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ABSTRACT

Ytterbium-doped fibers are widely used in applicaigequiring short fiber amplifiers for high peak mwpulse
amplification. One of the key challenges posed onpédormance and reliability of such amplifiers is ntigg
photodarkening of the active fiber. Photodarkenimgnifests itself as a temporal increase in broadband plusor
centered at visible wavelengths, and varies on hbe dctive fiber has been manufactured. The tail ef th
photodarkening absorption extends to the 1um rednus, in some cases seriously degrading the fiber eftigiever
time. Accurate measurement methods for charactenzatf photodarkening must be developed in ordebdtier
understand its causes and create techniques to elintisatas to secure widespread commercialization @tiel Yb-
doped fibers. This paper presents a simple method taatbdare photodarkening in both single-mode and aoalald
Yb-doped fibers. A short length of fiber is pumpeihgshigh brightness source in order to achieve higth uiform
inversion. The high inversion speeds up the formatiotihe color centers to the high degradation letels reducing
the analyzing time from weeks to few of hours. Witls tmethod, photodarkening can be measured evenréiatively
short fibers by monitoring loss at visible wavelengtivhiere the degradation is greatest. We have analfmed
repeatability of the measurement method againsptimeping conditions and fiber sample properties. Thpaict of
photodarkening in different applications is discus$id. present the results of recent optimization of kiekh1200
product family and also compare these with some othranercially available fibers.
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1. INTRODUCTION

Fibers with double cladding structure are widely sddor laser and amplifier applications because eir thbility to
convert low brightness pump power into high brightreégeal power, and their high surface to volumeorétiat helps
to minimize the detrimental thermal effects in higbwer applications [1, 2]. Ytterbium doped fibesdes and
amplifiers operating at the 1.0-1.1um wavelengthargire interesting for materials processing, mili@pyplications,
and nonlinear wavelength conversion. Photodarkehasgbeen reported for many rare-earth doped éiiees, such as
Tm®*, Ce*, PP, and Ed" [3], and it has also been shown to exist inYdoped silica fibers [4]. In our earlier work
ways to mitigate photodarkening in single-mode Ybetbfibers were presented [4]. The underlying phygicatess
for photodarkening is the formation of color centir the silica glass host [5]. The color centers arenpnent damage,
and their spectra are formed at the visible wavekendiut the tail of the broad absorption spectrumgisifscant up to
the 1.1um wavelength region. The color centers abisothh the pump and the signal light, thus reducireg gbwer
conversion efficiency of the fiber, and can geneeteess heat to the fiber. The reduced power comveesficiency
leads to reduced output power, which can at leadiapjp be compensated by increasing the pump powhe
increased pump power, however, either decreaseslthbility of the system or leads to a higher applaratost. If the
power is compensated by using the pump with higheeot) the pump lifetime is reduced. More reliapilian be had
by using extra pumps in the system. Photodarkeninguisecaby the signal and pump photons in the silica, fédred is
thereby distinguishable from other detrimental effettch as polymer coating damage, or radiation dafnagehigh-
energy particles.

2. MEASURING PHOTODARKENING

At the moment there is no established way of measyimgodarkening. Previous attempt has been donesiog @
probe wavelength or by measuring the spectral priegent the fiber [3, 6]. The goal of this work hasthé@ come up
with a methodology of accelerated aging, namelytqiferkening, of the doped fiber that is an applisaindependent
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worst case test. Since photodarkening is more pronduaicéhe visible wavelengths, we have chosen 633ntheas
reference probe wavelength for our measurements.nhe &6 our tests we have measured the spectral prapeftthe
Yb doped fibers (YDF) before and after the expogordigh intensity pump light. The tests are carriedl ia both
single-mode fibers (SMF) and large mode area (LMA)btiwelad multimode fibers. The amount of work on Eng
mode fibers is more evident because of the faster aotessh fibers.

2.1. Measuring the spectral properties

Photodarkening has been measured from single-mode fipereasuring the spectral properties of the fibeorlgednd
after illumination with pump light, Figure 1 [4].0F all samples the pump wavelength and power, and imgnipne
have been kept constant. For high throughput bendtimgapurposes we have limited the pumping time taor@gutes,
despite of the saturation level of photodarkeningyeito be reached. The results can be used to cortfpgareerit of
different fibers, and to estimate the worst-casitife photodarkening of the fiber. The pump wavelbrigtour tests
has been 974nm, and the pump power has been 300m\Weddopa single-mode fiber. The sample length has been
derived from the small signal absorption level offiber, namely it has been 140dB small signal abgmnt the peak
absorption level of 976nm. This corresponds roughlya tfiber length of 10-15cm. The output ASE spectruas w
measured while pumping the fiber to verify thereadasing to decrease the inversion.
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Figure 1. Setup for measuring photodarkening irglsimode Figure 2. Setup for measuring photodarkening witlprabe
fiber. 1) Transmission spectrum of YDF is measuwdth a wavelength. Pump wavelength and HeNe are combisetja
white light source (WLS) and optical spectrum amaty(OSA). WDM, and coupled to the single-mode fiber. HeN@gmission

2) Sample is pumped with 974nm pump for 30 minuteis.measured in real-time using the power meter.
3) Transmission is again measured after illumimatio

A photodarkening measurement result is illustrateBigure 3. The photodarkening induced excess loss ésilastd
from the difference of transmission spectra and the alepgth. The measurement is noisy at the signakleagth
region, which is the most important part of the spentrAfter measuring a large number of different Yipelb silica
fibers, it can be seen from Figure 5 that the absor@t 633nm and at the signal wavelength has arlcwaelation.
The absorption at HeNe wavelength is approximatelyiri@s the absorption at the signal wavelength. Thdgcates
that the shape of the induced excess loss spectrum satie for a wide variety of Yb-doped silica fibptsmped at
974nm. The spectral shape of the color center has tee same with Liekki fibers as well as with the other
commercially available fibers we have measured.
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Figure 3. Calculating the excess loss from the mreastransmission spectra. The photodarkening edlexcess loss is calculated
by reducing the before and after transmission spectd by dividing with the length of the sample.
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Figure 4. The excess loss is easy to measure ain688), but Figure 5. Photodarkening wavelength correlation. e Th
important to know at the signal wavelength (2). photodarkening values have a linear correlatiorwbeen the
633nm wavelength and the signal wavelength.

2.2. Measuring photodarkening using the 633nm probe laser

The temporal behavior of photodarkening of singledenfibers has been measured using a setup illustrateidure 2.

It is quite close to the spectral measurement setupthendesults can be verified using the spectral measmt
method. The pump power was varied when using thbepmeavelength, and an attenuator was used in oteton
change the wavelength of the pump. The goal of thmsasurements was to get more information about the
photodarkening phenomenon itself. A different mft@hotodarkening has been observed for differenlicimns, for
example an ASE source has been seen to photodastentfean a laser.

The expected temperature dependency of photodakemas observed using the probe wavelength, howdker,
measurements shown were done within constant room tatape The normalized HeNe probe transmission intessiti
could be fitted with a stretched-exponential fumictof the form [7,8]:

B
T(t) = Aexr{— Cj } +(1-A), 1)

where T is the normalized transmission, (1-A) is the stesrh steady state transmissianis the characteristic time
constant of the fit, anfl is a dispersive parameter. The fitting of the curvas done using the least square method, and
the same dispersive parameter could be used fohthtegarkening of an ASE source and a laser.

2.3. Measuring photodarkening from LMA fibers

The photodarkening in LMA fibers was measured usirggstup illustrated in Figure 6. The only differenocethe
single-mode setup is the coupling of pump to therfibad the cladding mode stripping before and aftgred fiber.
The pump brightness is lower, as the pump from 4um isoceupled to for example a 20um core with smallér N
Typically a coupling and splicing loss of approxielg 7% was achieved for the pump light, meaning tha coupled
pump light to the doped LMA fiber core is approxielgt280mW at the 974nm wavelength. The cladding madere
stripped by removing the polymer coating of the fifigra length of approximately 5cm, and by applyanbigh index
gel to the bare fiber. The results were measured @sspgctrum analyzer, and a 30 minutes pumping tinseusd for
each sample. The results measured from LMA fibers amdrafig very close to the result shown in Figure 8whver,
at wavelengths over 1um some modal beating was olutsérvihie WLS measurement spectra. The cladding modes
were stripped in order to make sure all pump lighd &ght measured with the spectrum analyzer had ggad
through the core, and not partially or fully in tbiedding. The use of passive fibers in both end$efactive fiber
makes the mode stripping and light coupling more coiemensince the sample size has been short.
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Figure 6. Measuring photodarkening from LMA fibers.

2.4. Pumping conditionsin a photodar kening measur ement

In order to achieve repeatable and fast photodargenieasurement it is beneficial to have a high anidorm
inversion in the sample. The high inversion is presiitnéncrease the probability of energy transfer petwrare-earth
ions in the glass, thereby increasing the probabilitcreating color centers. This also implies that teeagoral
behavior of photodarkening is application dependeamely a fiber used in an ASE source or an ampliirdegrade
faster than the same fiber used in a laser cavity.afitmgunt of possible color center sites in the glassowgeher, an
intrinsic material property and not related to thee of the fiber, but rather to the number of imjesi and
imperfections in the glass host. The uniformity of theersion within a fiber sample makes the measurement mo
reproducible regarding to the sample length inacgurac

The brightness of the pump has been kept as highsabf®in each measurement given the available equipfieat
pump powers and corresponding cladding powers usetieirdifferent measurements are shown in Table 1. The
corresponding cladding pump powers are calculaiaah the intensity of the light in the 4um or the BDgore. The
shown cladding pump power is the corresponding ctagdump power level the rare earth ions experigm@suming

a flat power distribution across the fiber and theec

Table 1. Pump powers and corresponding intensities.

Corresponding cladding pump
power for different fiber diameters

Pump power / core diameter Intensity 125um 250pm 400pm
[Wicm2] W] [W] W]

300mW / 4um 2.4E+06 293 1172 3000

280mW / 20pm 8.9E+04 11 44 112

We have calculated the inversion in our fiber sampgsg Liekki Application Designer v3.0 modeling softeaThe
pumping conditions have been analyzed for single-midger (SMF) samples and for LMA samples, the core
absorption has been presumed to be in the order @dB2th at the 976nm peak absorption. Figure 7 ilies the
calculated inversion in SMF and LMA fibers, when 8if4single-mode pump with 280-300mW pump power is used
The figure shows that the inversion for SMF sampleeiy wniform, and at an average 53% level. The satepigth

we have used is 140dB of small signal absorption eippwavelength, which corresponds to 10-15cm of fiBeccause

of the uniformity of the inversion, small length icacacies do not contribute systematic measuremesrseffor LMA
fibers the average inversion is 45% for the 5cm flbagth. According to our simulations the single-moiterf with
974nm pump will have approximately the same invertéorl down to 100mW, after which the inversion o fiber
will drop starting from the end of the fiber.



100 100
——300mW @ 974nm, 4um core M
80 —=—280mW @ 974nm, 20um core 80 / \
g 60 & 50 [ ——300mW @ 920nm, 4umcore | |
5 s \H —=— 280mW @ 920nm, 20um core
@ 2 ~
g 0 7\" g 40 \
£ M =
20 - N 20
'
0 . h 0 T T
0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
Fiber length [m] Fiber length [m]

Figure 7. Inversion in a short fiber sample using4®m Figure 8. Inversion in a short fiber sample using0rém
pumping. The sample length of LMA fiber (A) has beshosen pumping. The average inversion levels of the sasnate further
as 5cm, giving an average inversion of 45%. Thepsadength apart than with 974nm pumping. However, the aveiagersion
for single-mode fiber corresponds 10-15cm, givimgawerage is higher.

inversion of 53%.

The inversion level of the fiber is derived from twemp wavelength and the emission and absorption ceusi®rss.
For 920nm pumping the inversion in the fiber samplehown in Figure 8. The average inversion possilitfle this

wavelength is higher, but the inversion is less unifoAdditionally, the difference between the inversf the SMF
and LMA samples of similar lengths than used with 974mmping is higher. The average inversion of 15cnFS#1
87%, and for 5cm LMA fiber 51%. The higher inversiernel would, however, be beneficial in order tesg up the
photodarkening. The use of higher energy pump photontd also influence the photodarkening procesdf,itfe

example by exciting a spectrally different colontze.

3. PHOTODARKENING IN APPLICATIONS

The acceptable amount of photodarkening inducedssxioss a fiber can have is proportional to the egdjin length.
The application length is influenced by variableshsas the core dopant concentration, the used pumplevayth, the
core cladding area ratio, and the application speafjuirements for pump absorption. It is in ouriiest to know what
the amount of photodarkening each application obardte without excess degradation of power convesificiency.

For DC fibers the application length can be defibgdhe cladding pump absorption of the fiber, foample 13dB
pump absorption for an amplifier. For double cléduefs the cladding pump absorption is proportionath® core
cladding area ratio, and the application lengthlmamritten as:

L - atot - atotC
M a (d2./dE)’ @)
clad,A core,A \~core clad

whereoy is the required pump absorption (dB)q, is the cladding absorption (dB/m), C is the areaemion factor
if non-round shapes are useg,; (dB/m) is the core absorption, and,dand d,q are the core and cladding diameters

(m).

Presuming a 10% loss of output power is acceptablénatitie lifetime of the fiber, for an amplifier wilimear gain in
the fiber we can approximate a total loss of 0.5¢®.4 ; at the signal wavelength. Similar calculations bardone for
other loss parameter, shown in Figure 9. The figlmaews the benefit of a short application length, Wipermits a
higher photodarkening induced excess loss per unitheTherefore it is beneficial to design the fiberdhave high
cladding absorptionug,q;, Or to have a high core absorption and a high/clae area ratio. Compared to 915nm
pumping, the pump wavelength of 976nm reduces tipdication length roughly by the factor of 4 becaudethe
increasedugqe;. FOr example the 30/250DC fiber with 13dB pump abison at 976nm pump wavelength gives an

application length of 0.8m, assuming 1200dB/m core raltiso and an area correction factor of 1.05 fooatagonal
fiber.



In order to reduce application length, the core simuld be maximized. The upper limit of core sizerimarily set by
the required beam quality, although for examplenddning conditions and the coiling of the fiber [8fluence the
extracted beam quality. The lower limit of the dadj size can be seen to be limited partly by treglability of bright,
high power, low cost fiber coupled pump sources. ftfimary goal for fiber manufacturers is to develop dnddped
fiber with higher pump absorption and reduced phateehing. The proprietary Direct Nanoparticle Detposi
technology of Liekki provides several advantagesimrigard.
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Figure 9. The acceptable worst-case photodarkeleingl for different application lengths was caldath based on 13dB pump
absorption and an amplifier configuration.

4. RESULTS

4.1. Photodarkening of single-mode fibers

Photodarkening has been measured from several diffégypes of fibers, as was already shown in Figur@he
measurement method was used for feedback to systathaimprove the glass composition of the fiber. Thisra
clear photodarkening dependence to the Yb condenira the fiber, Figure 10. It is also shown thizd possible to
increase the core absorption and core doping whilalgimeously having lower photodarkening. A fibemmuacturing
process with high throughput and high repeatabitiich as the Liekki Direct Nanoparticle Depositiorhteddogy, is
beneficial for the iterative work on material optimiion. The excess loss spectra for two similar Yb-dopeglesinode
fibers are shown in Figure 11, where two commercialipilable fibers with the core absorption of appmadely
1000dB/m are shown after the 30 minutes photodarget@at. The fiber samples are likely to have diferglass
compositions, and are also manufactured using diffedeposition technologies. The shape of the photodarge

spectrum is similar with both fibers, and the photodaikg results are >400dB/m and 6dB/m at 633nm, yelding
>5.7dB/m and >0.09 dB/m at the signal wavelength.
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Figure 10. Photodarkening of different fiber typdsigher Figure 11. Photodarkening spectra of low photodzirige DND
doping and higher core absorption can be had wgthet fiber and similar competitor’s fiber.
photodarkening.



Long-term photodarkening tests of single-mode filses also underway. A fiber laser using Yb-dopedjlsimode
fibers has been built, shown in Figure 12, and thasmement is on-going. The accumulated result is slmWigure

13, where the stabilization of the output powerhef laser can be seen. After the stabilization thputygower of the
laser has slightly increased, indicating some sodetffannealing process within the fiber. The fiber basn kept in
constant room temperature throughout the measurearahthe pump power is stabilized. The additional noigbe

stabilized part of the result is a measurement artdfassed by the connecting and disconnecting ofaber loutput to
the power meter.
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Figure 12. Measurement setup for long-term testihgsingle-
mode fiber. 30% grating is the output of the systevhich is o o
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Figure 13. Long-term result of single-mode fiber
photodarkening shows an initial performance drop5%o in the
output power, and rapid stabilization of the outponver.

4.2. Initial rate of photodarkening

The temporal behavior of photodarkening was measwitdthe setup illustrated in Figure 2. The measurgmwere
done using the pump wavelength of 974nm, and pumpemftom 30 to 90mW. Two different measurement series
were done: one with a long fiber sample length amdl tpump absorption to the sample and one with at $toer
sample and a constant pump absorption to the sample.rBeasurement was made with a fresh non-photodarkened
fiber, and the length of the samples were 0.5m andch Gdr variable and constant inversion, respectivély.
normalized probe transmissions were fitted with the diest exponential function shown in Equation 1, amel t
dispersive parametdY¥ value for all samples was 0.54, giving a good fit &irpump powers. The measured decay
curves are shown in Figure 14 for the variable isioer case, and in Figure 15 for the constant inversase. The
inversion profiles for the corresponding cases weleutated with the Liekki Application Designer v3#nd are shown

in Figure 16.
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Figure 14. HeNe probe transmission through 0.5m Shfifiples Figure 15. HeNe probe transmission through 0.1m Sktfples
with different launched pump powers. All pump lightas with different launched pump powers. Enough pumperowvas
absorbed by the sample, and therefore the inverdidhe fiber used to saturate the inversion in the fiber to axiprately 50%
changed with every pump power. Normalized proligvel. Normalized probe transmissions were fitteithwthe
transmissions were fitted with the stretched exptiakfunction.  stretched exponential function.

The starting rate of photoinduced excess loss phenoswgia as photodarkening is proportional to the nunaber
photons involved in the process [3, 10]. A decay ratewas extracted from each probe measurement, where the



intensity I(t=t4,,) corresponded to value of (1-A)+A/e intensity valwbgere (1-A) is the steady state transmission value
of the fit. The inverse of the decay rates are plodite a function of launched pump power in FigureThe slope of the
data is calculated in log-log scale in order to geindication of the amount of photons needed fohgdmtodarkening
event. The slope of the variable inversion case is0123sand the slope of the constant inversion caserdsvzithin
experimental error. The slope of the variable inwgrsiase indicates that the photodarkening process vbeusimilar
to a one-photon process. This is unlikely, as thegdbization threshold for doped silica fibers is >8/25], and the
pump photon energy is 1.27eV, roughly 4 times less thanthreshold. The slope for constant inversiosecis
practically zero, indicating no correlation betweka pump intensity and the photodarkening, as &mntie inversion is
practically constant. It can therefore be arguédf the photodarkening process in Yb-doped silicaréiis not a
nonlinear process, but rather a stepwise process mgtfre energy of multiple photons for the formatidreach color
center. The energy required for the photoionizaisostored in excited Yb ions, and the probabilityhaf formation of a
color center increases with inversion.
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Figure 16. The calculated inversions for differedecay Figure 17. Photodarkening decay time constantsiastibns of
measurements. (a) Variable inversion case with Offmar |aunched pump power.

length. (b) Constant inversion case with 0.1m fieegth.

The effect of inversion to the initial rate of phdarkening was experimentally studied by using #mesfiber type as

an ASE source with higher inversion, and as a lasérlaiiver inversion. The inversion profile shape & &SE source

is similar to the graphs seen in Figure 16 (b), ardrikersion profile of the laser resembles the shapeisdégure 16

(a). The photodarkening of the ASE source was medsuith the probe wavelength, and the photodarkenointhe

laser was measured from the signal output power. Bbtthese decay rate measurements had a good stretched
exponential fit using th@=0.54 parameter, and the fit for the laser is seelRignre 13 as a dashed line. The time
constants of the fits, however, were very far apére characteristic time constantor an ASE source was 370s, and
for the laser 12960s. In order to better understhaghotodarkening phenomenon in Yb doped fiberspee rigorous
investigation of the correlation between the ini@rsaand the initial photodarkening rate is required.

4.3. Photodarkening of LMA fibers

A small number of LMA fibers were measured with the satupwvn in Figure 6. The same 5cm sample length was used
for all fibers for photodarkening measurement, amnflonger samples the cladding absorption of each filmze
measured as well. The core absorption was calculated the cladding absorption result. Commercially amAé
fibers were used for reference, and two differenkkiiéibers, namely an older reference and a morentefieer are
shown. The results are shown in Figure 18. In ordeotopare the fibers, the photodarkening result ferapplication
length was calculated for each fiber. These resuétshown in Figure 19. It should be noted that thetquharkening
levels represent the worst-case lifetime scenarioshofoplarkening, and typical applications are knowrdeégrade
much less than the graph suggests. In a typical apiplic the inversion of the fiber is not as high asthe
photodarkening measurement, and the effects of sigoébphin the photodarkening process are not yet éxifored.

For LMA fibers the long-term photodarkening testisgnieeded to verify the results given by the fast bmacking
measurement. This applies to lasing configurationgedisas amplifier systems.
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photodarkening. diameter.

5. CONCLUSIONS

A measurement method for benchmarking both singldenand large mode area multimode Yb-doped silicadibas
described. A uniform inversion level close to 50% isagated in both cases, thereby making the measurement
repeatable from one sample to another. The visilaleelengths are used to measure photodarkening in rdeve a
higher measured signal, thereby making the measurerasigr.eln Yb-doped silica fibers the spectral shapéhef
induced color center has been the same for Liekkidiland for the competitors’ fibers we have measuradtjng it
possible to estimate the effect of photodarkeningignal and pump wavelengths.

The measurement method has been used to benchmark sibgadibers and to improve the fiber manufacturing
process. The photodarkening performance can be iradrby different glass compositions, and the work éeetbp
highly-doped ultra-low photodarkening fibers is unday. In the long-term testing of single-mode fiberself-
annealing phenomenon has been observed, but thimfilitations of the result are yet not known. Thegide effects
of high brightness signal to the photodarkening offither needs further studying.

The photodarkening rate measurements using a proledemgth indicated that the inversion of the fitsgproportional
to the initial photodarkening rate. The energyafghly four pump photons are needed to overcomefhtb®ipnization
threshold of doped silica glass. The energy levelshef Yb ion alone can not explain the existence & th
photoionization capable energy level. Thus, thezeds to be an energy transfer mechanism from excitenébto
other sinks or impurities causing the photoionizatibhis also suggests that the clustering of rare-g@arth causes
photodarkening in a fiber because of the enhancedygriransfer between neighboring ions or impuritiethe cluster.
Therefore a fiber manufacturing process that giveadgeneous high doping with low clustering such asOhect
Nanoparticle Deposition technology is very beneficia

The effect of photodarkening was illustrated as rection of application length, showing the benefithigher core
absorption and fiber geometries that increase cladalsgrption. Further work will include the long-tetesting of
large more area double clad fibers in order tofyetieir photodarkening measurement results. Alsoctreelation
between photodarkening and power conversion effigiem amplifier saturation power need more research.
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