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Resonant fluorescence line narrowing measurements in erbium-doped glasses for optical amplifie
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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.

DOI: 10.1103/PhysRevB.66.214204 PACS number~s!: 32.50.1d, 32.70.2n, 39.30.1w, 78.20.2e
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I. INTRODUCTION

The advent of optical fibers during the 1980s and of o
tical fiber amplifiers during the 1990s permitted a continuo
evolution of telecommunications leading to the Internet re
lution of the last few years. As a consequence of the de
opment of the wavelength division multiplexing~WDM!
technology associated to the erbium-doped fiber amplifi
~EDFA’s! for the third telecommunication window aroun
1.55 mm ~references in Ref. 1!, the volume of data trans
ported has doubled during the last two years.2 In the next few
years, however, the information carrying capacity will ha
to increase by several orders of magnitude. Strategies
sidered for the future are the following:

• Development of new amplification bands that requires
use of new doped materials. A possible candidate is thS
band exhibited by thulium, which permits amplification
signals around 1.5mm.3,4

• Reduction of the spacing between the channels that tr
port information. At present, the typical spacing is arou
100 GHz but many workers are already exploring spaci
of 50 GHz or less~DWDM: dense wavelength division
multiplexing!.5

• Broadening of theC band ~1530–1560 nm! and L band
~1570–1600 nm! of EDFA’s. In the case of theL band, new
hosts like modified silicate could extend the amplificati
range to longer wavelengths.6

The last two solutions require improved gain characteris
~width, flatness! of the present EDFA’s. That requires a bett
understanding of the key parameters determining those c
acteristics, namely, Stark splitting, homogeneous broaden
and inhomogeneous broadening of the transitions involv
0163-1829/2002/66~21!/214204~9!/$20.00 66 2142
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In the past, some linewidth broadening studies have b
performed on erbium ions in glassy hosts7,8 and also in the
amplification regime9,10 or using broadening extrapolate
from direct deconvolution of the whole emission/absorpti
spectra.11 The last approach can, in better cases, only giv
rough idea of the broadening values, so the first one is m
more interesting because it involves the direct measurem
of the homogeneous broadening. Measurements in the
plification regime are quite an unusual approach that de
mines homogeneous broadening by studying the gain sa
tion. So, it is interesting to compare it to a convention
high-resolution spectroscopy approach like fluorescence
narrowing ~FLN! or spectral hole burning~SHB! experi-
ments.

In the case of Stark splitting measurements, though
convolution of room-temperature spectra11 was proposed,
many workers are using low-temperature measurement
more clearly isolate each energy level.12–15 Recent studies
have succeeded in giving the position of all the Stark lev
of most of the manifolds of erbium ion;16,17however, there is
a need for more results, especially in very different hosts

Actually, as in the case of linewidth measurements,
need for exact energy-level values comes from a lack
knowledge about glass structure. Indeed, it is still nearly
possible to predict the influence of a given glass composi
on the spectroscopy of a rare-earth ion. The aim of this w
is therefore to make the first systematic determination
Stark splitting, homogeneous broadening, and inhomo
neous broadening in four very different hosts using hig
resolution spectroscopy, namely resonant fluorescence
narrowing~RFLN!. Comparing the different parameters o
tained, it is then possible to project their dependence on
glass structure and also their influence on the erbium g
spectrum.
©2002 The American Physical Society04-1
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After a short description of the experimental setup us
for our experiments, we will present the results obtain
giving the general trends observed. Several questions
then be discussed:

• the relation between the Stark splitting and the glass c
position;

• the evolution of the inhomogeneous broadening from o
glass to another and how it can be related to what is kno
about the glass structure;

• the influence of the matrix on the homogeneous broad
ing.

This last point will be especially discussed in terms of t
temperature dependence of the homogeneous linewidth
also show that these measurements can be correlated to
surements made in the amplification regime. This shows
our measured parameters give information on the gain ba
width of the amplifier.

II. EXPERIMENT

Three different kinds of high-resolution spectroscopy e
periments were carried out: emission at low temperatu
site-selective spectroscopy, and RFLN. The experime
setup is the same for all the measurements and is show
Fig. 1. The sample was excited using a spectrally narrow
tunable laser diode. The typical linewidth of the laser is
MHz in the 1480–1580 nm wavelength range for the tim
scale of the emission spectrum. The laser power is less
5 mW and the beam waist is around 300mm. We checked
that this power density is low enough to avoid power bro
ening. The sample was mounted in a liquid-helium bath c
ostat that enables measurements in the temperature ran
1.5–300 K. The luminescence emitted by the sample
collected in the forward direction and focused onto the

FIG. 1. Experimental setup used for resonant fluorescence
narrowing experiments. See the text for other information.
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trance slit of a 1-m Jobin-Yvon U1000 infrared monochr
mator. The signal was then detected by a high-sensiti
germanium-cooled detector from North Coast. A chopp
was used to modulate the incoming laser beam and modu
out of phase the fluorescence and the output laser be7

This eliminates the laser light before it reaches the mo
chromator and permits recording of the fluorescence at
same wavelength as the laser excitation with a delay of ab
1 ms, small compared to the long lifetime of the 1.55-mm
emission of erbium. It also allows amplification of the sign
using a lock-in amplifier. The investigated samples were p
forms or bulk samples of aluminosilicate, alkalisilicate, flu
ride, and tellurite erbium-doped glasses. All the samples c
tained 0.1 wt % of erbium~except the fluoride sample use
for inhomogeneous broadening measurements which c
tains 1 wt % of erbium and the alkalisilicate which contai
0.4 wt % of erbium!. Three experiments were carried out:

Emission at low temperature: Emission at 1.5 K with no
selective excitation into the4I 13/2 level determines the aver
age 4I 15/2 Stark splitting. To obtain information on the4I 13/2
level, the 4S3/2 level was excited at 1.5 K using an Argo
laser line and the4S3/2→4I 13/2 emission was detected with
60-cm Jobin-Yvon HRS1 visible monochromator with
GaAs photomultiplier.

Site-selective spectroscopy: A given site was excited
the first excited state and its fluorescence collected at 1.5
Changing the laser wavelength probed another site and
lowed to reach the Stark splitting of the specific site. T
reconstruction of the site distribution was obtained by
cording the intensity of the fluorescence at the same wa
length as the excitation for each excitation wavelength
plot of these measured intensities with laser wavelength
representative of the inhomogeneous broadening which
responds to the full width at half maximum~FWHM! of the
linewidth.

RFLN: Fluorescence at the same wavelength as the e
tation wavelength in the temperature range 30–150 K in
cates the zero-phonon transition~transition between the low

FIG. 2. Schematic drawing of the homogeneous broaden
inhomogeneous broadening, and site distribution. Each erbium
possesses its own spectroscopic signature, giving access to th
mogeneous broadening. The shape of all the individual contr
tions leads to inhomogeneous broadening.
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RESONANT FLUORESCENCE LINE NARROWING . . . PHYSICAL REVIEW B66, 214204 ~2002!
est levels of the4I 13/2 and 4I 15/2 manifolds! and its linewidth
~FWHM of the linewidth! is proportional to the homoge
neous broadening.

III. THEORY

Stark splitting. In rare earth ions, the energy levels a
influenced by the nature of the matrix that surrounds the
and acts as a perturbation on the energy levels of the free
When such an ion is embedded in a host~crystal or glass!, it
experiences an electric potential that has the same symm
as the crystallographic site. The splitting of the free i
manifolds leads to Stark levels. The degree of the degene
remaining depends on the symmetry of the site: the hig
the symmetry, the higher the degree of degeneracy. I
glassy host, the symmetry is assumed to be very low
therefore the manifolds are fully split.18 For erbium, each
manifold is composed ofJ1 1

2 Stark levels. For larger crysta
field, larger Stark splitting of the4I 15/2 and 4I 13/2 manifolds
occurs; the relative positions of the Stark levels to the ba
center of the manifolds indicate deviation from spheri
symmetry.
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Broadening of the energy levels. The broadening of the
Stark levels has two origins: a homogeneous broadening
is related to a given ion in the matrix and an inhomogene
broadening that is the global distribution of all the homo
enous contributions, as can be seen in Fig. 2:

• Homogeneous broadening: There are many contributi
to the homogeneous broadening at high temperature: d
phonon processes, two-phonon processes~Raman and Or-
bach processes, for example!, and both multiphonon and
radiative relaxations. All these processes lead to Loren
ian line shapes and will be detailed hereafter.

• Inhomogeneous broadening: In the case of a glassy h
this broadening is related to the existence of many diff
ent sites for the ions. It is commonly assumed that t
broadening results in a Gaussian line shape. For glas
this broadening~the FWHM of the Gaussian line shape! is
around hundreds of wave numbers (cm21), that is to say
about 1000 times larger than in crystals where the envir
ment is much more uniform.

Hence the width of a transition between two Stark lev
may be written as
~1!
b-
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• Direct process:

DE~T!Direct5DE~T!Direct
Emission1DE~T!Direct

Absorption

5(
j,i

bijS 1

eDEij /kT21
11D

1(
j,i

bijS 1

eDEij /kT21
D. ~2!

In Eq. ~2!, i and j are two Stark levels with an energ
differenceDEi j . b i j are the coupling coefficients for th
ion-phonon interaction. In this case, a single phonon
emitted or absorbed. These processes have to be taken
account for the excited state and for the ground st
When the energy separation between the two levels is
yond the range of phonon energies, a direct process
still occur via multiphonon relaxation.

• Raman process:

DE~T!Raman5aS T

TD
D7E

0

TD /T x6ex

~ex21!2
dx, ~3!

wherea is the coupling coefficient for the ion-phonon in
teraction andTD is the effective Debye temperature of th
phonon distribution. The Debye temperature is related
s
nto
e.
e-
an

o

the phonon cutoff frequency via

TD5
\wD

k
. ~4!

In the Raman relaxation process, the system first ‘‘a
sorbs’’ a phonon which promotes it in a virtual energ
level. Then, it relaxes ‘‘emitting’’ a second higher energ
phonon. The same process can occur involving a real
ergy level and is called an Orbach process. The energ
the phonons involved in these two processes is in the ra
of the phonon energies of the system, which implies t
the energy levels involved are the crystal levels of t
same manifold. The value of integral in Eq.~3! has been
tabulated by Di Bartolo.19 This contribution is proportiona
to T7 at low temperature (,20 K typically! andT2 at high
temperature (.100 K typically!. It is generally found that
the Debye temperature used in Eq.~3! is lower than the
Debye temperature determined using Eq.~4!.20 This can be
explained by the fact that, at low energy, the density
energy phonon states is higher than that predicted by
Debye theory.

• Radiative processes:
According to the Heisenberg principle and due to the lo
relaxation times of the intra-4f n transitions~some micro-
seconds to milliseconds!, these processes are assumed
be negligible compared to the previous ones.
4-3
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For the lowest Stark level of a given manifold, it is com
monly assumed that the contribution to the total linewidth
multiphonon relaxation can be neglected because of the l
energy gap between the manifolds involved. The contri
tion of Raman and direct processes varies with the temp
ture: meanwhile the linewidth at low temperature is main
caused by direct one-phonon process, the Raman-scatt
processes may become dominant at high temperature. S
upper Stark levels are separated from the lowest one by
ergies of tens to several hundreds of wave numbers, w
fits the typical phonon energy, the direct process and in
ticular spontaneous emission, should be the dominant
cess for these levels.21

IV. RESULTS AND COMMENTS

Stark splitting. Stark splittings of the4I 15/2 level are col-
lected in Table I. Assuming a completely removed deg
eracy of the4I 15/2 manifold, the positions have been obtain
by deconvolution of the4I 13/2→4I 15/2 emission recorded a
low temperature into eight Gaussian-type profiles. The
ported position for each level of the4I 15/2 manifold is the

TABLE I. Positions of the Stark levels of the4I 15/2 manifold
derived from low-temperature4I 13/2→4I 15/2 emission spectra for
the different glasses studied in this work~illustration in Fig. 6!. The
positions are given with respect to the first Stark level.

Aluminosilicate Alkalisilicate Fluoride Tellurite
(cm21) (cm21) (cm21) (cm21)

Z1 0 0 0 0
Z2 26.9 23.4 18.3 22
Z3 45.4 32.9 34.3 41.4
Z4 71.6 53.9 50.1 56.4
Z5 92.9 95.7 115.4 106.5
Z6 136.4 114 190.3 198.1
Z7 222.6 389.3 236.5 245.7
Z8 330.3 467.1 314.4 310.3
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mean value over the whole site distribution. A full deconv
lution of the first manifold has been performed for all th
tested hosts and is shown in Fig. 3. Note that, in the cas
aluminosilicate, the position of the last two levels does n
appear as clearly as in the other glasses due to a strong
lap of the Stark levels. Splittings for the4I 13/2 are given in
Table II. A full deconvolution of this manifold has only bee
performed in two of the four tested hosts. All the splittin
obtained in this work are compared to previous results
Table III. This is a systematic comparison of four very d
ferent matrices.

Inhomogeneous broadening. As is shown in Fig. 4, the
inhomogeneous broadening is determined by the fit i
Gaussian-type profiles of the maximum intensities of
zero-phonon transition of different sites. Each individu
measurement was obtained within conditions as rigourou
identical as possible. The inhomogeneous broadening is
FWHM of the Gaussian distribution. One can note that, in
cases, a single Gaussian line shape was obtained tha
very well the emission spectrum recorded under nonselec
excitation~at higher energy than the zero-phonon transitio!.
This approach is quite original; indeed, deconvolution
low-temperature absorption spectrum is generally used to

TABLE II. Positions of the Stark levels of the4I 13/2 manifold
derived from low-temperature nonresonant emission spectra~spec-
tra not reported here!. The positions are given with respect to th
first Stark level.

Aluminosilicate Alkalisilicate Fluoride Tellurite
(cm21) (cm21) (cm21) (cm21)

Y1 0 0 0 0
Y2 39 27.1 48.9
Y3 80.2 77 78.2
Y4 101.6 110.6 104.5
Y5 140.3 138
Y6 >270 197.1 182.4
Y7 249.3 221.4
se,
d.
rk
FIG. 3. 4I 13/2→4I 15/2 emission for the differ-
ent glass compositions at 1.5 K. In each ca
deconvolution of the spectrum is also reporte
This enables the determination of the eight Sta
levels of the4I 15/2 manifold.
4-4
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TABLE III. Position of the Stark levels of the4I 15/2 and 4I 13/2 manifolds ~from literature!. For each
manifold, the positions are given with respect to the first Stark level.

Phosphate~Ref. 12! Silicate ~Ref. 16! Germanate~Ref. 16! Fluoride ~Ref. 17!
(cm21) (cm21) (cm21) (cm21)

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
Z8 500 443 457 341

~6515! ~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
ra
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termine inhomogeneous broadening which implies to ext
the site distribution from all the other transitions.

Homogeneous broadening. The homogeneous broadenin
is given by the deconvolution of the shape of the ze
phonon transition into Voigt-type profiles. An example
such a deconvolution is shown in Fig. 5 in the case of
fluoride glass. The Gaussian contribution to the Voigt pro
corresponds to the spectral response of our detection sy
and the Lorentzian contribution is the homogeneous con
bution. The Gaussian contribution was obtained by record
the spectrally narrow laser light directly with all the slits
the monochromator fixed at the same values as the ones
during the fluorescence measurements and corresponds
resolution of around 0.8 cm21. The value of the homoge
21420
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neous broadening is half the FWHM of the Lorentzian co
tribution as commonly assumed in the case of RF
measurements.22 For fluoride glass, it was also possible
estimate the homogeneous broadening of transitions inv
ing upper Stark levels. For example, we can estimate
broadening of theY1→Z5 ,Z6 ,Z7 ,Z8 transitions by deconvo-
lution of the whole spectrum into eight Voigt-type profile
using, for each transition, the previously determined inhom
geneous broadening and peak position values; the hom
neous broadening is the free parameter of this deconvolut

V. DISCUSSION

In this section, we discuss the comparison of the differ
spectral parameters determined above for the different h
us
in-
a
he
FIG. 4. Reconstruction of the inhomogeneo
profile using site-selective spectroscopy: each
dividual point reports the maximum intensity of
resonant site selective emission spectrum. T
envelop is the Gaussian fit~see the text!. The full
line is the nonresonant emission spectrum.
4-5
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and their incidence on the spectral properties of the EDF
Stark splitting. The 4I 13/2 splitting is very similar, and

typically a bit smaller than the4I 15/2 splitting; this is not very
surprising because of the similar electronic nature (4I levels!
of the two manifolds which have similar coupling with th
surrounding matrix. The splitting is much larger for the4I 15/2
manifold in the case of alkalisilicate glass compared to
other glasses~Fig. 6!. As explained before, this observatio
may be related to a higher crystal-field in the alkalisilica
glass composition. Two Stark levels are clearly far from
barycenter, which confirms that the symmetry may not be
low as is commonly assumed in glasses. These observa
are in agreement with the conclusions of previous w
based on a crystal field calculation approach.16,17 Another
interesting observation is the fact that, in fluoride glasses,

FIG. 5. Example of an experimental linewidth and of a fit of t
zero-phonon transition using Voigt-type profile in the case of flu
ride glass at 60 K. The resolution of our detection system is in
cated in the inset.

FIG. 6. Comparison of the Stark splittings of the4I 15/2 manifold
for the different hosts with respect to the zero-phonon transit
The dotted line figures out the position of the barycenter of
manifold for each host. The energy levels correspond to the pos
of the Gaussian shapes obtained in Fig. 3.
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splitting is rather regular from one site to another as can
seen in Fig. 7. This point will be discussed later. The resu
also indicate that fluoride glasses exhibit, together with
lurite glasses, a quite regular spacing between the Stark
els which correlates with the flat gain obtained in theC band
with these glasses.23

Inhomogeneous broadening. Associated with the smal
variation of the Stark splitting from one ion to another~see
Fig. 7 in the case of the fluoride glass!, the Gaussian shap
obtained for all the matrices suggests that all the ions
located in similar sites, only slightly deformed from one io
to another. We clearly see that the inhomogeneous broa
ing is larger for aluminosilicate, fluoride, and tellurite tha
for alkalisilicate ~see Fig. 4 and Table IV!. If we compare
aluminosilicate and alkalisilicate glasses, this trend can
explained by the fact that alkaline ions permit a better inc
poration of rare-earth ions~high rare-earth doping concentra
tions are accessible24! in a more uniform environment: alka
line ions increase the solubility of the rare-earth ions in
silica network and decrease the rigidity of this netwo
which apparently enables a smooth change of the symm
from one ion to another.

Homogeneous Broadening. As is shown in Fig. 8, mea-
surements of the homogeneous broadening at 120 K cle
exhibit different values for the four considered hosts w
larger FWHM in the fluoride and tellurite than in alkalisil
cate and aluminosilicate. The experimental temperature
pendence of the homogeneous linewidth over the temp
ture range 30–150 K is aroundT1.5 for all the glass
compositions~Table IV!. This temperature law clearly indi
cates that both direct process~which leads toT1 temperature
dependence! and Raman process~which leads toT2 tempera-
ture dependence! have to be taken into account. Very simila
results of the temperature dependence have been previo
obtained in amplification regime9,10 though the homogeneou
broadening value is smaller in our case. These observat
are different from those reported in the literature that rar

-
i-

.
e
n

FIG. 7. Evolution of the positions of the Stark levels of th
4I 15/2 manifold as a function of the energy of excitation for th
fluoride sample with respect to the zero-phonon transition.
4-6
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TABLE IV. Temperature dependence law of the homogeneous broadening. Inhomogeneous broa
FWHM and homogeneous broadening FWHM of the zero-phonon transition extrapolated at room te
ture are also reported for all different hosts.

Aluminosilicate Alkalisilicate Fluoride Tellurite

Temperature dependence ;T1.3960.04 ;T1.4260.13 ;T1.5360.12 ;T1.760.13

Inhomogeneous broadening (cm21) 39.7 12.4 27 30.7
Homogeneous broadening (cm21) 8.7 7.1 11.3 13.5
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deviates from a quadratic law for other rare-earth ions.25 This
difference is explained by the fact that:

• The splittings obtained indicate that the crystal levels
close from one to another: the mean spacing between
two first Stark levels of a manifold is around 25 cm21.
However, the work reporting quadratic laws correspond
studies on europium, neodymium, and praseodymium i
for which the spacing is larger.

• The temperature range we have studied in this work
small compared to that of other works which include me
surements at high temperature~200 K or above!. This ex-
perimental fact results from the specific case of the 1
mm erbium emission for which a strong overlap of all t
transitions between ground and excited crystal-field lev
beyond 150 K makes it difficult to extract the contributio
of the zero-phonon transition. Nevertheless, it is expec
that Raman process becomes dominant at high temp
ture, whenT'TD . Hence, in our case, we are still in
temperature range where there is a competition betw
Raman process and direct process.

Hence in the case of erbium, it is necessary to consider b
Raman process and direct processes. To illustrate this p
the temperature dependence was fitted using the follow
analytical form of the broadening of the transition betwe
the lower levels of each manifold:
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DE~T!5E01b1

1

eDE1 /kT21
1b2

1

eDE2 /kT21

1aS T

TD
D 7E

0

TD /T x6ex

~ex21!2
dx. ~5!

In Eq. ~5!, DE1 andDE2 are the energy differences betwee
the first and second Stark levels of the4I 15/2 and 4I 13/2 mani-
folds. b1 and b2 are the coupling coefficients for the ion
phonon interaction for these two manifolds.E0 is the re-
sidual width for the two levels. Such an equation impli
that:

• radiative and multiphonon processes are neglected;
• Raman process is considered to be the major two-pho

process and the Orbach process is neglected;
• phonon absorption between the lowest and the sec

Stark level is assumed to be the major contribution to
direct process.

The experimental temperature dependence of the FW
were reproduced with a satisfactory agreement using Eq.~5!,
as can be seen in Fig. 8. All the parameters involved
reported in Table V and one can note that:

• the order of magnitude for all parameters is typical f
rare-earth materials~comparison only with available dat
of crystals!,26,27
o-
ion
a-

he
es
FIG. 8. Temperature dependence of the hom
geneous broadening of the zero-phonon transit
for the different glasses: the points are the me
sured widths and the lines correspond to t
equation involving Raman and direct process
@see Eq.~5!#.
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TABLE V. Fitting parameters of Eq.~5! used to reproduce the temperature dependence of the hom
neous broadening using Raman and direct processes. The homogeneous broadening extrapolated u
parameters is also reported.

Aluminosilicate Alkalisilicate Fluoride Tellurite

a (cm21) 18.3 15.6 17.6 25
b1 (cm21) 0.6 0.1 0.2 0.3
b2 (cm21) 0.2 0.8 0.1 0.5
TD ~K! 292 300 163.2 224.9
E0 (cm21) 0.1 0 0 0
Homogeneous broadening atT5300 K (cm21) 9.5 8.1 15.2 13.2
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• the Debye temperature follows the same variation as
maximum phonon energy of the hosts studied: it is lar
in aluminosilicate and alkalisilicate than in tellurite an
fluoride.

For the transitionsY1→Z5 ,Z6 ,Z7 ,Z8 ~see Fig. 9 in the case
of fluoride glass!, the observed temperature dependence
approximately linear over the temperature range stud
This emphasizes that the direct process is dominant for t
sitions involving upper Stark levels over a wide temperat
range. This study was only possible in fluoride glass wh
the overlap between the different transitions is weak, wh
allows each level to be clearly distinguished.

Another interesting feature is to compare the results
tained in this work with those deduced from gain spec
hole burning~GSHB! experiments made earlier on two kind
of EDFA.28,29A GSHB experiment is a measurement of t
spectral distribution of the gain in an amplification regim
With constant pumping conditions of the EDFA, a first spe
tral distribution of the gain is measured with a saturat
signal wavelength. Then, the same measurement is
formed without the saturating signal. The difference betwe

FIG. 9. Temperature dependence of the homogeneous broa
ing of the transition between the bottom Stark level of the4I 13/2

manifold and the upper Stark levels of the4I 15/2 manifold in the
case of the fluoride sample. The points are the experimental m
sured linewidths and the lines result from a linear fit describin
one-phonon process.
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the two gain profiles underlines the local gain variation d
to inhomogeneous gain behavior. The GSHB is studied m
and more in the case of optical amplifiers, to predict t
phenomenon which is very limiting in the case of submar
applications where amplifiers are cascaded, leading to h
gain variations. A few years ago, it was suggested that
hole width could be related to the homogeneo
broadening.9,10 This is confirmed by the theoretical study o
gain saturation in the case of an inhomogeneous line sh
which indicates that the hole corresponding to the local sa
ration has a FWHM equal to the homogeneous linewidth
high saturating intensities.30 While the homogeneous broad
ening linewidths measured in this work are not equal to
hole FWHM reported for GSHB measurements,28,29 it ap-
pears that:

• like the hole FWHM in GSHB measurements, the hom
geneous broadening in fluoride glasses is twice the ho
geneous broadening in aluminosilicate glasses;

• like the hole FWHM in GSHB measurements, the hom
geneous broadening increases as the saturating w
length.

This result confirms that the broadenings measured in
work can predict the impact of GSHB in the four test
matrices. Furthermore, our results explain why GSHB is
different in theL band~1570–1600 nm! compared to theC
band~1530–1560 nm!. Actually, in theC band, GSHB leads
to well-defined and localized holes whereas in theL band, it
manifests itself as a broadband gain depression.31 Our results
show that the transitions involved in theL band have large
homogeneous linewidths compared to those involved in
C band. Therefore theL band has a homogeneous behav
in the saturating regime that leads to a broad depression
the entire homogeneous linewidth involved, whereas theC
band exhibits an inhomogeneous behavior characterized
localized depression which manifests itself as a hole in
gain spectrum. Note that the homogeneous broadenings m
sured in this work are not equal to the hole FWHM obtain
in GSHB. This can be due to the fact that, in GSHB expe
ments, the hole width is very sensitive to the saturat
power.28,29 It is observed that it increases as the saturat
power increases.

VI. CONCLUSION

This systematic study combines the direct measurem
of the position and broadening of the energy levels of erbi

en-

a-
a
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in four different glasses. A complete determination of t
positions of the energy levels~Stark levels of the4I 15/2 and
4I 13/2 manifolds! involved in the 1.55-mm transition has
been performed. It has also been possible to measure
inhomogeneous broadening and the homogeneous broa
ing of the zero-phonon transition and of some upper St
levels within the4I 15/2 manifold; in this last case, the mea
surement was only possible for fluoride glass. The temp
ture dependence of the homogeneous broadening has
been studied and compared to a simplified theoretical
dominated by direct one-phonon and Raman processes.

The results obtained for the Stark splittings are in agr
ment with the conclusions of previous work and underl
significant differences between the ‘‘symmetry’’ of the sit
of the erbium ions, especially if we compare alkalisilica
glass to other glasses; it seems that the symmetry in t
glasses is not as low as commonly supposed for rare-e
doped glasses. This result has been confirmed by our in
mogeneous broadening measurement which is the smalle
the four tested glasses and is in agreement with the kn
role of alkaline ions. In the case of the other glasses,
large inhomogeneous broadening is probably related t
more rigid network or to a large variety of sites very simil
from one ion to another. We observed larger homogene
broadening in tellurite and fluoride compared to aluminos
cate and alkalisilicate. The temperature dependence fo
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