IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 49, NO. 6, JUNE 2013

511

Er’t Concentration Effects in Commercial
Erbium-Doped Silica Fibers Fabricated Through the
MCVD and DND Technologies
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Abstract— Commercial Erbium doped silica fibers fabricated
through the modified chemical vapor deposition and direct
nanoparticle deposition processes where Er3* concentration is
varied in a wide range are characterized by means of analyses
of Er3* fluorescence decay Kinetics and nonlinear absorption
coefficient at 978-nm pumping. Through theoretical modeling of
the results of the entire experiment, the values of key parame-
ters for the concentration-related effects, i.e. homogeneous and
inhomogeneous upconversion processes, are determined.

Index Terms— Erbium-doped silica fibers, homogeneous and
inhomogeneous upconversion, Erit concentration, MCVD and
DND technologies, modeling.

I. INTRODUCTION

PTICAL engineering with Erbium doped silica fibers

(EDFs) became in the past two decades enormously
extensive, given by the expanding needs of such telecom
oriented devices as EDF based lasers and amplifiers. In the
meantime, interest to EDFs has immanent reasons as to objects
for basic studies.

One of the points that attracted attention of the fiber
community from 1990-ies [1]-[15] throughout 2000-ies
[16]—[30] till nowadays [31]—[34] is Er3* concentration effects
in EDFs. During the period the theme was visited by a number
of research groups with an aim to clear up the laser/ amplifying
potential of EDFs heavily-doped with Er3T where these effects
are presumably deteriorating. As the result of the studies, the
main drawbacks have been clearly revealed, which accompany
an increase of Er®t content in EDFs, such as ~1.5-um
fluorescence quenching, caused by homogeneous upconversion
(HUC), and reduced efficiency of EDF based lasers and
amplifiers, associated with the phenomenon of Er’* jons’
clustering and resulted in growth of non-saturable absorption
(NSA) through inhomogeneous upconversion (IUC).

Another, mostly negative, effect stemming from intrinsic
multi-level energy structure of the Er** ion, the excited state
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absorption (ESA) in EDFs, was also under scope during the
past years; see e.g. Refs. [35]-[42]. Definitive but hidden
on the first glance inter-connection of the aforementioned
concentration effects (fluorescence quenching and NSA) with
the ESA phenomenon deserves noticing.

Despite of general understanding of the matter, there
still exist certain gaps concerning certain aspects of the
concentration-related HUC / IUC phenomena in EDFs and the
parameters featuring them. As far as we know there was no
any research towards characterization of Er’T concentration
effects in commercial EDFs. Sometimes a lack of the data on
Er3t concentration effects in such fibers leads to confusions
at their usage.

The most known representatives of commercial EDFs at
the fiber market are so-called “M” and “L” fibers, fabricated
through the modified chemical vapor deposition (MCVD) and
direct nanoparticle deposition (DND) processes. The EDFs
of these two types are similar in the sense of chemical
composition of Er’* doped core (the most common alumino-
silicate glass, in case of M EDFs with addition of germanium),
thus being worthy of a comparison. The present work was
fulfilled for two types of M fibers (Fibercore M5-125-980
and M12-125-980, hereafter M5 and M12) and three types of
L-fibers (Leikki/nLight 1.20-4/125, 1.40-4/125, and L110-
4/125, hereafter L.20, L40 and L110). As seen from Table 1,
the EDFs of L series are somewhat a “continuation” of the
ones of M series in the aspect of Er>* concentration increase.

The main motivation of the present work was a straightfor-
ward characterization of the EDFs of L and M types in attempt
of developing simple but reliable measurement and modeling
routes to attest them in terms of the Er’* concentration-related
phenomena. We study these fibers by means of analyses of
Er3t fluorescence decay kinetics and nonlinear absorption
coefficient at 978-nm pumping, strongly affected by the HUC
and IUC effects.

We believe that the obtained data would impact upon
further research activity and commercial usage of these or
similar EDFs.

II. EXPERIMENTAL
A. Absorption and Fluorescence Spectra

The EDFs’ absorption spectra are shown in Fig. 1 where
Er’t  transitions 4115/2 —>4111/2 (within a 940-1030 nm
range with a peak at 978 nm) and *Ijs/,—*Ij3,2 (within
a 1400-1600 nm range with a peak at 1.53 um) are featured.

0018-9197/$31.00 © 2013 IEEE
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TABLE I
BAsIC PROPERTIES OF THE EDFs OF L AND M TYPE (6 LEFT COLUMNS) AND Er3t CONCENTRATION-RELATED PARAMETERS
OBTAINED FROM THE CURRENT EXPERIMENTS AND MODELING (4 RIGHT COLUMNS)
Small- Mode Erbium Con- Nonsaturable Er’t
. Core Field . . HUC
Signal Radius Overlap Radius centration Absorption Clusters Fluorescence Parameter
EDF | Absorption . NA Factor @978 No [cm_3] @978 nm Contribution Decay c [sfl]
@78 nm | ?n] r o x 1018 _ p [dB/m] x [%] 70 [ms] HUP
a [dB/m] M o L] [Estimate] [Estimate at ~400 mW] [at Q = 2]
M5 5.0 1.5 0.23 0.77 1.75 8.8 04 £ 0.1 3.6+ 0.7 10.8 £ 0.3 11£5
M12 12.5 1.5 0.23 0.77 1.75 21.1 1.5+£02 7.7+£09 10.8 £ 0.3 30+ 5
L20 12.0 1.8 0.20 0.80 2.04 20.3 1.7+£0.2 6.9 £ 0.8 10.8 £ 0.3 30+ 5
L40 23.0 1.8 0.20 0.80 2.04 38.9 4.1+£04 10.8 £ 1.1 10.8 £ 0.3 58+5
L110 67.5 1.8 0.20 0.80 2.04 113.5 155 +£ 0.9 187 + 1.6 10.8 £ 0.3 168 £ 5
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Fig. 1. Absorption spectra of the EDFs of L (blue curves) and M (red curves)
series in near-IR.

Hereafter the EDF samples are labeled in accordance to
the fabricants’ notations, given by the fibers’ small-signal
absorption (SSA) coefficients ag [in dB/m] at ~1.53 um
(L series) and 978 nm (M series), respectively. The spectra
were obtained using a white light source with fiber out-
put and an optical spectrum analyzer (OSA). The EDFs’
off-resonance attenuations (at ~1.3 gm) were measured to be
two orders of magnitude lower than absorptions in the peaks
of the Er®t bands. It is seen that, in contrast to the results of
Ref. [13], the absorption spectra of the EDFs of both series
have a very similar shape (given by similarity of core glass
chemical compositions), differing only in intensity. The ratio
of the peaks’ magnitudes at 1.53 ym and at 978 nm was
measured to be also equal (~1.6) for the EDFs of both M and
L series.

The EDFs’ fluorescence spectra were measured in lateral
geometry at in-core pumping. Figure 2 sketches the setup we
used at the measurements of Er>t fluorescence spectra and,
as it follows, Er*t fluorescence kinetics.

The pump wavelength Ap = 978 nm is seen (Fig. 1) to
coincide with the ground-state absorption (GSA) transition
of the Er** ion (*I;5/2—*T11/2). We used for pumping a
standard laser diode (LD) with fiber output in conjunction with
a fiber isolator for 980 nm, protecting LD against parasitic

Fig. 2. Experimental arrangement for measurements of fluorescence spec-
tra/fluorescence kinetics of the EDFs.

back reflections; the isolator’s output fiber was spliced with
EDF samples.

In the experiments, we used short (~0.5 cm) pieces of EDFs
for minimizing influence of amplified spontaneous emission
(ASE), reabsorption, and gain, which are expected to be
pronounced especially in the fibers with the highest Er’™
content. Fluorescence was collected from the lateral surface
of a fiber sample (at the point located ~1.5 mm away from
the splice with the isolator fiber), using a multimode patchcord
connected to the OSA; see Fig. 2.

Figure 3 exemplifies the normalized fluorescence spectra
for L fibers, measured at maximal pump power P ~400 mW
within the 450...1650 spectral range (the area nearby the pump
wavelength was cut out from the spectra).

It is seen that the Er®t fluorescence band, centered at
~1.53 um (transition 4113/2 —>4115/2), is indistinguishable in
shape in the row of fibers L20—L40—L110, where Er3*
concentration increases. Furthermore, the normalized inte-
grated powers within the 1.53-um band reveal (see inset
to Fig. 3) vastly equal saturation character of fluorescence
at increasing pump power, which stems from saturating of
population of Er’* 4113, manifold where the fluorescence
originates from. The saturating pump power is estimated by
~2 mW, a characteristic value for EDFs of such type; see
e.g. [31)).
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Fig. 3. Fluorescence spectra of the EDFs of L type in VIS-to-near-IR spectral
range at 978 nm pumping: L20 (curve 1); L40 (curve 2); L110 (curve 3). Inset
shows the dependences of integrated (1400-1650 nm) fluorescence power vs.
pump power.

Although the 1.53-um band dominates in the EDFs’
fluorescence spectra, there also exist the spectral lines
at its anti-Stokes side (~450...1100 nm), which evi-
dences the presence of upconversion (UC) processes in
the fibers. Note that, in contrast to the 1.53-um band’s
stability against Er’* concentration, the higher Er’*
concentration the more intense are the UC emissions (compare
curves 1 — 3 in Fig. 3).

The concentration dependence of UC emissions for the
EDFs of L and M types, integrated over the spectral interval
450-1100 nm and normalized on the integrated “fundamental”
(1400-1650 nm) emission, is shown by curve 2 in Fig. 8 (to be
discussed in more detail below). Most probably, this trend is
associated with growth of percentage of clustered Er3* ions
in the EDFs at increasing Er** concentration.

To understand the origin of the UC emissions and the
dependence of UC intensity upon Er’T concentration in the
EDFs, the reader is advised to refer to Fig. 4 where we present
the scheme of Er’t energy levels and sketch the processes
involved at the excitation at 1 p = 978 nm. The UC emissions
(shown in the figure by grey thin arrows) seems to be mostly
associated to Er3T ion clusters being in the states T 2 and
113 /2, because the ESA process, equally acting for single and
clustered Er3™ ions, is quite ineffective at 978-nm excitation.

B. Fluorescence Decay Kinetics

The kinetics of near-IR fluorescence at ~1.53 um was mea-
sured by employing the same arrangement (“lateral geometry”)
as at the measurements of fluorescence spectra (see Fig. 2).
However, the pump light at 978 nm was in this case switched
on / off by applying a rectangular modulation of LD current
at Hz-repetition rate. The launched into the EDF samples
pump power Pog7g was varied between zero and ~400 mW.
The fluorescence signal was detected either using an InGaAs
photo-detector (PD) with a Si filter placed in between the
fiber and a multimode patchcord delivering fluorescence to
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Fig. 4. Scheme of energy levels of Er3t, applicable for the EDFs with

high Er3t content. Functioning of Ert clusters (shown for simplicity as ion
pairs) is sketched by the blue and red arrows for manifolds 4111 /2 and 4113 /25
the black dotted arrows depict non-radiative relaxations while the grey ones
show UC and “fundamental” 1.53-xm emissions. The short-living levels are
shown by dashed lines.

PD (the use of Si filter allowed us to cut off the pump
light’s spectral component), or using a fast Si-PD (without
any spectral filtering) placed directly above a slit segregating
a portion of fluorescence leaving the EDF’s surface; see Fig. 2.
Likewise at the measurements of fluorescence spectra, we
used very short pieces of the EDFs (~0.5 cm) for ensuring
negligible effect of ASE and reabsorption on the results.
Both the detectors had approximately plain response within the
characteristic spectral intervals: 800-2200 (InGaAs-PD, time
resolution of ~1.6 us) and 400-1070 (Si-PD, time resolution
of ~0.8 us). The overall setup’s time resolution has been
checked prior to the main-course experiments using a standard
Er3t -free fiber; it was found to be 8+1 us (a common
value; see e.g. [24]), given mainly by the LD driver’s temporal
response.

Typical kinetics of the fluorescence signal, recorded after
switching off pump light, are presented in Fig. 5 for the heavier
doped EDFs L110 (a) and M12 (b); the data were acquired
using InGaAs-PD with Si filtering. [We don’t present here
results for other, lower doped, EDFs as these show similar but
less featured trends in the decay kinetics].

It is seen from Fig. 5 that for the two EDFs fluorescence
power corresponding to 1.53-um spectral band is saturated
(as is saturated GSA of Er’* ions) yet at a few mW of pump
power: compare with inset to Fig. 3. However the key feature
seen in Fig. 5(a) is deviation from the exponential law in the
fluorescence kinetics in EDF L110. Notice that a similar trend
occurs but is less noticeable in the rest of L and M fibers
with lower Er’* concentration; see e.g. Fig. 5(b). Another
fact deserving attention is the presence of a sharp drop in
the fluorescence signal in fiber L110 at high pump powers,
which happens after switching pump off (refer to curves
4—6 in Fig. 5(a)). Such a drop is also present but in a lesser
degree in fibers L40, L20, and M12 (having substantially
lower Er*t contents) and almost vanishes in fiber M5 (hav-
ing the lowest Er3* content). Note that similar fluorescence
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Fig. 5. Fluorescence decay kinetics obtained for the EDFs L110 (a) and M12
(b) using InGaAs-PD with Si filtering. Curves 1 to 6 correspond to increased
pump powers (see insets).

kinetics were observed in some of the earlier reports, see e.g.
Refs. [3], [36].

Overview of the fluorescence decays for the whole of the
EDFs is provided in Fig. 6 (points). These data were obtained
using the same experimental arrangement at Pg73 ~400 mW;
the high pump power was found to be the right choice for
minimizing spatial diffusion of excitation (see e.g. Ref. [3])
and for making a proper modeling as it is explained below
in Section III.A. Notice that the dependences shown in Fig. 6
are the fluorescence decay tails obtained after cutting off the
short temporal segments measured by ~30 us, corresponding
to the above mentioned sharp drop in the fluorescence signal
(see Fig. 5); there are also subtracted in Fig. 6 the PD offsets,
presented in the original experimental data.

It is seen from Fig. 6 that 1.53-xm fluorescence decays get
more and more deviated from the single exponential law when
Er3t concentration increases. Namely, the fibers with smaller
contents of Er*t ions (M5, M12, and L20) demonstrate decays
very close to the single-exponent law whereas fibers L40 and
L110 are characterized by decays, apparently not obeying
this law.
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Fig. 6. Normalized fluorescence decay kinetics obtained for the EDFs of L
(a) and M (b) series; points — experimental data (using InGaAs-PD with Si
filtering); plain curves — theoretical fits made employing formula (2).

The revealed features, associated to the Er3t concentration
effect, can be addressed in terms of the HUC process — see
Section IIT where the results of modeling of Er3* fluorescence
kinetics are presented. The modeling of fluorescence decay
allowed us to get, for each EDF, lifetime 7 and HUC constant
Cryp* and to build thereafter their dependences against the
SSA value ag (and hereby against Er** ions concentration,
proportional to ag).

Figure 7 demonstrates the results of the fluorescence
kinetics measurements within a short (tens of us) interval
just after switching pump light off, for the EDFs L20 (a),
L40 (b), L110 (c) and, for comparison, M12 (d). The measure-
ments were fulfilled using Si-PD without optical filtering at
Py78 ~400 mW.

It is seen from Fig. 7(b—d) that, in the presence in the PD’s
response of the shortest component measured by ~8 us (the
setup’s technical resolution; see above), originated from the
scattered pump light, there also exist the short components
measured by 21£2 us and 23+2 us for fibers L110 and L40
and 262 us for fiber M12 (for fibers L20 and M5 this compo-
nent was not resolved). Remind that the same component was
detected in the 1.53-um fluorescence kinetics; see Fig. 5, thus
pointing out its non-radiative character. Interestingly, there are
known other processes in Erbium-doped materials attributed
by similar times; see e.g. Refs. [43], [44].

We propose that the found feature is an attribute of partial
relaxation of excitation in Er’* clusters since it is presented
in the heavier doped EDFs but almost vanishes in the lower
doped ones. The magnitude of the short-living component was
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The zero times correspond to the moments of switching LD driver’s current
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found to be a function of Er’T concentration (and ap), as
apparent when comparing plots (a), (b), and (c) in Fig. 7 for the
EDFs of L series: The higher Er** concentration the larger its
relative — to the pump-light scattering component — magnitude.

It deserves mentioning the following: In fact, what is
detected by the Si-PD in the last experiments is the UC
fluorescence, spectrally limited to the interval ~450...1100 nm
(refer to Fig. 3). As it was revealed at discussion of the data
shown in Fig. 3, overall UC power grows with increasing
Er’t content in the fibers; see empty symbols (curve 2) in
Fig. 8. In order to shed more light on the physics behind this,
we demonstrate in the same figure the relative magnitude of
the short-living component as a function of the SSA value
for the whole EDFs set (see filled symbols, curve 1). This
dependence also clearly demonstrates the Er’* concentration
effect in terms of SSA ag. Thus, the short-living (~20...30 us)
component detected for the EDFs heavier doped with Er’t
seems to be related to excitation relaxation in Er®T clusters,
thus being apparently a side of the IUC process. As it is argued
in the following Section III, the presence of this concentration-
dependent, us-range, mostly non-radiative relaxation can be
ascribed to the presence in the EDFs of “quenched” Er’* ion
clusters.

C. Nonlinear Absorption Coefficient

The nonlinear absorption coefficient of a rare-earth doped
fiber as a function of pump power a(P) contains the useful
information about GSA saturation and thereafter about the
fiber’s potential as a laser medium. On the other hand, such
effects deteriorating laser “quality” of an EDF as ESA and
concentration-related HUC / IUC (lifetime quenching and
NSA) ought to contribute in the behavior of a(P), too [21].

We inspected the dependences a(P) for the EDFs at CW
pumping at 4, = 978 nm, the most relevant experimental
arrangement.

Pump light was delivered to an EDF sample from the same
LD used at the measurements of fluorescence spectra and
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Fig. 8. Magnitude of the short-living component in fluorescence decays
(curve 1) and the ratio between the integrated powers Pyc (in UC fluo-
rescence region, 450-1000 nm) and Py400—_1650 (“fundamental” emission,
1400-1650 nm) (curve 2) vs. Er3* concentration in terms of SSA a(, obtained
for the EDFs of L and M types.

lifetimes; pump power launched into the fiber, P n_was varied
from ~0.5 to ~400 mW. A tested fiber was spliced to the
output fiber of the same isolator, connected to the LD output
fiber. First, we measured (using a standard power meter) the
nonlinear transmission coefficient of the EDF sample with
length Lo, which is defined as Ty73 = Pout/pin  where P
and P°"" are the pump powers at the EDF input and output.
Then we made a formal re-calculation of the experimental
transmission coefficient T978(Pi”) into the absorption coeffi-
cient, applying formula: a(P") = —In(T978)/Lo.

Notice that the EDFs’ lengths (see caption to Fig. 9) were
chosen such that overall trends in the dependences a(P™)
within the whole range of pump powers can be viewed. At the
same time, the ratio of the EDFs’ lengths was such that
optical density (the product agLg) be almost the same for
either EDF sample — for seeing the NSA effect at increasing
Er*t concentration (SSA ap) in the fibers. Using the OSA,
we checked the ratio of pump to ASE powers at the EDFs
outputs; the ASE contribution was found to be negligible for
all the fibers at P™* > 0.5 mW.

The results obtained by applying the drawn procedure are
shown in Fig. 9 by symbols. As usually the data for the fibers
of M (M5 and M12) and L (L20, L40, and L110) series are
highlighted by red (curves 1 and 2) and blue (curves 3 to 5)
colors. Coefficients g and £ marked in the upper left and right
corners of the figure correspond to the limits of small-signal
and pump-saturated absorptions.

When examining the experimental data plotted in Fig. 9,
the nonlinear character of the dependences a(P") becomes
apparent.

First notice that absorption is “bleached” (in other words,
transmission is “saturated”) by a more or less similar man-
ner for either fiber. However, as it is also seen from the
figure, the residual absorption (coefficient f) rises drastically
with increasing Er’T concentration in the fibers’ sequences
M5—M12 and L20—L40—L110). This trend points out
that the ratio between the residual (£) and small-signal (ag)
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absorptions is much bigger for the heavier doped fibers
(M12, L40 and L110). In fact, pump-induced absorption S is
the measure of NSA loss in an EDF. Indeed, the dependence
p (a0) plotted in Fig. 10 by curve 1 (crossed symbols) shows
the excessive (NSA) loss in the EDFs as the appearance of
Er’t concentration effect.

Interestingly, growth of ratio S/aq vs. SSA-value ag (shown
by curve 2 in Fig. 10) demonstrate analogy to the trends
that have the short-time component in the Er3* fluorescence
kinetics and the UC emission power vs. ag — refer to curves 1
and 2 in Fig. 8. Thus, we can propose that all these quantities
have a common cause, the fast relaxation of excitation within
the subsystem of Er** clusters via IUC.

Resuming the experimental results shown in Figs. 8-10, let’s
emphasize that the nonlinear character of the EDFs’ absorption
coefficient vs. pump power at 978 nm is mostly defined by the
contributions stemming from the Er>* GSA saturation (a usual
effect for any EDF) and from the IUC process (a much severe
effect in EDFs heavily doped with Er’T).

III. MODELING

Here we develop a model that allows understanding and
simple interpreting of the experimental results reported in
Section II, i.e. the kinetics of near-IR fluorescence (Figs. 5
and 6) and the nonlinear absorption coefficient (Figs. 9 and
10) of the EDFs. In the model, we account for the GSA / ESA
transitions interplay and Er’T concentration-related effects
(the HUC and TUC processes). By fitting the modeling results
to the experimental data, we find the values of some important
parameters, useful for applications. Notice that the present
model is based on the approach, developed by us earlier [45]
for addressing nonlinear-optical properties of Bismuth-doped
silica fibers.

A. Fluorescence Decay

First we model the kinetics of near-IR (~1.53 um) fluores-
cence decays obtained for the entire set of the EDF samples
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(M and L). This allows us to find fluorescence lifetimes 7
and HUC coefficient Cyyp. As a preface, notice that our
model implicitly implies, accordingly to the definition of the
HUC process, interactions only between rather distant single
Er3t ions, not forming “chemical”, tightly coupled, clusters,
which are in turn supposed to interact via the [UC mechanism
to be modeled further (subsection III.B). In other words, at
this step of modeling we disregard the short-time features in
fluorescence decays reported in Fig. 7, which are assumed
to originate from Er®* ions gathered into quenched (weakly
fluorescing) clusters. That fact that in the experiments on flu-
orescence kinetics we used comparatively high pump powers
(Py73 ~400 mW) allows us to neglect further an intensity-
dependent HUC contribution and the excitation migration
effects.

As it is seen from Figs. 5 and 6, once concentration of Er3t
ions (and thus SSA) increases the ~1.53-um fluorescence
decay kinetics gets more and more deviated from the single-
exponent law. For EDFs, such behavior definitely stems from
HUG, i.e. from energy transfer between two equivalent single
centers, both being in the excited state 2 (4113 /,2), with the
result that one of them transits to the ground state 1 *I;5 /2)
and another one, after upstairs transition (ESA) to the higher
lying state 3 *Io /2 and subsequent fast non-radiative relaxation,
remains in the excited state 1; see Fig. 4. It is clear that this
should inevitably result in a non-exponential character of the
decay kinetics, usually referred to as fluorescence quenching.

For the normalized population density ng of single (index
“s”) Er’t ions being in the first excited state *Ij32, the
following rate equation holds:

s s 2
dstZ = —Z—z —Chur (ni) (1)
where ng = NZS/NOS ; NZS is the population density of single
Er3t ions in the excited state 2 (4113/2), NOS is their con-
centration, and Cyyp [s’l] is the UC parameter, being a
product of the “volumetric” HUC constant Cyyp* [s~'em?)
and concentration NOS: Chyup = NOSC};UP.
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Fig. 11. The values of fluorescence decay constant 7 (a) and HUC constant
Chup (b) vs. Er3t concentration (in terms of SSA a(), obtained for the
entire set of EDFs of L and M types as the result of modeling the experimental
fluorescence kinetics; the fitting curves are for guiding the eye.

We assume further that pump power at 978 nm is high
enough to achieve maximal populating of the excited state
1 (it is limited from above by the relation between the GSA
and stimulated emission (SE) cross-sections, o172 and ¢21).
At this assumption, i.e. at "infinite" pump power, the part of
Er’t ions being in the excited state is k = o12/(012 + 021)-
Furthermore, in our experimental circumstances (where near-
IR fluorescence is detected at ~1.53 um while excitation is at
Ap = 978 nm) the SE process can be disregarded by means
of formal zeroing cross-section 71 in dominator of this ratio:
k = 1. Then, implying that n5(r = 0) = 1 and that pump is
switched off at + = 0, Eq. (1) is solved analytically:

t

e
N\
14+ 70Chup (1—6 TO)

Formula (2) is a worthy approximation for fitting the whole
of experimental near-IR fluorescence decay kinetics reported
in subsection II.B for Py73 ~400 mW, provided by maximal
populating of manifold 4113/2 (see Fig. 6). The modeling
results obtained by employing formula (2) are shown by plain

)

n3 (1) =

curves in Fig. 6 (the fitting procedure has been fulfilled until
the residual sum R? exceeded 0.99) and are in good agreement
with the experimental decay kinetics (points in the figure).
The values of constants 7( (lifetime of single Er37 ions) and
Cguyp (an attribute of HUC), which have been determined as
the result of fitting are plotted in Fig. 11 in function of the
SSA value ag.

It is seen that ~1.53-um fluorescence lifetime is 10.84+0.3
ms for the fibers of both types, being almost indepen-
dent of Er*t concentration (the SSA value); see Fig. 11(a).
Notice that this value is consistent with the data provided
by the manufacturers of the fibers. In contrast, parameter
Chup is expected to be proportional to Er’* concentration
(SSA ag), which allows us to get the value of HUC constant:
Crup* = 27x10718 s~lem3; see Fig. 11(b). This value
agrees well with the published data for EDFs of similar types;
see e.g. Refs. [32]-[34].

As far as we know, no data regarding the HUC phenomenon
in the commercial EDFs of M and L types are available; in this
sense the found Cyyp* constant would be useful for practice
with these EDFs.

Notice that the quantity addressing the HUC phenomenon
(CHyp* constant) should be proportional to the ESA cross-
section (see e.g. Ref. [11]). As the latter does not depend on
Er3t concentration, Cgyp* should be in the first approxima-
tion concentration-independent. Indeed, the dependence Cyy p
on ag is seen from Fig. 11(b) to be almost linear.

B. Nonlinear Absorption Coefficient

A method to model nonlinear absorption of an EDF is
based on the idea that ensemble of Er’* ions in a fiber
consists of two independent subsystems, assumed to be single
(“s”) and clustered (“c”) ions. Considering this hypothesis, we
generalize the model developed in Ref. [45] for propagation
of a pump wave through the system of single and paired
resonantly absorbing and fluorescing centers (pairs are the
simplest case of clusters). The model’s generalization signifies
here that the clusters’ subsystem is meant to comprise an
arbitrary number of centers (Er3t ions in our case) whereas
the other subsystem — to consist of single species [2], [10].

We reduce the complex level system of Er3*t ions (refer
to Fig. 4) to the simplified one composed of three equivalent
levels, with level 1 being the ground state *1;5 2), level 2 the
first excited state (effectively 4113 ,2), and short-living level 3
the higher lying excited states (I ,2 and the upper Er’t
manifolds).

At these assumptions, we imply regarding the subsystem of
single Er’T ions that they can occupy under the pump-light
action the only two states (1 and 2) through interplay between
the GSA, SE, and ESA processes, attributed by cross-sections
012, 021, and 023, respectively, and also by ASE. In addition,
the HUC process, attributed by constant Cgy p*, ought to be
applied for single ions; see subsection III.A.

As about Er’T ions forming clusters, we assume that the
IUC process has an important difference as compared to the
HUC one, namely, it is characterized by such interaction of
a cluster’s constituents that all they except one leave state 2
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(down to state 1) very fast whereas the only excepted one
can exist in state 2. Worth noticing, such situation appears
only in a pumped fiber and cannot exist at the measurements
of SSA, which is the cause of NSA loss in EDFs with high
Er3t content. We also assume that a cluster of Er’* ions has
only the two states — state <11>, where all ions forming the
cluster except one are in the ground state, and state <12>,
where this excepted ion (an acceptor of energy transferred
from the adjacent donor ions within the cluster) is a sole that
is permitted to occupy the excited state. It is postulated that the
processes in which clustered ions are involved under the pump
action are attributed by the same microscopic parameters that
apply for single ions (i.e. 012, 021, 023, and 7).

Apparently, the HUC process is not applicable to clustered
ions and, vice-versa, the IUC process is not applicable to single
ones.

The other difference between clustered and single Ert ions,
as it stems from Section II, is the presence of short relaxation
time 71 (measured by 20...30 us; see Fig. 7), which relates
to Er’t concentration-dependent unsaturated NSA loss (see
Figs. 8-10). In accord with the above made definitions for
single and clustered species, the short relaxation time ought
to apply to rather the latter than to the former species, because
the singles solely experience HUC (see above).

The physical origin of the short relaxation time 7 is not
fully clear to us at the moment but seems to be a process
with rate of leaving the first excited state by the constituents
of a cluster, excepting one that accepts the energy of other
constituents. The excess of energy received by the acceptor is
released mostly through UC emissions (see Fig. 2) and / or
dissipated via electron-phonon coupling. Thus, time 7| seems
to be a measure of specific excitation relaxation, more effective
for clustered than for single Er’T ions. We take into account
the presence of time 7 (along with 7¢) for Er*T clusters as an
essential element of our model, coming from the experimental
data. In the meantime notice that there are other estimates for
the characteristic excitation relaxation time in clustered Er’*
ions in EDFs, spanned from the lowest limit ~50 ns [46] to
us-range (see e.g. Refs. [5], [8], [14], [27], [37]). However,
this difference doesn’t affect much the results of our modeling
(see below) because 71 << 70 in any case.

Considering that the population densities of single and
clustered Er3t ions in an EDF, Nf§ satisfy the following
relations:

(3a)
(3b)

Ny + N3 = N§ = No (1 — Q)
N{ 4+ N§ = N§ = QicNo

where x is the partial weight of clustered ions in ensemble,
Q is the effective number of Er3T ions in a cluster, and Ny
is the overall Er** ions concentration. The correspondent nor-
malized population densities are defined as ny5 = Ny’5/No,
where lower indices assign, correspondingly, the ground (1 or
<11>) and the first excited (2 or <12>) states, and Ny“ are
the concentrations of single ions and clusters, respectively.
The balance equations for pump power (P) and normalized
dimensionless population densities of single and clustered ions
being in metastable states 2 and <12>, ny“ (0 < n3“ < 1),

IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 49, NO. 6, JUNE 2013

are as follows:

dP

Ezz-ﬂuﬂl—a+é—nﬂﬁ+w9}—mp 4)
oo 1 1

— ok —( P —(—+—=)n5=0

hvNoT' S, [ = +5)n2] (T() + Tl)nz %)

—J@——U—QK—(1+§mﬂP—fi—cmm(@f=o

hvNoT S, 70

(6)

where quantities ag, g, 71, and Cyp have been introduced
earlier; parameters ¢ and # are defined as £ = 021 /012 and
n = o023/012; I is the optical field / fiber core overlap factor
at the pump wavelength; yo is the linear (background) loss
coefficient; S, = nr(z) is the EDF core area; hv = hc/ /. is the
pump energy quanta (h is Planck constant and c is free-space
light velocity). In Eqs. (4-6) we omit the ASE contribution
as negligible in our experiments at pump powers in excess of
0.5 mW; see section II.

Note that Eqs (4-6) written in a general form are applicable
not only to the Er’t ion but also to any other resonantly
absorbing center, having a three equivalent level system and
subjected to the aforementioned concentration effects. In the
meantime, for our experimental arrangement (P = Pog7g),
these equations are substantially simplified. Indeed, given by
a pump wavelength’s spectral position (4, = 978 nm) and
negligible population of level 3, the SA transition can be dis-
regarded, which ensures zeroing of the ratio & = 71 /012(We
made the same approximation at modeling the EDFs’ fluo-
rescence kinetics). Furthermore, neglecting the ESA transition
at 978-nm pumping (23 = 0) is also a valid approximation,
which allows us considering the ratio # = 023/012to be null,
too.

We calculated output power P°% (at 978 nm) as a function
of P for each EDF and found the transmission coefficient
as To7g = P°“'/P™" . The nonlinear absorption coefficient was
found accordingly, applying the definition introduced in the
experimental part: a (Pi”) = —In(T978)/Lo (remind, L is the
length of an EDF sample).

The parameters’ values used at modeling are listed in
Table 1 in the five left-hand columns; these are the values
known or calculated from the fabricants’ data or existing
literature on silica-based EDFs. The overall concentrations of
Er’t ions Ny (column 6 in Table 1) can be estimated using
the relationNyg = ag/'o12, where o 12-value at 978 nm was
taken to be 1.7 x 1072! cm? (an average value found from
the literature on silica-based EDFs; see e.g. Refs. [34], [37],
[47]-[49]). The other parameters’ values used are as follows:
70 = 10.8 ms; 71 = 21 us (for the EDFs of L type) and 26 us
(for the EDFs of M type); Cyyp* = 2.7 % 10785~ Tem? (see
subsection III.A). The linear loss coefficients y o were taken to
be the loss measured far away from the Er3* absorption bands
(at ~1300 nm): y o = 0.03...0.1 dB/m (weakly depending upon
the EDF type). The only quantities we varied for fitting the
experimental dependences a(P™) (symbols in Fig. 9) were
the coefficients « (the relative content of Er>t jon clusters)
and Q (the number of Er*t ions in a cluster).

The modeling results are plotted by plain curves 1 to 5 in
Fig. 9. It is seen that they fit well the whole of the experimental
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SSA a() obtained for the entire set of EDFs of L and M types as the result
of modeling the experimental dependences of nonlinear absorption coefficient
using Eqs (4-6); the fitting curve is for guiding the eye.

data for the EDFs of both types. Thus, the TUC process,
treated by us as mostly non-radiative relaxation within Er3*
ion clusters, is justified as the key mechanism responsible for
NSA (attributed by coefficient 5, see above). The dependence
of coefficient # upon Er’* concentration in terms of SSA ag
is shown in Fig. 10 (by curve 1) as the result of modeling;
the errors’ bars in the curve show uncertainties of fitting the
experimental data by the theory.

When making the numerical calculations, we found that,
once searching for the best fit of the experiment by the theory,
any Q-value (Q = 2,3...m) can be used, with x-value being
varied accordingly. Thus, we have concluded that the product
Qr (a relative number of clustered Er3* ions in the system)
serves an adjusting parameter at fitting rather than quantities
Q and « separately; refer as well to Eqs (4-6). Its dependence
upon SSA ag is demonstrated in Fig. 12 (see also column 8§ in
Table 1). Notice that, like at the modeling of Er3* fluorescence
kinetics (where the HUC process is involved), these data for
the EDFs of M and L series form a single curve (shown in
Fig. 10 as a fit for guiding the eye). Hence, we can conclude
that, regardless the technology used at the EDFs fabrication
(MCVD or DND), both inspected UC effects, HUC and IUC,
obey very similar Er’t concentration-related trends. In the
meantime, emphasize that if the concentration dependence of
Qx for the EDFs of L type can be extrapolated to the lower
ap—values without big errors, the one for the EDFs of M type
— cannot (unfortunately we didn’t have in disposal an EDF of
M type with higher than 12.5 dB/m small-signal absorption at
978 nm, as non-available at the market).

Given by the modeling results, a useful insight can be made
to interrelation between the relative number of clustered Er’+
ions Qx (modeling: Fig. 12) and the measured NSA value S
(experiment: Fig. 10). Building on the same plot (at double
logarithmic scaling) the dependences of these two quantities
vs. the SSA-value ag, we found that they have the slopes
related as (~1.44/~0.63) =~ 2.3; see Fig. 13.
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Fig. 13. Er3t clusters’ contribution Qx (left scale) and non-saturable
absorption loss S (right scale) vs. Er3T concentration (in terms of SSA
a() obtained for the entire set of EDFs of L and M types; the ratio of the
slopes attributing the dependences reveals an effective number of Er3t jons
in clusters.

Apparently, the found value signifies nothing than the
average number of Ert ions in clusters, whose presence,
according to the model, is responsible for NSA. This result
deserves attention since it shows that NSA in the EDFs of both
types mostly originates from paired Er3T ions rather than from
more complicate aggregates. Thus, in contrast to, say, Ref. [14]
where it is discussed the role of “heavier” clusters in the IUC
phenomenon, our results evidence for negligible contribution
of Er’t clusters, “heavier” than simple ion pairs. Worth
noticing is that this conclusion could not be made by anyway
rather than by means of the modeling, taken into account
clustering of an arbitrary number of Er’* ions in a cluster.

The rest of the modeling results are provided in the four
right-hand columns of Table 1. Noteworthy is the fact that the
interrelation between the estimates for Er>* ions concentration
and the percentages of the clustered (mostly paired) Er** ions
in ensemble fairly match the trend found in the earlier studies
on the matter; see e.g. Refs. [8], [10], [28].

Before to conclude, notice that the presence in EDFs of
NSA at increasing Er’T concentration is a drawback: Obvi-
ously, net gain in heavily-doped Er** fibers becomes more and
more limited (saturated) as it mainly stems from the presence
of single Er’t ions being in the excited state, whereas the
clustered ions, in their big part (i.e. Q-1 ions in each cluster)
are always in the ground state. As a consequence, efficiency
of an EDF-based laser or amplifier is expected to drop with
increasing concentrations of Er’t ions in the active fiber.
Some recent studies confirm a severe character of the problem
[49], [50]. It seems that another problem could be encountered
at the use of heavily-doped EDFs for pulsed operation where
extensive heating via excitation relaxation within Er3* clusters
(being also a NSA-related phenomenon) would affect the
dispersive properties of the fibers and deteriorate thereafter
the regime.

IV. CONCLUSION

We analyzed, both experimentally and theoretically,
the basic concentration-related phenomena in commercial
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Erbium-doped silica fibers (EDFs) fabricated through MCVD
(M series) and DND (L series) processes at 978-nm pumping
— deviation of fluorescence decay measured at ~1.53 xm from
the exponential law (“‘concentration quenching” via homo-
geneous upconversion, HUC) and non-saturable absorption
(NSA) arising under the pump action due to the presence
of clustered Er’t ions in the fibers (“excessive loss” via
inhomogeneous upconversion, IUC). The found trends that
HUC and IUC obey are shown to be quite similar in fibers of
both types. This most probably stems from likelihood of the
physical nature of Er’* clustering in the EDFs having similar
core-glass chemical composition (alumino-silicate glass) and
a minor role of the fabrication technology (MCVD or DND)
utilized.

It is demonstrated that the whole of the experimental
dependences, featuring the HUC and IUC phenomena, are
accurately modeled, employing a simple theoretical model,
capable for determining the basic HUC / TUC parameters for
the fibers. In particular, for both types of EDFs (L and M)
we reveal that the parameter addressing the HUC process is
measured to be Cyyp* = 2.7x10718 s~ lecm?. Furthermore,
the quantity characterizing the IUC process in both types of
EDFs, is shown to be the product of the relative content
of Er’t ion clusters x and the number of Er’t ions in a
cluster Q, which monotonously grows with increasing Er’t
concentration and approach 37% of overall ions concentration
in EDF L110, having small-signal absorption of 67.5 dB/m
at 978 nm. The fitting procedure applied to model growth
of residual (non-saturable) NSA-loss in the fibers at 978-nm
pumping reveals that the average number of ions per a cluster
is Q ~2.3 regardless the EDF type (L or M).

Let’s emphasize that the obtained results only relate to the
EDFs of L and M series, which are the representatives of the
fibers fabricated through the DND and MCVD technologies,
mostly known at the fiber market; apparently other EDFs
obtained through the MCVD / DND processes can have quite
different appearance of the Er>* concentration effect. In the
meantime, we believe that the results highlighted in the present
study would have impact for future applications of the featured
commercial EDFs of L and M types as well as of other EDFs
with a similar core-glass type.
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