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Abstract—We investigated the radiation hardening of optical
fiber amplifiers operating in space environments. firough a
real-time analysis in active configuration, we evalated the role
of Ce in the improvement of the amplifier performarce against
ionizing radiations. Ce-codoping is an efficient halening
solution, acting both in the limitation of defectsin the host glass
matrix of RE-doped optical fibers and in the stabiization of
lasing properties of the EF*-ions. On the one hand, in the near-
infrared region, radiation induced attenuation measirements
show the absence of radiation induced P-related daft species in
host glass matrix of the Ce-codoped active fibersyn the other
hand, in the Ce-free fiber, the higher lifetime varation shows
stronger local modifications around the Ef*-ions with the
absence of Ce.

Index Terms—Spectroscopy, Infrared Spectra, Laser
Excitation, Rare-Earth Elements.
|. INTRODUCTION

Nowadays, Rare-Earth (RE) doped fiber amplifierseha
been widely deployed in many technological fieldisym
space to military applications. In several casksse devices
operate in harsh environments and hence the Compoaad
Fiber manufacturers have to ensure that the dewioedd
survive in radiative environment steadily for agaime. As a
matter of fact, the performances of these devicesnlymn
depend on the modifications induced by ionizingiaddn in
the RE-doped fiber glass matrix, which appearsetthie most
sensitive component of the amplifier system to atdn [1].
In particular, this work is focused on the analysishe optical
properties of amplifier designed for space applcest
Previous studies were dedicated to identify theiatamh
induced centres responsible for the attenuationstMare
carried out in passive configuration [2]. Those erkpments
demonstrated that induced losses are principaligta@ to
radiation induced defects in the glass matrix dopegeneral
with P and/or Al [3]. Therefore the treatments saged as
hardening solutions should act on the host glagsxmbaut up
to now, the degradation mechanism of the performaand
the physical action of the hardening treatmentkhgtive to be

fully understood. Our experiments point out the
characterization underirradiation of optical fibers in active
configuration (with pumping of rare earth ions (\&r) during

the test) as part of an integrated optical amplifi¥%e have
analyzed the influence of Ce on the radiation raspaof this
device, accordingly to our previous work [4] andtbe basis

of phenomenological studies, where most authorpqs®
chemical composition modifications (such as the Ce-
codoping) [5] as hardening solutions. We have coetbiwith
these active tests, a study in passive configuratiadiation
induced attenuation (RIA) measurements), to evaluae
contribution of the glass matrix to the total attation. A
spectroscopic  study, with time-resolved lumineseenc
measurements, is also carried out to the purpose of
highlighting the optical modifications which occedr in the
samples.

Il. EXPERIMENT

The investigated RE-doped optical fibers were
manufactured by a modified chemical vapor depasitimcess
and were supplied by iXFiber SAS [6]. All the fikenave the
same double-clad (DC) octagonal geometry, chosen to
optimize the pumping mechanism. The samples arer fib
prototypes elaboratead hocto highlight the role of the Ce in
the amplifier response. The fiber cores were dopigu P (~12
wt. %) and RE-elements (Yb, Er and Ce) by a stahdalution
technique. They only differ in the amount of Ceheir cores:
Ce is absent in the fiber I(PYbEr) (standard actiioer),
whereas its concentration is of 0.1 wt% in fiber
M(PYbErCeLow) and of 0.6 wt. % in fiber J(PYbErCegH).
The experiments were carried out on the three alptic
amplifiers (A#1, A#2 and A#3), where one activeefilfor each
test run was integrated (fiber |, fiber M, and fibg,
respectively). Measurements were performed in activ
configuration: during the test, the RE-ions werenped by a
laser diode with a pump beam at 915 nm propagaiside the
DC and in a counter-propagating scheme. The testgdifiers
have an indicative gain of about 18 dBie calibrated position
from the ®Co source corresponds to a low dose-rate of
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~3mGy/s, indicative of space radiations. We ingzgéd the
amplifier behavior up to a total deposited dos&@d Gy for
the amplifiers A#2 and A#3 and up to 400 Gy for G@efree
amplifier A#1.

Two structurally equivalent fibers, L(PCeHigh) aN¢P),
were also analyzed to assess the glass matrix ioehaithout
the presence of active Yb and Er ions. For theter |&bers,
we have carried out the RIA measurements in theinfared
(near-IR) spectral range (from 1000 to 1650 nm}hiwithe
amplifier operational emission falls; these inducéabks
measurements were performed with a halogen ligintceoand
a charge coupled device (CCD) detector.

Photoluminescence (PL) time-resolved measuremesits w

performed using a pulsed laser system (Spectradhysgith a
pulse width of ~7 ns, a repetition rate of 10 Hd anlaser-line
excitation of ~977 nm. The emitted light was diseer by a
spectrograph equipped with a 300 grooves/mm graéng
then acquired by a semiconductor
acquisition was gated within a time window of 0.5 amd with
a delay time of 0.1 ms after the arrival of lasalsps.
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Fig. 1 Evolution of the amplifier output power &46 nm as a
function of they-irradiation dose for the tested amplifiers. The
curves are normalized to their maximum valuesltmea direct
comparison.

I1l. RESULTS

Fig.1 represents the laser output power evolutibithe
signal at 1545 nm for the three tested amplifiera dunction
of the deposited gamma dose. To better compareathation
induced changes, the output powers were normatizebeir
maximum values. As shown in Fig.1, the performaonte
amplifiers is strictly linked to the Ce-content. i@paring the
curves at 400 Gy, the output power decreases d¥~insthe

standard amplifier A#1 (made with the Ce-free fiber

I(PYbBETD)), of ~60% in A#2, whereas the hardeninfpetf of
Ce-codoping is exploited in A#3 (based on
J(PYbErCeHigh)), with a degradation of ~12% up he t
investigated dose of 600 Gy. From these resultshete a
monotonical improvement in the radiation tolerarafethe

fiber

optical amplifier depending on the Ce-content (ieditill 0.6
wt. %).

To improve our knowledge of the matrix degradation
processes, we studied the RIA for the two strudiiura
equivalent fibers, L(PCeHigh) and N(P). In thefeerfs, the
absence of the active rare earth ions, Er and Ny us to
discriminate the contribution of the host glass bored with
the only Ce-hardening codoping. The RIA curves det by
the CCD spectrometer in the near-IR signal spectgion
(around 1545 nm) are reported in Fig. 2. These esurare
obtained from measurements at a total depositee 0bs300
Gy. We observe that only the fiber N(P) is affectieg
radiation, showing an absorbing band centered atitab600
nm. For the Ce-codoped fiber L(PCeHigh), RIA is nhea
absent.

As well as the evaluation of the Ce-codoping effatthe
host glass of the active RE-ions, we also consitlerentual

CCD camera. Thanteractions between the Ce and the Er-ions. Fergiirpose,

we performed luminescence lifetime measurementiben |
(standard active fiber without Ce) and fiber J (mihie highest
Ce content), before and aftgfray exposure. The lifetime
parameter clearly proves the ion interaction witts i
surroundings. In Fig. 3, we report the decay kosetf the PL
band peaked at around 1545 nm, related t Emission
(“1132—"115). All the fibers present an Eremission IR band
characterized by single exponential decay curvehowit
dependence of the decay lifetime on the emissi@ngsnThe
Ce-codoping doesn'’t induce variation of the lifezivalue €
= 10.3 ms) for the fiber I(PYbEr) and fiber J(PYREHigh)
in their pristine version. For the two irradiateitbefrs the
results show a slight difference, with an increasehe PL
lifetime up to 12.6 ms for the fiber I(PYbEr) ang to 11.4
ms for fiber J(PYbErCeHigh).
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Fig. 2. RIA for fibers the N(P) and L(PCeHigh) metNIR
range. Fiber N(P) shows the typicatdefect absorption profile.



IV. DISCUSSION

The radiation tests in the amplifier configuraticewveal
that the Ce-codoping is an efficient hardening tsmfufor the
optical amplifier based on Yb/Er doped fibers. Awliog to
the literature about the radiation hardening priogerof Ce-
doped silicate glasses, the common belief is basedhe
ability of this element of changing its valencetstand this
property underlies the hardening effect: the hdédsctrons)

This peculiarity changes after tlyeray exposure, with a
variation  higher for fiber [I(PYbEr) than fiber
J(PYbErCeHigh). We deduce that the local modifaragi of
the glass structure induced fyay radiation around the r
ion are stronger in fiber without Ce than thosehvand this
may lead to better stabilization conditions of ‘Hons laser
efficiency

generated by thg-irradiation, otherwise involved in defect

V. CONCLUSIONS

generation of the phosphosilicate glass, are eaajpyured by o o
Ce”* (Cé™) ions. In our works, the process is supposed We have shown how the Ce-codoping is an efficient

through indirectly evidences. In particular, aswhan the
RIA measurements in the NIR range (reported inRig2),
the Ce limits the presence of an absorbing cemtethis

spectral region. We associate this absorbing defeatked at

hardening solution for the radiation response oticap
amplifiers based on RE-doped fibers operating imcep
environments. The radiation induced attenuatioreis/ low
for the Ce-codoped fiber, through the limitation ddfects
generated at the time of irradiation and relatedh® host

1600 nm and observed in fiber N (P-doped silica}xowith

the R-center (+BO). In fact, it is known that the presence of Phosphosilicate glass matrix. In addition, the @e & role in
Phosphorus entails formation defects under radiation, the stabilization of the surroundings of the emgtiEr-ion
characterized by an absorbing band peaked at thee sa undery-ray exposure.

position [7, 8] of our observed defect. The &efects are very
stable at room temperature [8] and indeed we h&reeked

this feature in our case with the lack of recoverfyer [
irradiation (for two hours after irradiation). Henave suppose [2]
that the Ce interacts with, Bites and/or its precursors, leading
to the performance improvement of the Ce-dopedcabti
fibers under radiations. [3]
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