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ABSTRACT

Ytterbium (Yb) doped fiber lasers are known to ffeded by the creation of color centers duringnggso-
called photodarkening (PD)). In a previous works thefect creation was investigated from a spectrois point of
view, showing the presence of traces (ppb) of timl{Tm) in the Yb doped fiber. It was shown that fias a
strong impact on the defect creation process iragin PD. In this paper, we compare the results fitoe literature
with our Tm hypothesis, without finding any contictibn. Moreover, this hypothesis can be an exglandor the
discrepancies in the literature.

INTRODUCTION

Following the first laser emission [1], and thepstéeading to the development of modern opticarBh2, 3],
these two pillars of photonics were finally marrieg Stone and Burrus in 1973 [4, 5] when they haiifiber laser,
even if the phrase had already been used to dessfhibt is now known as a rod-type fiber laser &mbining the
good modal quality of a single mode fiber with adoamplification medium leads to a powerful optipamped
laser with extremely good modal qualities, which b& a reliable solution when building high powensity lasers
[7] (more details on fiber lasers can be found8n 9]). There are many applications for such Igsierduding
military uses, medical uses, marking, etching, avigg and trimming [10, 11, 12]. Many doping eletisecan be
used to make a fiber laser, especially the rartheslements (B, Nd®* . Tm®*, Ho*", Nd&**/Yb®*, Nd**/Yb®*")[8],
including the well-known erbium that is used fdetmmmunication amplifiers (the Erbium Doped FiBanplifier
(EDFA) [13]). But nowadays the most promising fibeser is the Yb doped fiber laser [14]. Since fitst
demonstration in the late 1980s by Swtial [15, 16], the commercially available output pova@r this laser has
reached 10 kW for a continuous wave, and 50 kWuisgtl mode. Such power allows applications in aseah as
machining or surgery, but could also be used inliv@ar optics in order to provide an extreme witnket source
for lithography for the next generation of micropessors [17].

However, the qualities required from a laser areomby power and reliability but also durability: fact, in 1997
Pashottaet a[18] discovered that the laser's output power awéshold deteriorated during the running of &'Yb
doped fiber laser. This degradation is attributeghotodarkening (PD). The effect of this is thétr@ad absorption
band, from ultraviolet to near infrared, appearsrdylaser operation. So-called PD had already leported for
other rare earth doped fibers {PL9], ELf* [19], Tn®" [20, 21], C&" [22], Tb** [23], T&" [24]) and was reported in
Snt* [25] later. PD is also known to occur in other lagagions such as non-linear optics [26, 27, 28} & other
propagative materials like polymer fibers [29]. ”fls, PD was also reported for matrices other thatical glass
fiber [30].

The unusual feature of PD in Yb doped fiber lasethe creation of an absorption band at higherggnthan
that of the laser's pump or signal, and higher gnatso than that of the levels of active ion [3h]fact, it is well



known that high energy radiation induces the cosatif an absorption band in a matrix like silicasgl [32, 33], and
UV light is also used to make Bragg mirrors intdiofibers [34], even with a UV lamp [35], but IRght is not
supposed to do the same.

The absorption band created by PD is attributethéocreation of color centers; this could be dueharge
transfer [36], non-bridging Oxygen Holes [37], orygdeficiency centers (ODC) [38], ¥bions [36, 39, 40], or
even YB*-Yb® pairs [41]. Analysis of defects created by higtergy irradiation in silica glass is a large and
complex subject which is outside the scope of lngew (for further detail, see [32]). In this rew, we will focus
on the observations made in the literature abaiptiocess leading to the creation of the defelatsso-called PD,
and not on the defects themselves.

To analyze the PD in Yb doped fiber lasers, Koponeret al[42] designed an experiment in order to measure
the absorption created during laser irradiatiorcolbsists of measuring the absorption at a fixedelesmgth (633
nm, for example) after a given time of exposura D beam (usually of 920 nm or 976 nm). To avoghsurable
darkening beam depletion, the researchers chosedace the length of the analyzed fiber to a mimmu
corresponding to around 10 cm. The result of thipeement is often depicted as a plot of absorptfon
transmission) against time of exposure. In addjtthis curve is often fitted to a stretched expdiadniecay curve
[43, 44], such as is often used to depict solitestalaxation phenomena associated with a micrasgepersible
process, as described in (1).
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where tis the time’s abscissafYis the absorption at the steady state (fop>T7), Lis the stretching

parameter antl 'is the PD rate.
Although the mathematical relationship between gheametersa,,, [ and ™ of (1) has not yet, to our

knowledge, been clearly reported in the IiteratlIrél,nicer represents the sensitivity of a fiber to Abe higher

the 77" parameter, the lower the sensitivity of the filePD, and the greater its lifetime. Therefore thasameter
is often used to compare the resistance of fiberBD. The stretched exponential fit is a useful foo global
studies, but we should be careful about usingmare precise analyses.

Many papers and conferences have reported resitls similar set-ups and analyses in the study of PD
dependence on different parameters, such as laserr population inversion, or different charaistics of the
Yb doped materials such as the Yb concentrati@ptatrix composition, or the role of co-doping ions

Recently, in our work [45, 46, 47] we analyzed @pth the UV and visible emission from an ordinaty doped
fiber, and showed emissions corresponding to fransitions of Tri ions ¢G,—°F, at 650 nm!G,—*Hg at 475
nm, *D,—>Hg at 370 nm and'is, °Po) —>Hg at 310 nm) [48, 49, 50, 51] under 976 nm excitatibn™" emission had
already been observed at 475 nm by Kirchhetf,a[52]. It is known that T ions can easily up-convert infrared
light to visible or UV ligh{48, 53], especially when they are coupled witi*ibns [54]. Therefore we decided to
add 300 ppm of Tm to our Ybdoped fiber, and we showed that it strongly inseelthe sensitivity of our sample
to PD. In summary, the two UV emissions of *roould be absorbed by the matrix, and in additioni¥ known to
give rise to strong PD [20, 21]. So we conclude tmmtamination of the raw Yb by Tm ions shouldte indicator
for PD. The first idea arising from this conclusiavas to remove the Tm completely from the raw Yb.
Unfortunately, to our knowledge, it is not possibbehave Yb material purer than 99.9999% (6N), tsis inot
possible to remove Tm completely from Yb dopedb&he most important corollary of this conclusistthat, to
avoid PD, two steps must be taken: the first béingrevent Tri" ions from reaching high energy levels, and the
second to prevent these high energy levels impgatiinthe absorption of the fiber.

Soon after this, Jetschkegt al. [55] conducted precise analyses of the Tm co-dppiependence on the PD
kinetics in Yb fibers. They concluded that, if Tndiiced PD exists, then intrinsic Yb doped fiberd&$b exists and
can predominate when the contamination is very low.

In the following, we review the observations repdrin the literature regarding the contaminationybfraw
material by Tm ions, and suggest that this shoelthle indicator for PD. Because all the thermadlistiof PD are
focused on the defects created during the proaessat on the process itself, and so*Timduced PD will not
change the interpretation of any of these studiesgecided not to focus on these observations.



DEPENDENCE ON THE SOURCE WAVELENGTH

In the literature, PD is shown to occur wher®Yéloped fibers or preforms are pumped at differemtelengths
or powers. We will first look at the effect of tdarkening wavelength and then at the darkening powe

After reporting PD at the pump (920 nm or 976 nmjl signal (from 1um to 1.2 um) wavelengths, other
analyses at different darkening wavelengths weréeniia order to obtain a better understanding ofRBeprocess.
PD was also shown to occur at 488 nm [38, 56], Withlaser excitation [57], and even with a UV lafi3®, 58].
Notice that in all cases the reported absorpti@tisp are similar to those burned around 1um [9§, Bs can be
seen inFIGURE 1, PD at 488 nm is consistent with there being*‘Teontamination. In fact, th&s, level of Tni*
is known to exhibit a strong absorption band atiadb488 nm, and is able to up-convert 488 nm radiab its UV
level '1s-*P, by one Excited State Absorption (ESA) [60]. Thipplation at high energy levels is able to emit UV
light and subsequently create defects in the sameas UV lasers and lamps [35] create defectslicasjlass,
especially in the presence of Tinwhich is used as a sensitizer [61, 62].
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FIGURE 1 : Schematic of the Tfiand YB* energy levels and proposal for the process leamingy/ emission in YB" doped
fiber contaminated by T (grey arrows represent the signal around 1 umgaeen the burning signals around 488 nm, IR Yb
emission from Pask [35])

DEPENDENCE ON THE SOURCE POWER

In addition to the wavelength, the light source’aimparameter is its power density. In fact, langede area
(LMA) fibers [63], developed to decrease nonlineHiects by reducing power density, were good lafooyeobjects
for analyzing PD in the case of relatively low powlensity, and good components for reducing PD. [Bélwever,
with the increasing demand for power, this solutreached its limits [65]. Furthermore, even thoWRb was
known to be dependent on the power [66], studiethisnrdependence were only recently carried out$67 68, 69].

Next, we will first describe some theoretical cldes understanding the results from the literatareg then we
will give an explanation of these results. Firsatf most authors prefer to refer to an invergianameter instead of
pump power or pump power per unit surface. Thigision parameter is the ratio of Yons in the excited state
and, in the absence of a laser signal, can be ssguleby (2):

Taps X | pump < To _[ thump J N2F5/2
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where | pump is the mean power density of the pump (V%)rno'abS is the absorption cross-section of fite,

level of YB** at the pump frequentr)ypump and 7, is level's lifespan. To obtain the inversion folanduring lasing,
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T, should be replaced wit?{—+ } . With that equation we can understand the simple

z-0 h I/signal X A%ignal
homographic relationship between pump povd%gp) and inversion rateNzF ).
5/2

We note that phenomena involving excited rare darth, such as energy transfer (ET) or cooperaiaession

(CE), should have a probability proportional [Ib]excite]n, with n being the number of excited ions involved, and

that phenomena involving only one ion but more tloae photon, such as absorption, excited statertixso
(ESA) and two-photon absorption (TPA) [70], shoulalve probability proportional t(£|
number of photons involved.

Most papers describe the PD power dependency wsigigphic depicting the PD ra® " of (1) versus the
inversion rate, and not versus the pump power nemiect ESA and TPA, which cannot occur in*Ytloped fibers,
and also additional defects or impurities. As tldeynot consider processes involving several photbas only
those involving several ions, the data are fittedhe straight line equation given in (3).

] (NP ¢
Fsi2 (3)

The n parameter in (3) describes the number of excitet! ¥ns involved in the PD mechanism.

However, if we consider a fiber contaminated witiother rare earth such as ot only ET and CE, but also
ESA and TPA, should be taken into account. In faethave shown in previous publications [46, 4} fim emits
in Yb doped fiber at different wavelengths. One nate that théG,—°Hs emission of 210 ppbw of Tth(475 nm)
is about the same intensity as the cooperativesimniof YB* associated with 1.7 wt.% of Yb. This effect hasoal
been observed by Goldner, et al.[71]. The cooperainission efficiency is very low, around®€n?/W [72], even
if this emission is plainly visible to the nakedeeyrhe mechanisms leading to these emissions heere dnalyzed,
and it appears that at low Pfnconcentration a five-step Yb-Tm ET takes place],[f@ding to the successive
population of the’Hs, °F,, 'G,, 'D, and finally the®Py-'ls energy levels. In addition, it was shown in [7Bhtt
increasing the ratio of the concentration of Yto that of Tni* leads to an increase in the populations of‘thand
D, levels, and therefore an enhanced emission itUtieThe ESA up-conversion phenomenon is so effician
Tm®" that a laser at 284 nm was demonstrated [74]vsttpthat one cannot ignore these processes.

m .
pump] » Wheremis the

In such cases the PD rare* would be strongly dependent on both light powersity and inversion rate. The

rt parameter in PD can be expressed by (4), usingapipeoximation that up-conversion processes arg les
probable than emission ones.

N Jn+m
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In (4), the n parameter describes the number of excited” ¥ins involved in the process, and the parameter
Mdepicts the number of photons involved in the pssc®e can see that at low inversion rates, ngFn <<1,

5/2

(4) is similar to (3), wit replaced byn+ m, but when the inversion rate is high,NQF is close to 1, the
5/2

expression in (4) is far greater th%iN2F Jmm . That means that if such a curve is fitted byegponential model
5/2

as we did for (3), the value afl that is found will be strictly greater tham+ Mgng the higher the inversion, the

greater the overestimation & above thél + M value.

In the literature, the reported values of theparameter range from 2 [67] to 7 [69, 75]. Indeedy groups can
be defined:

Below 5: in [67] (=2 for A=976 nm and inversion from 0.1 to 0.5), [681£€3.5+0.5 forA=915 nm and
inversion from 0.1 to 0.6, independent of the®*Yboncentration), and [44]: (=4.3+0.5 forA=915 nm and
inversion from 0.35 to 0.6); and



Above 5: in [76] (1=7£0.5 forA=920 nm and inversion from 0.25 to 06), [69] (wittp values (long and short
time) for the two fibers studieth |ong:7'7ﬂ' n. rt:7.2:iO.8 andn jong =6.4+0.6,N short = 6.91£0.6 forA=976 nm

and inversion from 0.2 to 06).

Notice that some studies present their resultsrdoapto the samples concentrations — for exam§g $hows a
quasi non-dependence of tlfe parameter on concentration. These results aréeglan FIGURE 2 in order to
show these 2 groups.
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FIGURE 2 : N parameter in the literature (Koponen 2006 [42}aKayashi 2006 [67], Koponen 2007 [65], Jetschk&/768],
Koponen 2008 [69], Jetschke 2007 [44])
All the results from the literature came from modehich ignores ESA and TPA. However, if one fitted
phenomenon involving ESA or TPA onto a straightlim a log-log scale, the value found foerwould be
overestimated. This could be an explanation fordiserepancy in the published results regardingvtiiee of N

since the published parameters would be overestimated first becausevétue 1+ M) was taken, and then
because, at high inversion rates, the slope ingi¢)gs an overestimated value for tha € m) parameter. This
reasoning can especially be applied to results @be®. From this, we conclude that ESA and TPA carbret
ignored in PD processes. This, as well as theeénfte of the matrices, could explain the discrepdatyween the
results in the literature. Even if the discrepashbygws that the phenomenon is not yet well-knowe léter papers
clearly exhibit a multi-step process similar to tvee we proposed in our work involving 45, 46]. Jetschke and
Ropke [44]concluded with a process involving four to five ied YB®* ions. Their result agrees with our
conclusions in [46]. Even though the process otopverting energy from the 976 nm pump to the U¥els of
Tm*" is not yet fully established, we give an exampl&iGURE 1 for a possible five-step path for reaching the
highest UV energy band of T¥and a possible four-step path for reaching theekivenergy band. Each step can be
ET from a YB* donor to a Tri acceptor or ESA of Tii. We cannot determine which of these is the moobatle

in our samples; however the probability should regtp depend on the Y¥b concentration. The greater the b
concentration, the more probable is ET.

In addition, photobleaching, which consists of thradiation of a pre-darkened sample with lightaofjiven
wavelength in order to reduce or remove PD, is nlegk(using irradiation at 980 nm in [68, 41], 4051m in [41]
and at around 355 nm in [77]). Photobleaching cailso be explained by the contamination with*Tions: indeed
bleaching with UV photons has been known for a longp to take place [78] in silica glasses, andhaee shown
that UV emission exists in Tfhcontaminated YH doped fibers when they are irradiated at 980 n&d6rnm.

To summarize, we are proposing an up-conversiorrsehithat entails a mix of a four- and a five-stepcpss
for PD. Each step of this up-conversion could beAES ET, and should depend on the sample properties
(concentration, clustering, spectral overlap...)olr work[45, 46], if PD is related to the 310 nm emissi@nd
then N+ M=5 in (4), and if it is related to the 370 nm bandrtin + m= 4. Notice thatn + M corresponds to
the total number of steps, with corresponding to the number of ESA steps (whiclukhdepend on the number of
photons), andn corresponding to the number of ET steps (whichukhdepend on the number of excited®Yb
ions).

For future work, it should be interesting to obtaibetter understanding of this power and inverdigpendency
on PD. One way of proceeding would be to look atdlinamics of all these processes in order tongjstsh them.

In addition, an indication should be given by amaly the power and Yb inversion dependency of the UV




emission of Tri" by using the same kind of pulsed laser. Moreostrlying the whole dynamic process of up-
conversion leading to TthUV emission, by measuring the lifespan, could &lsa clue to a better understanding
of PD and to avoiding PD in Ybdoped fibers.

MATERIAL EFFECTS

Optimizing the optical glass material of the *lsloped fiber is one of the possibilities for redgcior even
avoiding PD. That is why many papers report onirflaences of the Y} concentration, the co-doping impact and
the core composition effects on PD.

Ytterbium concentration

Because Y& concentration is a key parameter for laser or iogiion applications, the effect of Yb
concentration on PD has been studied [67, 68, 87,Tevo methods were applied when conducting tistsdies.

The first method consists in recording PD losseasfifeers with different concentrations but with ixefd
inversion rate. In that way, Kitabayashi, et[&V] found a PD losses dependence law with conatatr in:
concentration raised to the power of 2.69 or 2.84(wng with Al concentration); and PD losses degemg law
with burning power in: burning power raised ton trever of 2. Those imply that more than one ionésded for
the processes, but one cannot, from this, identify processes themselves or even the number otgmes
involved. Other studies found that a more accuparameter to be taken into account is the condémraf Yb**
ions in the excited state, the so-called [Yb*].

The second method consists in recording PD lossethé same concentration but with different inicars.
Using this method, similar results were found [68] for the dependence of PD losses on inversion teetior the
dependence on excited ¥bconcentration. To summarize, the second methoentifing the influence of
concentration and power together, appears fronlitdrature to be a good protocol for comparing fébwith the
same composition but different concentration, dhtha studies conclude that more than one ioreisded for the
process. Moreover, in [68], for four out of fivaidted fibers, at a given [Yb*] the higher the conication of Y&*
in the fiber, the more rapid is the PD and the mioygortant are the losses at equilibrium.

The conclusion from these studies, that more th@n** ion is involved in PD, is in good agreement wihle t
mechanism we proposed in [45, 46]. Actually, insieg the YB' concentration would also increase the*Tm
contamination, which could be an explanation foe tirowth in PD with YB" concentration, and thus P
contamination, in [68]. To better understand tHeiance of concentrations, Jetsch&eal. [55] show an increase in
PD versus Trif concentrations at a fixed Ybconcentration, for TH concentrations greater than 65 ppbw. In the
future it would be interesting to analyze PD depeme on YB" concentrations at a fixed Ffnconcentration.

Co-doping effect

One way to reduce or avoid PD could be to add apetimy phenomenon. With that purpose in view, two
strategies could be applied.

The first would be to reduce defect creation résglfrom the interaction of fiber material with higenergy
photons. Engholm et 479, 80, 81] co-doped Y® doped fiber with cerium. Because of its strongdieing
properties, C& [82] is commonly used in the glass industry aseeotbrizing agent and so could reduce defect
creation. The researchers reported a strong reduofi PD loss in Ce co-doped ¥Hibers. They explain this by
saying that, because of the presence of both &ed C&" in the fiber, cerium could serve as a trap foefre
electrons, or for free holes, that can form colemters in the PD process. In that case, becausentrgy levels of
both C&" and C&" are far from those of b, energy transfer would not have great consequentése laser itself.

The second strategy would be to avoid high enezgglé being reached by adding a de-excitation atldoy
for example, co-doping with Bt Morasse et al[59%lemonstrated that co-doping a *lwoped fiber with EY
greatly reduced PD, and this result was shown dggiletschkeet al. [55]. Gavrilovic, et al. [83] gave hints about
the ability of EF* to reduce PD in T contaminated Y$ fibers. In fact, the well-known de-excitation chats
from the Tni" levels®F,, *Hs and®H, to, respectively, the Erlevels®l s, *l13» and®Hsy, or 2Hsy, will prevent Tri*
from reaching higher energy levels. However En-doping will strongly impact on the laser chaesistics of the
fiber. Other co-doping elements were proposed Bj,[8uch as TH, EU*" and Nd*, but in each case the laser



characteristics of the fiber need to be analyzedfaly in order to ensure that the other qualitéshe Y5 doped
fiber laser are not lost.

In conclusion, both the strategies, that of co-digpn order to avoid T reaching high energy levels and that
of co-doping in order to suppress defect creatton)d be applied. The former should carefully tidser properties
into account. Both strategies should be a good comise for greatly reducing PD losses in*Ydoped fibers
without damaging the laser properties.

Matrix effect (core composition)

The final key point in the role of the material BD is the glass composition itself. The influenceRD of the
usual co-dopant for silica based optical fiberke laluminum, germanium or phosphorus, has beemsxtdy
studied. In 2006 Kitabayashi et al[67] demonstrateat aluminum is effective at reducing PD losskstually,
adding aluminum allows the Ybconcentration to be increased by a factor of 4emmiaintaining the same level of
PD losses. That conclusion on the effect of alumirao-doping was confirmed in 2007 by Morasse, [&94| but
the addition of germanium did not exhibit any effen PD. In 2008, Engholm and Noii8] confirmed the role of
aluminum, but reported that phosphorus co-doping &en more efficient at reducing PD, and insisted there
was a correlation between UV absorption of the nostrix and PD sensitivity. Lee, et al[5tfjowed that adding
phosphorus to a fiber allowed an increase if"tbncentration by a factor of 6 while keeping thes level of PD.

In the same year Jetschke ef&, 85], and, later, Suzuki, et §6], studied the addition of both phosphorus and
aluminum, and proposed an optimized compositioretiuce PD. In 2009, a mode-locked*Yboped phosphate
fiber laser was reported to have low PD [84]. Otb@mpositions, such as a Yb dopegO¥ nanoparticles fiber,
were shown to exhibit very low PD [87].

First, the correlation between the UV matrix absiorpand PD [58] could well be explained by thesamce of a
real level in the vicinity of the matrix absorptiband, increasing the probability of creating addil defects. This
real level could be any defects or impurities leseth as the T levels. This observation is consistent with the
Tm** contamination effect.

Secondly, the use of aluminuend phosphorus [88, 89] is well-known for avoidihg multi-ions process in
rare earth doped silica glass, so the phenomenen been well-studied, especially for erbium ions for
telecommunication purposes. Monteil, et al[90]] éashown that most of the rare earth is locatedectosthe
aluminum. The vicinity of the aluminum affects thgectral properties of the ions, avoiding inte@ttiThis effect
was confirmed in [91, 92] and was microscopicallydéed by Saitoh, et al. [93]. In this paper the¢haus also
showed that the effect of phosphorus was to inducage around a part of the rare earths, limitthgstering and
modifying their spectrum, as shown in [94]. Focgsion the YB' ions, Deschamps, et al. [95] confirmed that
phosphorus is more efficient at avoiding clustetimgn aluminum, and Oppo et al. [96] showed by Xabsorption
spectroscopy that YbB@anocrystals are present in Yb doped fiber.

The mechanism proposed here for*finduced PD will be strongly dependent on clustgrill the literature
observations are consistent with this mechanisactRally, clustering would enhance energy tranffem Yb*' to
Tm*, and thus would increase PD. Another techniquepgsed by Koponen et 6] and Tammela et al. [97],
could be useful for mitigating clustering and cansantly PD. It consists of doping the silica filbet directly with
rare earth, but with an amorphous nanoparticlewétig a better control of the rare earth environtreard dilution
and therefore of clustering.

CONCLUSION

To summarize, we have considered the literaturging to PD in Yb-doped fibers, looking at the daring
source, the thermal or bleaching effects and theadis of the fiber. In all cases the observatiomsewnot
inconsistent with the role of Tthin PD, and did not allow us to discriminate ingiimPD from Tri* induced PD.
To be exact, our explanation is consistent withabexistence of UV, 488 nm and 980 nm PD, and thighincrease
of PD with pump power or Y concentration. In addition, most of the studiesmaterial focus on the role of the
matrix on the interaction of ions and energy trans$aying that the less often these phenomena,abeuless PD
there is. Moreover, this hypothesis is a clue tplaring the discrepancies in the literature conitey the
dependence of PD on inversion.



We showed from the literature that up-conversioMwf"-Yb** can lead to UV emission, UV that is known to
create PD in silica fiber. To be precise, we wdske 40 measure [46] UV emissions in an aluminceati fiber
doped with Yb precursor of 4.5N purity (0.99998%e)u

To conclude, we reviewed the literature looking forcontradiction to our hypothesis on the role oi*T
impurities in PD, and we were not able to find aoyntradiction. This absence of contradiction implteat our
hypothesis is reinforced. To go further in the gtwd PD, researchers must at least give the pwityhe Yb
precursor used to dope the fiber or, even bettest mnalyze their fibers to report the *frooncentration, as in [55].

If the purity of the material is not high enoughmiay be possible to reduce the interaction ofidhe by adding
other elements, such as cerium, which are knownafo high energy, and thus to reduce the UV seitsitdf the
matrix. The next step could be to placeQens close to the Y or Tn" ions in order to optimize the trapping
effect. The main focus should be to avoid UV enoissirom Tm by quenching the up-conversion process,
proposed in [83], but to maintain the good quatifythe YB™* doped fiber laser. To reach that goal, doping with
other rare earths, nanoparticles or even moledikle©H could greatly help.

Finally, we will again insist on the importance @fntamination of the laser raw material when redilyh
optical intensity is reached because, even with @pizentration, these contaminations could be aetdl/ by high
electro-magnetic fields. In Ybdoped fiber, a precursor purer than 5N (99.999% )must be used.
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