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Resonant fluorescence line narrowing measurements in erbium-doped glasses for optical amplifiers
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Rapid development of optical fiber amplifiers, and more especially of the erbium-doped fiber amplifiers
(EDFA) during the last decade, has benefited from extensive work on the configuration of the system itself:
determination of pump wavelength, pumping configuration, improvement of noise performance, etc. However,
less effort have been dedicated to study the interaction that influences the spectral profile of the gain bandwidth
and particularly the relation between the glass composition and the spectroscopy of erbium. Here, we report a
systematic determination of key parameters responsible for the global profile of the gain bandwidth: stark
splitting, homogeneous broadening, and inhomogeneous broadening. The correlation between these parameters
and the glass structure from one part and the behavior of the EDFA in amplification regime from another part
is discussed. The quasiregular crystal-field splitting of tellurite and fluoride glasses is found to correlate well
with the flatness of the gain profile. Moreover, the low-temperature homogeneous bandwidths extrapolated to
room temperature can be correlated to the saturation spectral hole widths measured in the amplification regime.
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[. INTRODUCTION In the past, some linewidth broadening studies have been
performed on erbium ions in glassy hd€tsind also in the
The advent of optical fibers during the 1980s and of op-amplification regim&® or using broadening extrapolated

tical fiber amplifiers during the 1990s permitted a continuoudrom direct deconvolution of the whole emission/absorption
evolution of telecommunications leading to the Internet revo-spectra! The last approach can, in better cases, only give a
lution of the last few years. As a consequence of the develrough idea of the broadening values, so the first one is much
opment of the wavelength division multiplexinggyDM) more interesting because it involves the direct measurement
technology associated to the erbium-doped fiber amplifiersf the homogeneous broadening. Measurements in the am-
(EDFA's) for the third telecommunication window around plification regime are quite an unusual approach that deter-
1.55 um (references in Ref.)1 the volume of data trans- mines homogeneous broadening by studying the gain satura-
ported has doubled during the last two yeahsthe next few  tion. So, it is interesting to compare it to a conventional
years, however, the information carrying capacity will havehigh-resolution spectroscopy approach like fluorescence line
to increase by several orders of magnitude. Strategies comarrowing (FLN) or spectral hole burnindSHB) experi-
sidered for the future are the following: ments.

s . In the case of Stark splitting measurements, though de-
¢ Development of new amplification bands that requires the :
. . . . convolution of room-temperature specdtravas proposed,
use of new doped materials. A possible candidate isSthe

band exhibited by thuli hich . ification of M2 workers are using low-temperature measurements to
and exhibited by t uaum, whic permits amplification of .6 clearly isolate each energy led®1!® Recent studies
signals around 1.5cm.>

, , have succeeded in giving the position of all the Stark levels
* Reduction of the spacing between the channels that trang most of the manifolds of erbium iol$1” however. there is

port information. At present, the typical spacing is aroundy need for more results, especially in very different hosts.
100 GHz but many workers are already exploring spacings Actually, as in the case of linewidth measurements, the
of 50 GHz or less(DWDM: dense wavelength division need for exact energy-level values comes from a lack of
multiplexing).® knowledge about glass structure. Indeed, it is still nearly im-
* Broadening of theC band (1530-1560 nmandL band possible to predict the influence of a given glass composition
(1570-1600 nmof EDFASs. In the case of the band, new  on the spectroscopy of a rare-earth ion. The aim of this work
hosts like modified silicate could extend the amplificationis therefore to make the first systematic determination of
range to longer wavelengtfis. Stark splitting, homogeneous broadening, and inhomoge-
neous broadening in four very different hosts using high-
The last two solutions require improved gain characteristicsesolution spectroscopy, namely resonant fluorescence line
(width, flatnessof the present EDFA's. That requires a better narrowing (RFLN). Comparing the different parameters ob-
understanding of the key parameters determining those chatained, it is then possible to project their dependence on the
acteristics, namely, Stark splitting, homogeneous broadeningilass structure and also their influence on the erbium gain
and inhomogeneous broadening of the transitions involved.spectrum.
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FIG. 1. Experimental setup used for resonant fluorescence ling o ce siit of a 1-m Jobin-Yvon U1000 infrared monochro-
narrowing experiments. See the text for other information. mator. The signal was then detected by a high-sensitivity
dgermanium-cooled detector from North Coast. A chopper
was used to modulate the incoming laser beam and modulate

ut of phase the fluorescence and the output laser Beam.
his eliminates the laser light before it reaches the mono-
chromator and permits recording of the fluorescence at the
« the relation between the Stark splitting and the glass comsame wavelength as the laser excitation with a delay of about

position; 1 ms, small compared to the long lifetime of the 16
« the evolution of the inhomogeneous broadening from one&mission of erbium. It also allows amplification of the signal

glass to another and how it can be related to what is knowtising a lock-in amplifier. The investigated samples were pre-

After a short description of the experimental setup use
for our experiments, we will present the results obtained
giving the general trends observed. Several questions wi
then be discussed:

about the glass structure; forms or bulk samples of aluminosilicate, alkalisilicate, fluo-
« the influence of the matrix on the homogeneous broaderfide, and tellurite erbium-doped glasses. All the samples con-
ing. tained 0.1 wt % of erbiuntexcept the fluoride sample used

for inhomogeneous broadening measurements which con-
This last point will be especially discussed in terms of thetains 1 wt% of erbium and the alkalisilicate which contains
temperature dependence of the homogeneous linewidth. W&4 Wt % of erbium. Three experiments were carried out:
also show that these measurements can be correlated to mea-Emission at low temperature: Emission at 1.5 K with non-
surements made in the amplification regime. This shows theielective excitation into thél 15, level determines the aver-
our measured parameters give information on the gain ban@ge *l 15> Stark splitting. To obtain information on thé 5,
width of the amplifier. level, the *Sg, level was excited at 1.5 K using an Argon

laser line and thé'Sy,,— *l,5,, emission was detected with a

Il. EXPERIMENT 60-cm Jobin—Yin_ HRS1 visible monochromator with a

GaAs photomultiplier.

Three different kinds of high-resolution spectroscopy ex-  Site-selective spectroscopy: A given site was excited in
periments were carried out: emission at low temperaturethe first excited state and its fluorescence collected at 1.5 K.
site-selective spectroscopy, and RFLN. The experimentathanging the laser wavelength probed another site and al-
setup is the same for all the measurements and is shown lowed to reach the Stark splitting of the specific site. The
Fig. 1. The sample was excited using a spectrally narrow angeconstruction of the site distribution was obtained by re-
tunable laser diode. The typical linewidth of the laser is 50cording the intensity of the fluorescence at the same wave-
MHz in the 1480-1580 nm wavelength range for the timelength as the excitation for each excitation wavelength. A
scale of the emission spectrum. The laser power is less thasiot of these measured intensities with laser wavelength is
5 mW and the beam waist is around 3. We checked representative of the inhomogeneous broadening which cor-
that this power density is low enough to avoid power broad+esponds to the full width at half maximu@WHM) of the
ening. The sample was mounted in a liquid-helium bath crydinewidth.
ostat that enables measurements in the temperature range ofRFLN: Fluorescence at the same wavelength as the exci-
1.5-300 K. The luminescence emitted by the sample wagtion wavelength in the temperature range 30—-150 K indi-
collected in the forward direction and focused onto the encates the zero-phonon transitithansition between the low-
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est levels of the'l ;53,, and *I 15, manifoldg and its linewidth Broadening of the energy level$he broadening of the
(FWHM of the linewidth is proportional to the homoge- Stark levels has two origins: a homogeneous broadening that
neous broadening. is related to a given ion in the matrix and an inhomogeneous

broadening that is the global distribution of all the homog-
enous contributions, as can be seen in Fig. 2:

Il. THEORY « Homogeneous broadening: There are many contributions
to the homogeneous broadening at high temperature: direct
Stark splitting In rare earth ions, the energy levels are phonon processes, two-phonon proceg&esnan and Or-
influenced by the nature of the matrix that surrounds the ion pach processes, for examplend both multiphonon and
and acts as a perturbation on the energy levels of the free ion. ;agjative relaxations. All these processes lead to Lorentz-
When such an ion is embedded in a h@systal or glask it ian line shapes and will be detailed hereafter.
experiences an electric potential that has the same symmetyinhomogeneous broadening: In the case of a glassy host,
as the crystallographic site. The splitting of the free ion thjs proadening is related to the existence of many differ-
manifolds leads to Stark levels. The degree of the degeneracyent sites for the ions. It is commonly assumed that this
remaining depends on the symmetry of the site: the higher proadening results in a Gaussian line shape. For glasses,
the symmetry, the higher the degree of degeneracy. In a this proadeningthe FWHM of the Gaussian line shaps
glassy host, the symmetry is assumed to be very low and around hundreds of wave numbers (chy that is to say
therefore the manifolds are fully spit.For erbium, each  apout 1000 times larger than in crystals where the environ-
manifold is composed af+ ; Stark levels. For larger crystal  ment is much more uniform.
field, larger Stark splitting of thél ;5,, and #I 3, manifolds
occurs; the relative positions of the Stark levels to the baryHence the width of a transition between two Stark levels
center of the manifolds indicate deviation from sphericalmay be written as

symmetry.
|
AE(T):Einhomogeneous+E(T)dil'ecr+E(T)l'aman+E(T)mulriphonon+Eradiarive- (1)
EHDI)ngEVIEDIlS
|
 Direct process: the phonon cutoff frequency via
AE(Mpirecr=AEM)Seq "+ AE(T)piect " .o 4
DT (4)
:2 B 1 1 In the Raman relaxation process, the system first “ab-
= T erEikT—1 sorbs” a phonon which promotes it in a virtual energy

level. Then, it relaxes “emitting” a second higher energy

phonon. The same process can occur involving a real en-
+]Zi 18i1<eAEij/kT_1>' 2 ergy level and is called an Orbach process. The energy of

the phonons involved in these two processes is in the range

In Eq. (2), i andj are two Stark levels with an energy of the phonon energies of the system, which implies that
differenceAE;; . B;; are the coupling coefficients for the  the energy levels involved are the crystal levels of the
ion-phonon interaction. In this case, a single phonon is same manifold. The value of integral in E) has been
emitted or absorbed. These processes have to be taken intdabulated by Di Bartold? This contribution is proportional
account for the excited state and for the ground state. to T’ at low temperature< 20 K typically) andT? at high
When the energy separation between the two levels is be- temperature ¥ 100 K typically). It is generally found that
yond the range of phonon energies, a direct process canthe Debye temperature used in E§) is lower than the

still occur via multiphonon relaxation. Debye temperature determined using &.2° This can be
* Raman process: explained by the fact that, at low energy, the density of
energy phonon states is higher than that predicted by the
T\ (Tom x5 Debye theory.
AE(T)Rama“:“(T_D) J: (ex_l)zdx’ )« Radiative processes:

According to the Heisenberg principle and due to the long
wheree is the coupling coefficient for the ion-phonon in-  relaxation times of the intraf4 transitions(some micro-
teraction andrp is the effective Debye temperature of the seconds to milliseconglsthese processes are assumed to
phonon distribution. The Debye temperature is related to be negligible compared to the previous ones.
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TABLE |. Positions of the Stark levels of th#l 5, manifold TABLE II. Positions of the Stark levels of th& 5, manifold
derived from low-temperaturél ;5,—*l 15, emission spectra for derived from low-temperature nonresonant emission spésprec-
the different glasses studied in this wditustration in Fig. §. The  tra not reported hejeThe positions are given with respect to the

positions are given with respect to the first Stark level. first Stark level.
Aluminosilicate  Alkalisilicate  Fluoride  Tellurite Aluminosilicate  Alkalisilicate  Fluoride  Tellurite

(cm™Y (cm™) (ecm™b)  (em™) (cm™1) (cm™1) (ecm™b)  (em™)
Z1 0 0 0 0 Y1 0 0 0 0
Z2 26.9 23.4 18.3 22 Y2 39 27.1 48.9
Z3 45.4 32.9 34.3 41.4 Y3 80.2 77 78.2
Z4 71.6 53.9 50.1 56.4 Y4 101.6 110.6 104.5
Z5 92.9 95.7 115.4 106.5 Y5 140.3 138
Z6 136.4 114 190.3 198.1 Y6 =270 197.1 182.4
z7 222.6 389.3 236.5 245.7 Y7 249.3 221.4
Z8 330.3 467.1 314.4 310.3

mean value over the whole site distribution. A full deconvo-
For the lowest Stark level of a given manifold, it is com- lution of the first manifold has been performed for all the
monly assumed that the contribution to the total linewidth oftested hosts and is shown in Fig. 3. Note that, in the case of
multiphonon relaxation can be neglected because of the largguminosilicate, the position of the last two levels does not
energy gap between the manifolds involved. The contribuappear as clearly as in the other glasses due to a strong over-
tion of Raman and direct processes varies with the temperdap of the Stark levels. Splittings for th# ;3,, are given in
ture: meanwhile the linewidth at low temperature is mainlyTable Il. A full deconvolution of this manifold has only been
caused by direct one-phonon process, the Raman-scatteripgrformed in two of the four tested hosts. All the splittings
processes may become dominant at high temperature. Sineétained in this work are compared to previous results in
upper Stark levels are separated from the lowest one by erable lll. This is a systematic comparison of four very dif-
ergies of tens to several hundreds of wave numbers, whicférent matrices.
fits the typical phonon energy, the direct process and in par- Inhomogeneous broadenings is shown in Fig. 4, the
ticular spontaneous emission, should be the dominant pranhomogeneous broadening is determined by the fit into

cess for these levefs. Gaussian-type profiles of the maximum intensities of the
zero-phonon transition of different sites. Each individual
IV. RESULTS AND COMMENTS measurement was obtained within conditions as rigourously

identical as possible. The inhomogeneous broadening is the
Stark splitting Stark splittings of the'l 15, level are col-  FWHM of the Gaussian distribution. One can note that, in all
lected in Table I. Assuming a completely removed degencases, a single Gaussian line shape was obtained that fits
eracy of thel 5, manifold, the positions have been obtainedvery well the emission spectrum recorded under nonselective
by deconvolution of the®l 15—l 15, emission recorded at excitation(at higher energy than the zero-phonon transjtion
low temperature into eight Gaussian-type profiles. The reThis approach is quite original; indeed, deconvolution of
ported position for each level of th8 ;5, manifold is the  low-temperature absorption spectrum is generally used to de-
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TABLE lIl. Position of the Stark levels of thél s, and *1,3, manifolds (from literaturé. For each
manifold, the positions are given with respect to the first Stark level.

PhosphatéRef. 12 Silicate (Ref. 16 GermanatgRef. 16 Fluoride (Ref. 17

(cm™1) (cm™1) (cm™h (cm™Y
Z1 0 0 0 0
Z2 26 23 35 47
Z3 62 50 63 111
Z4 107 70 82 154
Z5 220 139 108 194
Z6 390 295 274 226
Z7 440 386 377 275
78 500 443 457 341

(6519 (6498 (6488 (6542
Y1 0 0 0 0
Y2 33 5 12 27
Y3 51 42 42 61
Y4 75 61 76 89
Y5 230 84 107 135
Y6 280 262 231 173
Y7 330 322 300 238

termine inhomogeneous broadening which implies to extracheous broadening is half the FWHM of the Lorentzian con-
the site distribution from all the other transitions. tribution as commonly assumed in the case of RFLN
Homogeneous broadeninghe homogeneous broadening measurement€. For fluoride glass, it was also possible to
is given by the deconvolution of the shape of the zero-£stimate the homogeneous broadening of transitions involv-
phonon transition into \oigt-type profiles. An example of ing upper Stark levels. For example, we can estimate the
such a deconvolution is shown in Fig. 5 in the case of thédroadening of th&;—Z5,74,77,Z3 transitions by deconvo-
fluoride glass. The Gaussian contribution to the Voigt profilelution of the whole spectrum into eight Voigt-type profiles
corresponds to the spectral response of our detection syste#§ing, for each transition, the previously determined inhomo-
and the Lorentzian contribution is the homogeneous contrig€neous broadening and peak position values; the homoge-
bution. The Gaussian contribution was obtained by recordin§€Us broadening is the free parameter of this deconvolution.

the spectrally narrow laser light directly with all the slits of
the monochromator fixed at the same values as the ones used
during the fluorescence measurements and corresponds to aln this section, we discuss the comparison of the different
resolution of around 0.8 cit. The value of the homoge- spectral parameters determined above for the different hosts

V. DISCUSSION
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FIG. 5. Example of an experimental linewidth and of a fit of the ~ FIG. 7. Evolution of the positions of the Stark levels of the

zero-phonon transition using Voigt-type profile in the case of fluo-4|,., manifold as a function of the energy of excitation for the
ride glass at 60 K. The resolution of our detection system is indifluoride sample with respect to the zero-phonon transition.
cated in the inset.

splitting is rather regular from one site to another as can be
seen in Fig. 7. This point will be discussed later. The results

also indicate that fluoride glasses exhibit, together with tel-

lurite glasses, a quite regular spacing between the Stark lev-
els which correlates with the flat gain obtained in @band

and their incidence on the spectral properties of the EDFA.
Stark splitting The I, splitting is very similar, and

typically a bit smaller than thél ;¢, splitting; this is not very

surprising because of the similar electronic naturelédels

of the two manifolds which have similar coupling with the | i these glassés.

surrounding matrix. The splitting is much larger for thgs, Inhomogeneous broadenindssociated with the small
manifold in the case of alkalisilicate glass compared to thg 4iation of the Stark splitting from one ion to anottsee
other glasses$Fig. 6). As explained before, this observation Fig. 7 in the case of the fluoride glasthe Gaussian shape
may be related to a higher crystal-field in the alkalisilicateqpiqained for all the matrices suggests that all the ions are

glass composition. Two Stark levels are clearly far from thej,c4teq in similar sites, only slightly deformed from one ion

based on a crystal field calculation approd€h. Another 4 minosilicate and alkalisilicate glasses, this trend can be

interesting observation is the fact that, in fluoride glasses, th@xplained by the fact that alkaline ions permit a better incor-

poration of rare-earth iondigh rare-earth doping concentra-
500

] tions are accessiti® in a more uniform environment: alka-
450 - line ions increase the solubility of the rare-earth ions in the
400 silica network and decrease the rigidity of this network
l which apparently enables a smooth change of the symmetry
—~ 3501 from one ion to another.
g 300 — Homogeneous Broadenings is shown in Fig. 8, mea-
E 250.] surements of the homogeneous broadening at 120 K clearly
5 ) = exhibit different values for the four considered hosts with
g 207 —_— larger FWHM in the fluoride and tellurite than in alkalisili-
sod cate and aluminosilicate. The experimental temperature de-
0] el pendence of the homogeneous linewidth over the tempera-
] ture range 30-150 K is around®® for all the glass
50+ - —— compositiongTable 1V). This temperature law clearly indi-
0 cates that both direct procegshich leads toT* temperature

Telhuite Fluoride  Afuminogificate  Alkalisiicate dependendeand Raman procegwhich leads tor? tempera-

FIG. 6. Comparison of the Stark splittings of thls, manifold  ture dependengéave to be taken into account. Very similar
for the different hosts with respect to the zero-phonon transitionf€sults of the temperature dependence have been previously
The dotted line figures out the position of the barycenter of theobtained in amplification regime® though the homogeneous
manifold for each host. The energy levels correspond to the positiobroadening value is smaller in our case. These observations
of the Gaussian shapes obtained in Fig. 3. are different from those reported in the literature that rarely
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TABLE IV. Temperature dependence law of the homogeneous broadening. Inhomogeneous broadening
FWHM and homogeneous broadening FWHM of the zero-phonon transition extrapolated at room tempera-
ture are also reported for all different hosts.

Aluminosilicate Alkalisilicate Fluoride Tellurite
Temperature dependence ~T1:39£0.04 ~T142:013 ~TL153£012 ~TL17:0.13
Inhomogeneous broadening (ch) 39.7 12.4 27 30.7
Homogeneous broadening (ch) 8.7 7.1 11.3 13.5

deviates from a quadratic law for other rare-earth orEhis
difference is explained by the fact that: AE(T)

=Eotf1 QAEL KT g + B2 QAE, KT q

» The splittings obtained indicate that the crystal levels are
close from one to another: the mean spacing between the T
two first Stark levels of a manifold is around 25 chn ﬁ)

However, the work reporting quadratic laws correspond to
studies on europium, neodymium, and praseodymium iongh Eq. (5), AE, andAE, are the energy differences between
for which the spacing is larger. the first and second Stark levels of thigs/, and *l ;5,, mani-

* The temperature range we have studied in this work igolds. 8, and 8, are the coupling coefficients for the ion-
small compared to that of other works which include meafhonon interaction for these two manifoldgg is the re-
surements at high temperatl(o K or above This ex- sidual width for the two levels. Such an equation |mpI|eS
perimental fact results from the specific case of the 1.54hat:

#m erbium emission for which a strong overlap of all the « radiative and multiphonon processes are neglected:;
transitions between ground and excited crystal-field levels Raman process is considered to be the major two-phonon
beyond 150 K makes it difficult to extract the contribution process and the Orbach process is neglected;

of the zero-phonon transition. Nevertheless, it is expected phonon absorption between the lowest and the second
that Raman process becomes dominant at high tempera-Stark level is assumed to be the major contribution to the
ture, whenT~Tp. Hence, in our case, we are still in a direct process.

temperature range where there is a competition between _
Raman process and direct process. The experimental temperature dependence of the FWHM

were reproduced with a satisfactory agreement usind&g.
Hence in the case of erbium, it is necessary to consider botS ¢an be seen in Fig. 8. All the parameters involved are
Raman process and direct processes. To illustrate this poif€Ported in Table V and one can note that:

the temperature dependence was fitted using the following the order of magnitude for all parameters is typical for
analytical form of the broadening of the transition between rare-earth materialé&comparison only with available data

7 TD IT X6eX
+a J dx (5)

0o (eX=1)2

the lower levels of each manifold: of crystalg,?5:2

o : . . —

g’ 3,04 '

3

g 20

=

2 154

8

E 1,0

é" 054 FIG. 8. Temperature dependence of the homo-
= o geneous broadening of the zero-phonon transition
~ 40 . for the different glasses: the points are the mea-
5 sl 35 d sured widths and the lines correspond to the
& a0l 30/ ] equation involving Raman and direct processes
.g 2,54 2,54 ' - [see Eq(5)]

_g 2,04 20

2 15 15

§ 1,0 1,04

g 05 05 >

=1 0.0 00
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TABLE V. Fitting parameters of Eq5) used to reproduce the temperature dependence of the homoge-
neous broadening using Raman and direct processes. The homogeneous broadening extrapolated using these
parameters is also reported.

Aluminosilicate  Alkalisilicate  Fluoride Tellurite

a (cm™Y) 18.3 15.6 17.6 25
By (cm™h) 0.6 0.1 0.2 0.3
B, (cm™) 0.2 0.8 0.1 0.5
Tp (K) 292 300 163.2 224.9
Eo (cm™ ) 0.1 0 0 0
Homogeneous broadening Bt=300 K (cm %) 9.5 8.1 15.2 13.2

» the Debye temperature follows the same variation as théhe two gain profiles underlines the local gain variation due
maximum phonon energy of the hosts studied: it is largeito inhomogeneous gain behavior. The GSHB is studied more

in aluminosilicate and alkalisilicate than in tellurite and and more in the case of optical amplifiers, to predict this
fluoride. phenomenon which is very limiting in the case of submarine

applications where amplifiers are cascaded, leading to huge
For the transitiond;,— Zs,Zs,Z-,Zg (see Fig. 9 in the case 9ain variations. A few years ago, it was suggested that the

of fluoride glasy the observed temperature dependence i€0/€ Wi_dtthCOL_ﬂd_ be related to the homogeneous
approximately linear over the temperature range studie roadening:*® This is confirmed by the theoretical study of

This emphasizes that the direct process is dominant for trarfj@in saturation in the case of an inhomogeneous line shape

o ; : - which indicates that the hole corresponding to the local satu-
sitions involving upper Stark levels over a wide temperr:lturt-:-ra,[ion has a FWHM equal to the homogeneous linewidth at

range. This study was only possible in.f_luoriQe glass Wh?r%igh saturating intensitie¥. While the homogeneous broad-
the overlap between the different transitions is weak, Whl(:l’lening linewidths measured in this work are not equal to the

allows each level to be clearly distinguished. hole FWHM reported for GSHB measuremeffts? it ap-
Another interesting feature is to compare the results Obbears that:

tained in this work with those deduced from gain spectral

hole burning(GSHB) experiments made earlier on two kinds * like the hole FWHM in GSHB measurements, the homo-
of EDFA2%2° A GSHB experiment is a measurement of the geneous broadening in fluoride glasses is twice the homo-
spectral distribution of the gain in an amplification regime. geneous broadening in aluminosilicate glasses;

With constant pumping conditions of the EDFA, a first spec-* like the hole FWHM in GSHB measurements, the homo-
tral distribution of the gain is measured with a saturating 9geneous broadening increases as the saturating wave-
signal wavelength. Then, the same measurement is per-length.

formed without the saturating signal. The difference between_ . ) ) ) )
This result confirms that the broadenings measured in this

work can predict the impact of GSHB in the four tested

. matrices. Furthermore, our results explain why GSHB is so
y different in theL band(1570-1600 nmcompared to th&

y band(1530-1560 nr Actually, in theC band, GSHB leads

7] to well-defined and localized holes whereas in lthieand, it

] manifests itself as a broadband gain depresi@ur results

] show that the transitions involved in thheband have large

] homogeneous linewidths compared to those involved in the
] C band. Therefore thé band has a homogeneous behavior

] in the saturating regime that leads to a broad depression over
] the entire homogeneous linewidth involved, whereasGhe

] band exhibits an inhomogeneous behavior characterized by
localized depression which manifests itself as a hole in the
gain spectrum. Note that the homogeneous broadenings mea-
sured in this work are not equal to the hole FWHM obtained
120 in GSHB. This can be due to the fact that, in GSHB experi-
Temperature (K) ments, the hole width is very sensitive to the saturating
power?®?9 |t is observed that it increases as the saturating
Power increases.

Homogeneous broadening (cm™)

FIG. 9. Temperature dependence of the homogeneous broade,
ing of the transition between the bottom Stark level of fte,,
manifold and the upper Stark levels of tfe;5, manifold in the VI. CONCLUSION
case of the fluoride sample. The points are the experimental mea-
sured linewidths and the lines result from a linear fit describing a This systematic study combines the direct measurement
one-phonon process. of the position and broadening of the energy levels of erbium
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in four different glasses. A complete determination of thefour glasses followed @** law, which suggests the combi-
positions of the energy levelStark levels of the!l ;5,and  nation of two broadening processes: a one-phonon process
4 13/, manifoldg involved in the 1.55.«m transition has and a two-phonon Raman process. The comparison of the
been performed. It has also been possible to measure tlexperimental results with a theoretical law involving those
inhomogeneous broadening and the homogeneous broaddwo processes was then performed. The fits underlined the
ing of the zero-phonon transition and of some upper Starkelevance of the Debye temperature and hence of the phonon
levels within the*l ;5,, manifold; in this last case, the mea- cutoff frequency in explaining the differences observed. The
surement was only possible for fluoride glass. The temperanechanisms involved in the broadening of the zero-phonon
ture dependence of the homogeneous broadening has algansition have also been found to be different from those for
been studied and compared to a simplified theoretical lavthe upper Stark levels, for which only the one-phonon pro-
dominated by direct one-phonon and Raman processes. cess seems to play a major role in the studied temperature
The results obtained for the Stark splittings are in agreerange. It has also been possible to compare the broadenings
ment with the conclusions of previous work and underlinemeasured in this work to those previously reported by other
significant differences between the “symmetry” of the sitesteams using GSHB approach. Even if differences exist on the
of the erbium ions, especially if we compare alkalisilicatevalue of the homogeneous broadening, the tendency is the
glass to other glasses; it seems that the symmetry in thesame from one host to another and from one amplification
glasses is not as low as commonly supposed for rare-eartfrand to another.
doped glasses. This result has been confirmed by our inho-
mogeneous broadening measurement which is the smallest of
the four tested glasses and is in agreement with the known
role of alkaline ions. In the case of the other glasses, the We are grateful to Pascal Baniel for fruitful discussions
large inhomogeneous broadening is probably related to and to Bernard Varrel and Jean-Yves Rivoire for technical
more rigid network or to a large variety of sites very similar assistance. We show gratitude to Rufus L. CdiMSU,
from one ion to another. We observed larger homogeneouB8ozeman, U.S.for a critical reading of the manuscript. This
broadening in tellurite and fluoride compared to aluminosili-research was supported by Alcatel Research, Innovation De-
cate and alkalisilicate. The temperature dependence for aflartment, and CNRS.
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