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Abstract. This paper presents a new setup and a correspopringdure for the accurate measurement of
photodarkening in ytterbium doped fibers. The qmueaping scheme enables the use of short samples lamd
pump power and the automation of the measurememntifsdong-term tests for an effective benchmarlang
fibers with low photo-degradation. Exploiting temgkire-controlled components and coherent detediiis
arrangement allows the measurement of transmislsimps below 2% over hundreds of hours. For thétiirse,
a long-term photodarkening experiment (up to 45@r$)ohas been carried out and correlated to the idro
output power experienced by a laser using the $gpeeof fiber, demonstrating that the system can be
employed in pre-compliance testing of active fibq@nisr to their use in a laser configuration.
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1. Introduction

Fiber lasers (FL) have been, in recent years, ahlegg technology for many industrial applicatiombanks to the
outstanding power level achieved [1], their unitfuermal management properties due to the largaseHxtb-volume
ratio of the fiber, and the inherent ability toestéhe laser beam, FL are expected to substitadéitnal diode-pumped
solid-state (DPSS) lasers in a number of applinatidmong several implementations, FL based orrbitien (Yb)
doped fibers appear to be particularly attractigeduse of their high quantum efficiency ptril The latter is an
interesting wavelength in some applications suametsl cutting, where it has proved to be morectitfe and time-
saving than the well-known 16 delivered by C@lasers [2].

However, Yb-doped silicate fibers for high power &le known to suffer from photodarkening (PD)[3}iTis a
detrimental phenomenon that appears as a redutgtibie laser performance caused by an incremehgeimctive fiber
propagation loss after medium to long-term las@raton. The photochromic damage can be permamgint ome
cases, bleachable by irradiation from UV light rthal treatment etc.

The PD phenomenon has been broadly investigatettiowgast few years. The first comprehensive vibgrkoponen
et al[3] used a basic setup in which a pump laser esctshort sample and a He-Ne laser was usedle e photo-
induced loss. The key point of that work was theadiestration of the 600 nm source as a better gD, since the
fiber exhibits ~70 times higher loss at that wangtl than that atiim. Furthermore, it was inferred that a 50%
population inversion (achievable by pulsed FL onlgs a constraint for accelerated PD. A furthefficoation of this
hypothesis came in a subsequent publication [4khith core- and cladding-pumping were comparedais proved
that PD depends on the inversion rate, highlightiregimportance of avoiding spurious lasing in ottdeallow the
growth of the population in the excited states.orb#cal investigations of the PD phenomenon weop@sed in [5],
where a cladding pumping scheme was employed teeghat the PD rate can be parameterized as aduaraftthe
excited Yb concentration and of a parameter, theadled “PD propensity”, which describes the bebawif a particular
glass composition. Finally, a single mechanismabbiccenter formation was proposed as the mainceooi PD. The
work also pointed out the importance of performiiyy measurements under uniform population inveraitmh
emphasized the large time required to record thel@fay curve in the case of low inversion (i.e. fpymp power
density).

Remarkable efforts have also been devoted to thiemzation of the PD. These have mainly consisteengineering
the host glass from which Yb doped fibers are dra®arium co-doping [6] and use of phosphorous atbt&
Aluminum [7] in silicate glass are main exampleswéh investigations. Other areas of research inaleded a study
of Thulium impurities in the Yb precursor as a @a$PD [8], which has been subsequently contreddi®], and a
detailed analysis of color centers and defectse@lt the increased absorption has recently besssepted [10].



All the above mentioned publications share comnaatures regarding the experimental observatiorDof P

1) cladding pumping is preferred to core pumping beedauguarantees a uniform transverse excitatesulting

in enhanced reproducibility of the results;

2) however, cladding pumping requires higher powewsnf3 to 11 W, compared to core pumping;

3) the length of the samples usually spans from BDtom in the case of cladding pumping;

4) PD induced loss ranges from ~5 to tens of dBthetransmission at visible wavelengths drops @oér

more;

5) measurement times are between a few minutes toaO~hEtutes (except in [10], where it goes up to ké0rs),
and any concern about the measurement accuracstatnitity over time does not appear to be presented
Focusing on features 4) and 5), the works presdrded reported on phenomena that are fairly easessure, with
low-demanding stability of the measurement and ¥emyconcerns about the interpretation of the tesul
On the other hand, the PD has been drasticallycestiin current commercial production and, for stdtthe-art fibers,
the photo-induced loss is limited to few % andalisuoccurs after hundreds to thousands of houtis thie laser at full
operational power. Such a low induced loss canaatdiected by simply pumping a short span of féme monitoring
its variation in transmission because the envirartaigerturbations (thermal effects, mechanicdtgldtc.) are as large
as tens of %. Nevertheless, the drop of efficiesfae fiber in a laser cavity poses a severetéitian for the
widespread deployment of FL in several applicatieite the desired stability of the emitted poigeequired to be at
least £5% for thousands of hours.
From an industrial viewpoint it would be convenigmtefine a pre-compliance procedure to predetRbB behavior,
and thus the fiber lifetime, by testing a short gemof the fiber that will be used to manufacture kaser. This work
addresses the problem and focuses on the reljabilihe photo-induced degradation measurementdyygsing a
highly stable setup based on core-pumping and @gdtoe that can detect PD loss induced over husdredours, with
high accuracy and reproducibility. The system isemted to become a useful tool for benchmarkingneerial fibers
as well as new prototypes without the need for |tvegce costly, samples or manpower-consuming measnts.

2. Advanced cor e-pumping scheme

The choice of investigating the core-pumping areangnt relies on the reduced sample length and edduemp power
required to track a significant loss. The burdemudintaining a sufficient inversion and obtainhigh reliability and
reproducibility of the measurement is then placedh® setup complexity and measurement procedure.
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Figure 1 Setup for long-term testing of photodarkenableriten doped fibers. Gray and black connectionsasgmt optical path
made through fibers, whereas dashed lines poirgleatrical connections. All instruments are coreputontrolled via GPIB (not
shown).

The advanced core-pumping setup for PD benchmarKiYdp-doped fibers is depicted in Fig. 1. A singh@de fiber-
pigtailed pump laser at 976 nm, capable of delig2B00 mW, is spliced to a wavelength division ipldixer (WDM)
designed to couple 976nm and 1064 nm to its doclaldding output fiber. The thermal management efléiser is
performed by the use of a heat sink and a thermctrétal cooler; the residual heat is drained flgneand allows the
laser being run close to its absolute maximum gafliilne WDM output is spliced to the fiber undet #esd, thanks to
the near match of the core diameters (samplesasith 6 to um are acceptable) most of the pump can be absorbed
within a few cm and can guarantee a high degréavefsion, in order to enhance the PD phenomermanidsidual
pump is then routed out by a second WDM. The usegfed connectors all over the setup, as wehaspecial care in
the splicing of all fiberized components, avoidrgsin the sample. Preventing the lasing of therfibnder test is
crucial because even a weak signalpah lvould quite likely cause catastrophic optical dgsto the pump diode while
also limiting the inversion level to a lower valilan that potentially achievable. The PD-inducéeérfioss is measured
using a 635 nm fiber-coupled laser diode, whoseadigounter-propagates with respect to the pumgsaprbbed on



the available port of the first WDM by a photodianjgerating at visible wavelengths. This laseh&nally controlled
too, and driven in constant current mode well alibreethreshold. A sinusoidal signal at 1 kHz ovesléhe DC
component of the driving current, in order to medelthe optical power of the probe for coheren¢ct&in through a
Lock-In amplifier. Setting the probe in a counteqpagating configuration is beneficial becauseevpnts the
photodiode, though mainly sensitive to visible wangths, to be influenced by the residual pump. gdwer of the
probe is set to 0.5mW, according to [11], in oreavoid a partial bleaching which would hamperrieasurement.
However, this grecautionansetting, in that we performed measurements fa ¢émours with probe levels above 2
mW and did not detect any bleaching phenomenon.

In order to enhance the sensitivity, a mode stnigbong the path prevents guiding of cladding msate635 nm, which
would otherwise produce fluctuations in the detégewer. The power of the probe is also monitotati@beginning
of the chain through a power splitter and a powetem in order to compensate the reading of theéoglade for long-
term drifts. It should be noted that the WDMs #mel power splitter are temperature-controlled leyriio-electrical
coolers (TEC) that should guarantee long-term théflactuations below 10 mK, which matches the feguents
inferred by previous investigations [12]. Actually effective thermal regulation of these compasni&nns out to be
very demanding because of the shape and poor theomductivity of their package. An accurate moriitg around
these components, performed by thermistors, shiostghie actual temperature varies ~3 K over 24ddltre effect on
the response of single components is undetectaibiehe overall effect of temperature on the Loglsignal can
amount to a change of more than 15%, as depictE@i.
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Figure 2 Environmental temperature measured on the PD bemaciation of the probe measured through a tap leowmd
correspondent Lock-In reading. No active fibergbcgd into the setup. Notice that there is a goodelation between the three
curves. The flat section of the curve correspondsdampling period in which the thermal regulatbithe environment (i.e. the
conditioning system of the room) was off.

The photodiode used to detect the probe has ansisfity of 0.45A/W @ 635 nm, a dark current of Orfd and a NEP
of 3.1e-15 WHHz. These parameters set the limit to the minimetectable signal of 50 nV, which is complizgnthe
lowest sensitivity of the Lock-In amplifier.

The Lock-In amplifier parameters are set accordinthe received signal [13] which, in turn, depeadghe attenuation
of the fiber under test and the total attenuatiothe components along the chain. As an examplenvhe fiber under
test is replaced by a dummy passive sample, heodeiging the lowest possible attenuation alongptté of the probe,
the detected signal is ~70 mV and the scale ohalbk-In is set to 100 mV. It is worth noting thaetdetection range
1uV — 500 mV has the highest stability of 5 pp@/and all parameters (probe power, splices ete.pptimized to have
the Lock-In working in that range.

Because Yb doped fibers exhibit a core-pumping gdtiem ~100 times higher than that of cladding-purgpthe length
of the fiber under test can be as small as a fewltiour experiments the sample length is chosdie tthhe minimum
spliceable, i.e. 5 cm, thus limiting the waste adtty active fiber. In all cases considered, theigion level has been
simulated using a custom-made program based orgatgions in a three-levels model, and an inversic-50% has
been calculated for the tested samples. This nthkemeasurements more reliable because a comparabision level
is maintained in all experiments [4]. In order thance the stability of the inversion level, thepke under test is
fastened on the metal optical bench acting as ingatiough a more advanced control of the fibeedemperature
shall be considered.



The optimized procedure to characterize an aciingx Sample, developed by testing several commencustom
fibers with different PD rates, consists of thresps:

1) the fiber under test is spliced between the madgpsr and the WDM; the Lock-In parameters (sciheg
constant) are set according to the detected sigrmatler to obtain the lowest relative uncertaiayl properly
track any variation of the optical loss of the péam

2) the PD experiment is started: with the pump OHEalaview program, which controls all instrumentsgine
recording the probe power, the temperature at aélmrations on the optical bench and the signaVipged by
the Lock-In; the data are collected for 24 houtse Turve Lock-In reading versus temperature islized and
later used to correct the Lock-In reading;

3) the pump is turned ON and the Lock-In readingrded after compensation. The experiment cafforun
hundreds to thousands of hours and a drop of tbk-lroreading, after linear compensation, provites
information about the fiber degradation.

The Lock-In reading, compensated for temperatueetsf, normalized to its initial value and transthto 0, has been
defined PD signature. The PD signature startsvat [and , as the photo-degradation occurs, ibipes negative. The
drop indicates the reduction in the transmissiothefprobe through the sample with respect taitel value, as
sketched in Fig. 3. PD signature graphs from expemial data are going to be presented in sect. 3.
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Figure 3 Example of PD signature graph.

3. Measurements and Results

The validation of the setup has been carried odhge mainstreams: i) the measurement of highdyqatarkenable
fibers and comparison of the result with that atediusing a simple core-pumping scheme as theresermed in [3],
i) the long-term characterization of the setuple/tine pump is OFF in order to assess the measantemeertainty and
finally, iii) the test of a low-PD fiber whose cegpondent large mode area version was previoughjoged in a high
power CW laser which exhibited a moderate levedhajto-induced output power degradation.

3.1. Characterization of a highly photodar kenable fiber

Fig. 4 shows the comparison between two PD measmsnon two different samples of the same highly
photodarkenable fiber, the first carried out bymapte core-pumping scheme without any compensatiaha low
power pumping diode (black dotted curve), and #wosd by the advanced setup (red solid curve) fibkehas a core
diameter of gum, a numerical aperture of 0.14 and a core-pumairsgrption of 183 dB/m at 976 nm.
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Figure 4 PD signature of a highly photodarkenable fibeodoiced with a simple core pumping scheme at lowgo@md with the
advanced setup at high pump level.

The two dynamics (exhibiting a drop in transmissidalmost 100%) nearly overlap, thus demonstratiad the
inversion level is saturated [4] and exhibits goeproducibility . However, this is of little intesefrom a technological
viewpoint, since current fibers used in FL areneported to exhibit such a high degradation ordiigsy phenomena.
In this experiment, the complexity of the setup amehsurement procedure have been proved to bélsuiba
characterization of fast PD dynamics. AlthoughRiieis easily induced in this fiber even at low puenel, a high
pump power is advantageous in most cases, sintakiés the splicing of the fiber under test lessateting, i.e. a
sufficient inversion level is achievable even lbasy splicing occurs.

3.2. Long-term characterization and evaluation of measurement accuracy

Where commercial high performance fibers are corezbrthe photo-degradation becomes undetectalileetyasic
core-pumping scheme because the power fluctuabibtiee probe, the uncertainty of the transmissi@asurement and
the environmental fluctuations hide the photo-iretlioss. We have performed several tests on aup seffigure out
how these spurious effects alter the PD measurement

Fig. 5 depicts the Lock-In reading as a functiothef temperature variation over a week. The grafgrs to a
commercial Yb doped fiber (@m-core, NA 0.20, absorption 220 dB/m) spliced ithie setup as in a PD benchmarking
test, but in this case the pump is kept OFF torlestne environmental effects on the Lock-In regdin
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Figure5 Lock-In reading vs Temperature. The scatteredtpaire linearly fitted.

The data are linearly fitted to extract the coticn coefficient to be applied to the subsequéhinfeasurement. It can
be observed that the Pearson’s coefficient is 8;0rf@licating a close statistical dependence betlee two quantities.



Because of the periodic behavior of the temperatheefitting of the data sampled over 24 hourglpoes nearly the
same result as the overall fitting. This is shawfig. 6, in which the PD signatures calculatedhfrdata acquired in
different days are compared. Although the absolat&tion of the Lock-In signal over time is notfeetly
reproducible, when applying the linear compensatirieved from any 24h — monitoring, the resulhis expected
nearly flat curve. This is a demonstration thahadr compensation of the temperature variatiotaiobd from a 24h
sampling of the Lock-In reading produces a PD digreawith an uncertainty of +1% (standard devigtiand it is well
suited to detecting power drops just above themaiogy band. Thus, any long-term drop of more tB&hof the PD
signature is considered as a photodarkening effect.
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Figure 6 PD signature in the case of a dummy passive safti@édeal trend should be a flat line centere@)alhe curves nearly
overlap, regardless of the applied fitting. Theeirghows the raw data of the temperature and thk-Lroreading.

3.3. Benchmarking of alow PD fiber

The final validation of the advanced PD setup amdgdure consists of a benchmark of a fiber whosespondent
large mode area (LMA) version is used as the adtigdium in a high power CW laser (it is worth ngtthat this fiber
was previously tested by simple core-pumping satupdid not exhibit remarkable PD). The fiber las@sists of a
single fiber cavity made of a 20m-core Yb doped fiber and two fiber Bragg gratimganped so that it delivers 330W
at 1.06um. This module, devised to become a commercialymtoas a part of a multi KW laser for industrial
applications [14], has been run for 820 hours, Bgpeing a power drop of 17.8%. The same glasgpeosition, drawn
as a qum-core fiber was cleaved and spliced into the adedrPD setup as a 5 cm sample and pumped for 456.ho
The reduced-core fiber has the following opticagposcopic properties: numerical aperture 0.18 absorption
~260dB/m at 976 nm, The outcome of the experirseptesented in Fig. 7, where the PD signaturenspared to the
actual degradation of the laser performance. ThaiBlature is still heavily affected by environnarituctuations.
However the latter follow an exact 24-hour cycld #me mean photo-induced loss, retrievable by fifigang, is ~30%.
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Figure 7 PD signature yielded by a 5 cm Yb doped fiber pedifor 450 hours. The correspondent large modeféreahas been
set up in a high power fiber laser configuratioatttan for 820 hours and exhibited a PD —inducep df efficiency ~13% in 450
hours.

If compared to the 13% drop in the laser efficigribe attenuation at 635nm is not as enhancen @evious
investigations on PD [3]. However, it must be pethbut that the current study has been carriedroebmmercial
fibers, which behave differently from the formermafactured-in-the-lab samples and might not foltbes same trend
(i.e. the loss at 635 nm is not 70 times highen tiha loss at um). At present time there are no long-term PD
investigations (i.e. >100 hours) on recently maouufiged fibers, whereas the only available data civore fiber laser
assemblers and that observe a general aging ofsygtems. Hence, in this case a quantitativeelaiion between the
PD signature and the actual degradation of the 8stem cannot be drawn. Nonetheless, the PDtsignean be used
as a marker of the laser aging rate.

The PD setup and procedure here presented dolowta accelerated study of the PD resistanceeofiller under test,
as pursued through other means (e.g. thermal eaiveamt [16] and UV radiation [17]), however theypitovide some
potentially important advantages, namely: 1) tis¢ &éms at producing a PD mechanism very similéinéoone that will
take place during the laser operation, 2) theivegtlow power, automatic measurement and low obghe setup
would allow a straightforward replication of théige so that a mass pre-compliance test of fibexhest could be run
and 3) the know-how can be re-used to test otheraarth doped fibers, provided the proper pumpcsoreplaces the
976 nm diode.

4. Conclusions

An advanced setup for accurately benchmarking ftmtgalarkening of Yb doped fibers has been predearid
discussed. This exploits fiber core pumping toftlithe length of the sample under test to a few rththe demand of
pump power down to 600 mW . The fiber attenuatioe tb prolonged pumping is probed at 635 nm byerlaoupled,
together with the counter-propagating pump, intfther under test by means of two thermally cdlgdowavelength
division multiplexers. The signal from the prob&gauated during propagation through the samplecgsiired by a
photodiode and a Lock-In amplifier.

A procedure has been developed to evaluate a signait the photo-induced loss in a reliable fashvelmich consists in
tracking the signal from the Lock-In for 24 hourkile the pump is turned OFF and applying a lin@anpensation for
thermal drifts. All the process is computer corigdland requires little human labor. For the firsie, experiments in
induced photodarkening have been carried out 4p@chours, and it was possible to measure the gadkening in
commercial fibers that did not exhibit remarkabt®i@degradation and were declared “PD free”. Arfibéose
photodarkening was not detectable by simple teclasighas been benchmarked with the new measuregstem and
the result compared to the behavior of a high pdiver laser realized by the same fiber compogiti®he induced
photodarkening exhibited a qualitatively similandynics and a level that could explain the dromset efficiency.
This proves that the measurement system presengeitable for pre-compliance testing of Yb dopbdrk to be used
in fiber laser cavities and it could be re-arrahtgetest different rare earth-doped fibers ordmicated for the parallel
measurement of several samples.
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