arounddm, mainly because of the high efficiency of
Yb**:?Fg;, © 2F,, transition, which does not suffer from unwantedagdic processes and features less heat burdan tha
that of fibers doped with Neodimium (Nd)

Yb-doped silicate fibers, however, suffer from gidarkening (PD). This is a detrimental phenomeihan appears as a
reduction in laser performance caused by an ineregmactive fiber propagation loss during laserrapert. In state-of-
the-art high quality fibers, this phenomenon usuaticurs after several hundreds to thousands afshofuoperation at
the laser full power; nevertheless, it poses arselimitation for the wide spread of fiber lasemsndustrial applications
since in those cases the expected stability ofaker power in time is at least an order of magieithigher.

The exact mechanism underlying the increase inggation loss is still controversial, but it is eénty related to the
density of inversion of the Ybions. Anyway, the macroscopic manifestation of BRhe increased loss in the active
fiber and, as a consequence, a reduction of thiablapower at the output of the FL cavity. Anengive study of PD
effect has been carried out since 2005, and a pinjlvestigation was performed by Koponen, Sodetlet al.*”.
These studies, investigating the photo-chemicalhaeisms of PD, pointed out the need of isotherroalitions for
reliable measurements and experimented ways tase\kis phenomenon by UV irradiatforfrom a measurement
viewpoint, the work of Koponen set a milestone i fAeasurement in that he proved that the PD indlessdat 633nm
can be used as a reliable test mark since it istin¥s higher than that induced at the wavelengthterest of 1.fum”.

Since most of high power laser use double-cladradibers, in literature, most of PD experimentsenbeen performed
by cladding pumping: high power/low brightness putiqdes have been used to pump the active fibeutfir the inner
cladding, thus simulating the real operation of fiber in a laser/amplifier configuration. This tedque is easier to
implement, stable and it ensures a uniform crostes®l inversion. However, given the large diametethe inner
cladding, it requires high pump powers to achiewelavant power density in the core; furthermoiace the fiber
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absorption in cladding-pumping configuration istfie order of 2-8 dB/m, it requires long fiber spémeters) and this
pose limitations in the realization of several dedioth in research and in industry, considering lihgh cost of
commercial active fibers.

On the contrary, core pumping is advantageous Isecau
1) Itrequires very short samples, with associated remkiction.
2) The test can run at low power (in the hundreds\&f range), with little demand of safety infrastruets.

To the authors best knowledge, there are few patfidias on PD in which experiments were carried loytcore
pumping, such &s. Further, there are no indications about the sstaipility and the overall measurement uncertairfity
PD.

The aim of this work is to explore core pumpingaative, rare earth-doped fibers as a techniquedace PD and
investigate its dynamics. The focus is set on theetbpment of a reliable setup capable of yieldiagroducible
measurements and exploitable in fundamental relsegmcimprove fiber compositions and fabricatios, vaell as in
industry for pre-compliance tests of fiber batcties are going to be used in fiber laser arrangésnen

2. ALL-FIBER CORE-PUMPING SETUP

The idea behind the setup sketched in Fig.1 is aema reliable, all-fiber, testbed for benchmarkdifferent active
fibers and foresee their PD-induced degradatiomwhey are set in laser configuration.

Typical fiber lasers are pumped in the 915 nm — Ad0range because in that region no strict cortfdhe diode
temperature, and thus emission wavelength, is redgualthough the absorption efficiency is quite.ldn this work, to
maximize the Yb-inversion, the pump diode used €mi®76 nm, which is close to the Yb absorptiorkpaad it is
thermally stabilized through a Peltier cell.

Therefore, with reference to the scheme in Figa bump laser emitting at 976 nm with maximum poae600 mwW
delivered through a fiber with @m diameter core is coupled into a wavelength-divianultiplexer (WDM) on the
“pump” input (connection labeled “2"). The “signalfiput is instead connected to an optical spectamalyzer. The
output of the WDM is spliced to the fiber underttesing a standard fusion splicer for telecom. Bpéicing is
performed by a core-alignment recipe in order targaotee the maximum coupling. The active fibehentspliced to a
second WDM, whose outputs are left floating andnemted to the Helium-Neon (HeNe) laser probe at 688
respectively. The latter connection is made throad®%-1% power splitter, in order to monitor tteever fluctuation
of the probe with a power meter. When possiblefiladir ends are angled-polished to reduce backtasies and avoid
spurious lasing action (e.g. output “5"). Prevegtlasing from the active fiber is crucial becauseesults in a higher
population inversion to enhance the PD effect amatévents damages of the pump laser. A second moeter can
replace the spectrometer to monitor the total patéts input and avoid damages. The same instruaieo behaves as
a watchdog for the residual pump power enteringHéBe. Since the WDMs and all fiber connectionsratitimode at
the probe wavelength, all components are splicetifased onto a metallic plate to reduce mode flations due to
vibrations and mechanical relaxations.
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Figure 1. All-fiber core-pumping test bench foretgion of PD in Yb doped fibers.
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The optical response of the WDMs at 976 nm (pummpj &33 nm (probe) are summarized in Fig. 2. The low
transmission experienced by the HeNe prab6dB loss) sets a constraint on the sensitivitthefspectrometer but, on
the other hand, allows a small amount of 633 nnmatixh to enter the fiber under test hence avoidmifluence the
measuré The transmission of the pump, affected by a ~B.&tlenuation plus extra losses due to splicesyalifor a
total pump power entering the fiber under test@® sW at the most. Since our tests are focusedngtesmode active
fibers, with core diametergufn +10pm, this corresponds to a power density of ~5 kWmaich is comparable with
the levels achieved by high-power cladding pummnd should guarantee constant inversion over thglsalength.
The latter is chosen according to pump absorptfdhefiber and ranges from 3 to 10 cm. The rediguanp, together
with the amplified spontaneous emission and sparituminescence in the visible range, may still sd&u the
spectrometer input and corrupt the monitoring &f pinobe. In order to avoid saturation and to perfautomatic, yet
long-term measurements, all the devices are linked GPIB chain and computer-controlled through abuiew
program, so that the pump is switched off at evegding of the power meters and spectrometer. &stbdd is also
provided with thermocouples to monitor the WDMs,iegthhave been found to be very sensitive to tentperaWhile
former experiments were performed at uncontroleehr temperature, the latest setup has been moted iolimatic
chamber where the temperature and humidity arefote 20°C and 35% respectively.
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Figure 2 Optical response of the WDM at (a) 633 nm and {8 8m.
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However, the spatial temperature uniformity of ttienatic chamber is within +2°C. This results in anpredictable
variation of the coupling coefficients of the twoDMs. Several tests on stability were performed tardify the
phenomenon and figure out the requirements fong-term reliable test-bench. As an example, Figpdrts the log of
the HeNe power at connections “1” and “7” over +2urs. The test was performed by inserting a dumenya passive
fiber that does not suffer photodarkening or offtestoinduced modifications.
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Figure 3. Log of the HeNe power at connection ‘i78.(source fluctuation) and at connection “1”.(W¢DM fluctuation), together
with the actual temperature measured across otie &/DMs.
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The fluctuation of the source is within 4%, whertlass WDMs increase the temperature dependence +p5% around
the initial value. Furthermore, the WDMs behavippear to be unpredictable, since both incrementdaudement of
the power at connection “7” are observed when émeperature increases. Therefore a tight controh@ftemperature
across the WDMs is required. Since recent collogsiwn PD stated that most active fibers exhibiD% Hecrement
when in laser configuratina rough estimation of the stability constraimt; & 1% uncertainty on the HeNe reading
through the setup, leads to a +0.04°C. Commercl@rifioelectric Coolers (TEC) systems for laser Braibion
guarantee a 24-hours stability better than +0.81T@e setup is therefore being upgraded with tw& T& a precise
stabilization of the WDMs response.

Another important issue arising from core pumpisigol guarantee that pump power is efficiently cedghto the core.
Care must be taken during the splicing of the samplder test with the output fiber of the WDM angstom splicing

recipes might be required. The coupling into theeagas verified by near field (NF) imaging of ttenples under test,
as depicted in Fig. 4b. The comparison with thedfifhe WDM output (cf. Fig. Figurda, intentionally saturated to
better highlight the mode dimension) shows a goodemmatching and the faint color in the inner clagdndicates a

low amount of power out of the core.

(b)
Figure 4. Near Field imaging of (a) the WDM outpnd (b) the output of the active fiber under test.
Notice the little amount of power in the octagoimaler cladding.

3. PD MEASUREMENTS

A number of fiber samples from different manufaetuiwere tested. The fibers were pumped at 976 nmpfdo 1000
min and two of them showed a remarkable PD effeog. outcome of this experiment is summarized in Fig

Normalized Transmission (dB)
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251 —— Fiper3

30, — Finers
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Figure 5. PD induced by core pumping of differébefs. Two samples out of 5 exhibit a remarkableeffect. The log scales
highlight the exponential decay of transmissionicitlis a common feature of photodarkenable fibers.
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Concerning fibers 1-3, there is not a notable deerd of transmission at 633 nm or at least it resaithin the current
uncertainty. Longer experiments shall be carriedance the behavior of the WDM will be accomplishibtice the
graph is plotted in log scales to better highlidgiet nearly exponential decay observed.

In order to quantify the reproducibility of the nseaements, fiber #5 was selected for PD repeatsts. tdhe
reproducibility test aimed at detecting the effetfiber positioning, tolerance in length, splicirgpurce alignment etc.
Seven runs on pristine samples were conductedgaseFs reports.
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Figure 6. Repeatability test on fiber #5.

The curves are normalized to the transmission pgadPD. The initial dynamics of this highly photokienable fiber
looks different as it does the transmission after We speculate this might be due to slight diffiees in splicing of the
samples, which lead to a different coupling of puenp power. However, by playing some fitting anatistics on the
curves, it turns out that the transmission decawéen 1+-10 min is well fitted by an exponential twttme constant
0.22+0.02 mift. Measuring the temporal decay of the transmisg&iom given fiber with good accuracy might be usefu
in predicting the lifetime of such a fiber in adagonfiguration, as required by industrial apgimas.

4. LUMINESCENCE SPECTRA OF PUMPED FIBERS

The Yb-doped optical fibers used for the photodairkg experiments were also tested in terms of lestence induced
by optical pumping at 976 nm. A fiber spectrometas put at connection “4” of Fig. 1. The resolutiofn the
spectrometer, dependent upon the fiber core diameés 2 nm and its sensitivity was tuned by chagghe integration
time in order to get the highest spectrum dynamige avoiding saturation. The luminescence spectwas recorded
by pumping the fibers with the minimum power regdiito observe any emission in the visible rangaalls ~20mw,
depending on the sample).
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Figure 7. Luminescence spectrum of the charactéfibers (a) around 500 nm and (b) around 600 nm.

The aim of this analysis was to detect any possibtairrence of significant spectral features tlwaticd be correlated to
the level of induced PD. Recently, thulium contaation has been recognized as a possible causeretsed PD [10],
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since it causes emission in the UV (~350 nm) armtpeces color centers in the glass matrix. The sesnghalyzed
during this campaign did not exhibit emission ir thV (or at least the system was not capable ofatieg any
significant emission), nor they showed the spedighature of Thulium in the range 450-550 nm Eify. Figure 7a).
On the other hand, they displayed the typical lesaence spectrum of Ybcooperative emission at 520 nm [10]. As
observed in Fig. Figure 7b, only two of the chagdezed fibers exhibit a detectable emission at 50 These are know,
from the manufacturers, to have a significant acante phosphorus, which seems to mitigate the Pfecefi11].
Accordingly, these fibers did not manifest a strétg degradation, but a consistent correlation betwtbe measured
spectra and the PD behavior is still ongoing. Th@eéiminary results appear to confirm that PDelated to more than
one mechanism, and the research shall be focusedtimg up a reliable system to measure the PD parsgdibly
discriminate its several causes.

5. CONCLUSION

The possibility to benchmark photodarkening in Yipdd optical fibers by core-pumping has been ingat&d through
the realization of an all-fiber setup that featuties long term monitoring of the transmission a8 &@n of short fiber
samples. The setup includes a pump source, a Hedée &nd a power splitter to monitor its signal twavelength
division multiplexers to mux/demux the pump, poweeters and a spectrometer to monitor the pump Isigme
emission/fluorescence spectra. It also featuresrtbeitoring of temperature through thermocouplese Tevices are
computer controlled through a GPIB bus for longrteautomatic measurements. The study has comprisktaded
investigation of the temperature influence on theasurement and has highlighted the requirement tifeemal
stabilization of the wavelength division multiplegewithin +£0.4°C. Efficient coupling into the cood the fibers under
test has been accomplished by fusion splicing watte-alignment and later checked by near field inagf the fiber
end. Photodarkening tests have been performedverfifiers from different manufacturers and twoltadrh exhibited a
significant degradation of the transmission at 883 after long-term pumping at 976 nm. The most pthatkenable
fiber has been used to perform reproducibilitysestd it has been found that the transmission dea&producible with
a standard deviation of +0.02 rifirwhereas transmission absolute values beforefali@odarkening are quite variable,
likely because of reproducibility issues on theicspyy. A preliminary investigation on the fluoresce spectra of the
tested fibers did not show a pattern that couldcbeelated to thulium contamination as a possildaree of
photodarkening, but it rather highlighted a sigrafit emission at 650 nm for fibers that containkedsphorus and did
not exhibit photo-induced degradation of their sramssion.
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