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Observation of Strongly Nonquadratic
Homogeneous Upconversion in*ErDoped Silica
Fibers and Reevaluation of the Degree of Clustering

Jacob L. Philipsen, J. Broeng, A. Bjarklev, Sten Helmfrid, Dan Bremberg, B. Jaskorzynska, aatsd®itf

Abstract—From careful studies of the 1530-nm fluorescence Energy Upconversion Migration
decay, we obtain the rate of energy transfer upconversion as a o _
function of the inverted population for a series of nine highly T Eﬁlﬂ —_— —
Er-doped silica fibers (with concentrations from 0.3 to 8.6 10°° e Eggy ‘ E@” —?—
Er®*-ions per ). The results demonstrate that the slow com- , transfer transfer
Disiz —— ——

ponent (microsecond to millisecond scale) of the upconversion,
usually referred to as the homogeneous upconversion, is clearly Donor Acceptor Donor Acceptor
nonquadratic in its dependence on the inverted population, con- ‘
trary to previous assumptions in the literature. In a second part, Fig. 1. Energy transfer processes betweetr Eons.
we present a new detailed model for energy transfer upconver-
sion, permitting—to our knowledge for the first time—calculation . . . )
of the rate of migration accelerated upconversion for any given Population by one ion per process, whereas energy migration
spatial distribution of Er **-ions. We demonstrate that the re- gives rise to the diffusion of excitation.
sults from the decay measurements may be explained with this  An important issue in the optimization of material and
model: Next, we review the results from a _CW green fluorescence component design is the distinction [8], [9] between the
detection experiment for the determination of the degree of . h o .
clustering, which was previously performed on five of the nine 'n_ev'table Cor.]mbuuon to ETU from the homoggneously dis-
fibers. We find accordance between these results and our model,tributed EF*-ions and the excess ETU stemming from the
with parameters consistent with those needed to fit the results of clustering of the Ei*-ions, which is to some degree control-
the decay experiment, and we arrive at a new conclusion about |able via codoping and the choice of process parameters. The
the nature of clustering. intracluster ETU occurs on a submicrosecond time scale (time

Index Terms—Erbium materials/devices, integrated optics, in- constants as short as 50 ns have been measured [10]) due to
tegrated optoelectronics, optical amplifiers, optical fiber materi- short interionic distances. The homogeneous upconversion is
als, optical fiber measurements, rare-earth materials/devices. slower and is usually modeled by a quadratic term in the rate

equations [2], [11], [12], which corresponds to assuming that
|. INTRODUCTION the macroscopic (i.e., averaged over alfions) upconver-

UENCHING of Ef+-ions by enerav transfer u Con_sion rate is proportional to the number of’Erions per unit
. . Yy energy P volume in the*l s/, level: Wye(nz) = Cycna.
version (ETU) is a well-known limiting factor for the However, we have recently presented modeling results
performance of high-concentration Er-doped devices.ét : y p 9

. . L ((]emonstrating that the validity of this quadratic model for a
is among the primary concerns for the realization of Er'dOpEf‘ ndom spatial ion distribution will depend strongly on the rel-
integrated optical amplifiers and lasers in planar wavegui P P gy

technology [1]-[3] but also has impact on fiber lasers [ %ve strength between migration and upconversion [13]. The

and amplifiers [5], [6]. Fig. 1 illustrates the two main energz ain goal of this work was to investigate experimentally the

transfer processes taking place betweefrEons in optical alidity of the quadratic model. This is done in Sections Il and

amplifiers and lasers, namely upconversion and migratiglgléu by measuring and interpreting the decay of ﬂﬁ?’” -

2], [7]. Energy transfer upconversion between twd-Eions 1572 1530-nm fluorescence. In Section IV, we introduce a

; . ew model describing ETU for any given spatial distribution
in the metastable'/;s/, energy level reduces the mverted;f Er*t-ions. The model is used (in Section V) to simulate
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Fig. 2. Experimental setup for measuring 1530-nm fluorescence decay.

<

1530 nm fluorescence power

ultrafast intracluster ETU. This technique is not new, but,
where previous experiments have been interpreted by fitting
the measured fluorescence decays to excited state population
decays calculated from preassumed models [15]-[17], we WiSH. 3. Decay of the 1530-nm fluorescence for fiber #9, containing &%

to take a more basic approach without aqyriori assumptions Er**-ions per i, compared to an exponential fitted to the last 25 ms of the
about the variation of the upconversion rate with the excitdgfasured decay.

state population.

The decay of the 1530-nm fluorescence pow&kso is and at the end reflection, a longer fiber (and fluorescence
proportional to the decay of the excited state populatign detection sufficiently far from the fiber ends) led to less
which is governed byiny/dt = —Wielax(n2)n2. Thus, the scattered light. Fiber lengths of 15-20 cm were found to be
total relaxation rate, equal to the sum of the spontaneous emjgitable, when the coating was left on the fibers to increase
sion rate and the upconversion rd§eiax(rn2) = 1/7aa + the stripping of cladding modes. Finally, it was verified that

0 10 20 30 40 50

Time after pump cut-off [ms]

Wuc(n2), can be determined as the fiber samples were short enough to avoid any influence
d d from ASE (an elaborate investigation of the influence from
Weelax = % [ln o] = T [ln Pi530]- (1) ASE was carried out and is described in Section ).

Although this idea is very simple, it is not easily carried out As mentioned in Section I, the calculation of the relaxation

L : : . Haae requires a high SNR on the initial fluorescence data. We
since: 1) fluorescence signals are inherently weak signals @

. ) . - . . . _tHerefore applied the feature of the oscilloscope allowing to
2) the required numerical differentiation will amplify high av§1rage over 256 consecutive decays, thus improving the SNR

frequency components and thus degrade the signal-to-nois —
ratio (SNR). Therefore, we had to carry out the experiment e a factor of abouty 256 = 16. Furthermore, we recorded

a manner ensuring a large SNR and to carefully optimize tﬁgtween 120 and 180 of these measurement series on the

data treatment in order to filter away noise without distortin%;ompmer for each Er-doped fiber.

the final results.
I1l. PROCESSING ANDDISCUSSION
Il. EXPERIMENTAL METHOD OF EXPERIMENTAL RESULTS

For measuring the 1530-nm fluorescence decay, we used thEig. 3 shows an example of a measured fluorescence decay.
setup illustrated in Fig. 2. The light from a 100-mW 1480The decays were sampled by the oscilloscope during 50
nm laser diode was focused onto the chopper before beimg upon blocking of the pump, with a sampling time of
coupled into the Ert-doped fiber sample under investigation50 ps. Since 50us is much longer than the lifetime of
This allowed us to obtain a fall time below; & for the cutoff a multiply-excited cluster (cf. Section I), we could—already
of the pump. To detect directly the fluorescence in the 153fdem the first sample after pump cutoff—consider all clusters
nm band and not the amplified spontaneous emission (ASKE),be no more than singly excited. To illustrate the large
the Ge photodetector was placed transversely to the fiber. (f@anexponential component of the measured decay, we have
obtain the maximum possible fluorescence signal, the fibailded an exponential fit to the last 25 ms of the decay.
was attached onto the Ge detector.) Through a transimpedancéhe 120-180 measurement series for each fiber corre-
amplifier and a digital storage oscilloscope, the fluorescensgonded to 1-1.5 h of measurement. During this time, there
data were acquired by a computer. A second detector was used a risk of decrease in the incoupled pump power, whereas
to monitor the transmitted pump power. the efficiency for collecting fluorescence by the Ge detector

The lengths of the BEr-doped fiber samples were mainlywas extremely stable. For each fiber, the data treatment began
chosen such that they ensured a suitable amount of scattexiti an inspection of the ensemble of measured decays, and,
pump light. Some scattered pump light was desirable singethe case of major changes in the incoupled pump power,
it provided a well-defined sharp edge (corresponding to tliee involved data were rejected. Furthermore, to compensate
cutoff of the pump) for the oscilloscope to trigger on, whereder minor changes of pump power in the*Erdoped fiber,
too much scattered pump light would saturate the detectiameraging was not done directly on the measured decays,
system and thus disturb the first part of the fluorescence detay on the data for the relaxation rate [calculated via (1)]
measurement. Since the scattered pump light predominaraty a function of the inverted population (proportional to the
originated in an excitation of cladding modes at the incouplingeasured fluorescence).
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Fig. 4. Optimization of filterwidth for measurements on fiber #6 with a
Er**-concentration of 6.40>° ions per m. No change is seen between
(0min: omax) = (0.5, 10) and (1, 20), whereas some distortion sets i
at (5, 100).(0min, omax) = (0.5, 10) were chosen as appropriate filter
parameters.

rI’iig. 5. Relaxation rate from thé.[lg/Q manifold as a function of the
opulation inversion, calculated from the measured 1530-nm fluorescence
ecays for nine silica fibers (numbered with increasingtfEconcentration).

(shown with dots on the figure), but for other measurement

series, some filtering was necessary to get any sensible results
The sampled decay sequengg,.(m),m = 1,---, at all 9 ytog y

M(M = 1000) must be filtered prior to the numerical Comparison between tHe, ... (ns)-curves calculated from

differentiation involved in the calculation of the relaxatior{ N .
. : . ; he 120-180 measurement series per fiber showed excellent
rate according to (1). A numerical filtering was implemented

in the time domain with a Gaussian filter response. A study 89reement, except for the cases with major changes in the

the noise related to the measured fluorescence decay revealmg%Upllng of pump power, leading o, e.g., triggering erors.

. ; A S expected, measurements following a minor decrease in the
nearly constant noise level, independent of the variation in thé

signal level, and thus probably dominated by the shot noi'snecOuplecj pump power_led 0sc12 (n2)-CUIVES that coincided
rfectly with the previous measurements, but were truncated

related to the detector dark current and to the backgrouﬁflhigh values of the inverted populaties. Finally, for some
light. Consequently, the SNR decreased by approximate?l} i ’

40 dB during the decays, e.qg., for fiber #2 (with the secongger samples, measu.re_r.nents were _repeated after several days,
n A s and perfect reproducibility was again observed.
lowest EF*-concentration: 0.80%° ions per i), the SNR . . N
. .. Fig. 5 summarizes the measurements on all nine fibers,
decreased from around 55 dB to around 15 dB (For fibers with = ; : : 4
) 1 . : showing the relaxation rate for the Erions in the I13/2
higher EF*-concentration, the fluorescence signal level wag

higher and the SNR therefore better.). Since the beginningveI as a function of the population inversian /n. For
each fiber, the curve represents an average over the performed

of the decay signal had a higher content of high-frequencg . A
. easurement series. Due to lack of space, error bars indicating
components, whereas the last part of the decay signal was thé

; : . o the standard deviations are only shown for three of the curves.
more noisy, we chose to let the filter width vary with time. ; .
. The fluorescence power only yields a relative measurement of
In summary, we performed the convolution . . . .
the inverted population. Prior to all measurement series, we

k=K(m) measured the fluorescence power as a function of the pump
Ytiltered (T10) = Z h(k; m)Yraw(m — k) (2) power, and saturation was observed in all cases. Comparison
k=—K(m) of the saturation curves with a simple model (not including

ETU) gave values around 0.7 for the inversion at full pump
ower (the maximum obtainable inversion with 1480-nm
mping was calculated to be 0.75 on the basis of emission
and absorption spectra). We thus chose to normalize the
k2 inversion to 0.7 at the beginning of all decays, but we must
exp <_202—(m)> emphasize that the absolute scale for the population inversion
=K (m) ) (3) s only approximate and that, in particular for the fibers with
Z exp <_ k ) the highest Er-concentration, the actual inversion may be
202(m) significantly lower.

We see from Fig. 5 that fibers #2-9, which are alumi-
where o(m) is a linearly growing function. The minimum nosilicate fibers, all have a relaxation rate of approximately
and maximum filterwidtho i, = o(1) and opax = o(M), 90 st in the limit of zero inversion, corresponding to a
respectively, were optimized for each measurement seriesrhgliative lifetime around 11 ms. Fiber #1 is a germanosilicate
observing at which filterwidths the final resul,...x(n2) fiber and has a radiative lifetime of 12.6 ms. The increase in
became distorted. This procedure is illustrated in Fig. 4 for thiee relaxation rate with the inverted population demonstrates
measurements on fiber #6. For this measurement series, calba- quenching of the Et-ions, and we shall assume this
lation of the relaxation rate was possible without any filteringuenching to be dominated by energy transfer upconversion

with K (m) = min{m—1, M —m} (symmetric truncation near
the ends to avoid boundary effects) and with the time-varyi
filter impulse response

hik; m) =

k=—K(m)
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between Et*-ions. This assumption is supported by numerous Fiber length L [cm]
observations reported in the literature [1], [8], [9], [11] together 0 20 40 60 80 100 120 140
with the fact that we were able to detect a significant 980- __, 450 1 ' : : : ' 1 '
nm fluorescence signal when approaching a Si detector to "« 400 | W W % \
the fibers (ETU leads to 980-nm fluorescence from‘the,» 5350 | (mc‘mred) °. W, (L)
level, whereas this is not the case for quenching mechanisms 5" 300 " ,ee ®*® (model)
involving the transfer of energy from an ®r-ion to, e.g., an *

OH~-ion). Finally, the fact that the quenching rate grows with
both the Er-concentration and the population inversion also
supports the assumption of ETU as the dominating quenching
mechanism.

The main conclusion from Fig. 5 is that the upconversion
rate Wy. = Wielax — 1/7raa €Xperienced by the Et-ions in 0 . : ‘ ‘ . : :
the 4.713/2 manifold doesnot grow linearly with the4113/2 00 01 02 03 04 05 06 07
population, i.e., the model predicting a quadratic dependence Population inversion n,/n,
of the number of ETU processes on the excited state popula-
tion, does not hold for our fibers. On the contrary, the curvéd: 8- Results of experimental investigation of the impact of fiber length

on the measured relaxation rate, for fiber #6 with afifEconcentration of
all bend upwards, as would be expected for the case, Whel§10>> ions per mi. The figure furthermore shows the calculated net rate of
migration is too weak for the quadratic model to be valiSE stimulated relaxation at an inversion of 0.7 as a function of fiber length,
[13]. At first sight, the tendency of bending upwards seenf§? for fiber #6.
stronger for the curves representing the highest concentration

fibers, but a closer inspection (comparison of the curves wigliysorption cross sections for tﬁélw - 4]13/2 transition,
the maximum upconversion rate normalized to 1) reveals thatjs the optical frequencyl’ is the confinement facton g,
apart from fibers #1 and #2, where the results are too noigihd ., are, respectively, the total concentration of Eions
all the curves have roughly the same shape. and the concentration of &¥-ions excited to thél, 5, level,

To confirm our conclusion, we must verify that ASE dichnd h is Planck’s constant. The expression for the backward
not affect the results. Due to the transverse detection setpSE is obtained from (4) by replacing by L — z, where L
ASE did not contribute directly to the detected signal, by the fiber length.

Er*t-transitions*l;3/, — *I5/, stimulated by ASE might  The ASE will imply a net relaxation rate on the®grions,
accelerate the beginning of thd,3,, population decay and given as the difference between the number of ASE stimulated
thus be the real cause for the upwards bending of the curvesdeiission and absorption processes per time divided by the
the relaxation rate. To exclude this possibility, we repeatediy, ; , population. For this net relaxation rate, we arrive at the
measured the fluorescence decay from fiber #616?0 Er**- following expression (where, is the doping radius):

ions per n%) while gradually reducing the fiber length from

250 {#
200

150 1 Woun(o/y) (measured) a7 /

Relaxation rate W

50 to 2 cm. Fig. 6 shows a superposition of the obtained 9 00

curves for the relaxation rate as a function of the inversion WSl (z, no) = 5 / Yo () (€D [(Yerm — Yabs)Z]
together with the maximum relaxation rate as a function of Taqn2 Jo

the fiber length. We see that all the curves for the relaxation +exp[(Yem — Yabs)(L = 2)] = 2)dv. (5)

rate bend upwards, so this effect is not merely a result
of ASE. On the other hand, there is a significant spreadin Fig. 6, we have shown the calculated net rate of ASE
in the maximum relaxation rate, which we attribute to twatimulated emission for fiber #6 at an inversion of 0.7 as a
factors in the experimental conditions: 1) we only recordeginction of the fiber length. To obtain a worst case prediction,
one measurement for each fiber length, and the statistiga fiber end was used as calculation point. We see that, for a
uncertainty is, therefore, larger than for the results in Fig. fiber shorter than around 50 c¢m, the ASE stimulated emission
and 2) the pump incoupling was not readjusted after eagfte is negligible and, thus, it cannot have had any influence
cutback (the points Wher#,ciax, max grows with decreasing on the measurements performed at fiber lengths of 1520 cm.
fiber length match with the reoptimizations of the incouplinglwe have performed these calculations for all 9 fibers and have
To remove any remaining doubt, we construct a simpigsrified that the ASE stimulated emission rates are negligible
model of the influence from ASE. Assuming constant pogompared to the measured upconversion rates in all cases.
ulation inversion along the fiber (this assumption, althoughwe can equally exclude scattered ASE entering the trans-
simplistic, will not change the order of magnitude for thgerse detector together with the fluorescence as an error source.
ASE), the spectral density of forward propagating ASE &ince the net rate of ASE stimulated emission is negligible
distancez from the pump incoupling becomes [18] compared to the spontaneous emission rate, the number of
ASE photons generated per time is thus negligible compared
(exp[(Yem — 7ans)2] —1).  (4)  to the number of emitted fluorescence photons per time. Also,
the number of scattered ASE photons per time must be smaller
In this expressionyem(v) = oem(¥)I'n2 and va,s() = than the number of generated ASE photons per time in order
oabs (V) (ng: —n2), Whereo,,, ando s are the emission and for the ASE to experience a net gain.

2hv Yem

Step(v, 2) =
ASE ~
’ Yem Yabs
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IV. CONTINUUM MODEL FOR ETU macroscopic upconversion rate is given as the number of

In [13], we presented a detailed model for calculation of tH&PCONVversion processes per time and volume unit divided by

macroscopic upconversion rate from an assumed microscolllg €xcited state population concentration
spatial distribution of the Br-ions together with an assumed Noel?) 1 oo

dependence of the upconversion and migration probabilitie$Vuc(t) = ——=- = / Puc(r) f**(r, t)dnr? dr.

on the interionic distance. In a first version of the model, we na(t) - 2na(t) Jo (8)
used Monte Carlo simulations to generate thé*Esites as \ye have verified that (6)(8) lead to results in accordance
well as to simulate the temporal behavior of the ions, where@gh those obtained by our previously reported stochastical
a second version described the temporal behavior via equatigndylations, when energy migration is excluded. When trying
for the excitation probabilities for each ion together with thg, include migration into (7), it turns out not to be possible to
joint excitation probabilities for neighboring ions. The secongjiminate the third-order distributions. We therefore choose a
version was much faster than the first, but still demanded,re hhenomenological description of the impact of migration

very long calculation times to obtain an adequate statisticgl \he spatial distributions. The number of migration processes
certainty. For this reason, we limited ourselves to con5|derat|B@r time and volume unit can be expressed as

of the dipole—dipole interaction between randomly distributed
Er*t ions. i o )

In this paper, we present a new model based on equations Ninig(t) = /0 Paig(r) 7 (r, t)dmr™ dr ©)
for the probability densities of the second-order spatial ion
distributions, eliminating the stochastical element in the cakherePui,(r) is the probability per time unit for an excitation
culations and allowing a reduction in calculation times b migrate between two Ef-ions at distance~. We note
many orders of magnitude (typically from days to minutesihat the E?*-ions in the ground level will experience an
As in [13], we consider only the populations of the groundverage migration-induced excitation rate Bfz(t) =
level *1;5/, and the first excited levéll s ,. We let f**(r, t) Numig(t)/n1(t), whereas the excited Er-ions will experience
designate the probability (at tim#& per (unit volumey of an average relaxation rate ¥,z (f) = Numig(t)/n2(?)
finding two excited Ett-ions with a distance between them. caused by energy migration. We therefore simply &dgl;
Similarly, we introduce the distributionf*® of nonexcited and Wy, to, respectively, the absorption and emission rate.
Er*t-ions relative to excited Br-ions, the distributionf°> This approximation will lead to an overestimation of the
of nonexcited Ett-ions relative to nonexcited Ef-ions, and impact of migration on the spatial distributionf™ and
the distributionf®* of all Er**-ions relative to all Ett-ions. f*°, since it does not take into account that two closely
Since fEr = f** 4 2f* 4 foo the distributionf°° may be spaced Ef"-ions—working as a quenching center—will tend
eliminated. The limiting values of the distributions are relatei® deplete a zone around them from excitation and therefore
to the population concentrations, since ions sufficiently favill have less probability of being excited by energy migration.

apart do not interact However, we have, through comparison with our stochastical
] " ) simulations, verified that the correct macroscopic results may
,,1520 STy 1) =na(t) be obtained by applying a value for the strength of migration
lim fo°(r, t) =n3(t) that is smaller than the physical parameter value.
T As input to the model, we need to specify the distribution
,,1520 F7(rs ) =na(t)na(t) of Er¥t-ions, f¥(r), together with the dependencié.(r)
lim fP(r) =n2,. (6) and Pnig(r) of upconversion and migration probabilities on
r—00 the interionic distance. We shall assume thfat(r) is a

The impact of absorption (with rafé,;;), emission (with superposition of a homogeneous distribution with a certain
rate W..,), and ETU processes on the temporal evolution @finimum distanceR..;;, between the Er-ions and a nar-
the second-order distribution&™* and f*° can be expressedrow peak around a distanck slightly smaller thani,;,,
in terms of the third-order distributions, and, by applyingepresenting the sites leading to clustering
appropriate approximations to these, one obtains the following

system of equations: SE(r) = 15O — Runin) + aafalr). (10)
af(r.t) Here, © is the Heavyside unity function, ang., is a nar-
= - 2Wem t -Pm‘ ) 2Wu(‘ t * ) t ! . ! l
ot ( () + Pc(r) + O ) row Gaussian, centered aroudt];, and normalized so that
+ 2Waps (0) f* (7, 1) o1 becomes the average excess number &f HEreighbors
afe(r,t) o/ . that each Ef-ion has due to clustering. A physically more
ot = = (BWars(t) + Wem(t) + Wuc(£)) /(7. 1) interesting parameter is the fractidn.y, of the EF*-ions

1 that are unbleachable due to clustering. Thus, the cluster-
+ <_ Wabs (t) + Wenn(t) + §P““(T) +W““(t)> induced reduction of the maximum obtainable gain (in dB)
P ) 4 Wane(?) B (r) @) of an amplifier is given by the factdr— kynpi(1+ oaps/Gem)s
where ¢,5,s and o, are the absorption and emission cross
where P,.(r) is the probability per time unit for two excited sections at the signal wavelength. The relation betwegn
Er¥t-ions at distancer to perform ETU and where theand k.., depends slightly on the distribution of cluster
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sizes. If all clusters were pairdum, = «aq/2, since only £
one ion per pair can be inverted. Actually, considering only  'E 120 | «,
the second-order ion distributions in the way the model 5 80 -
does corresponds to implicitly assuming a near-Poissonian § 40 )
distribution of cluster sizes. From (7), it can be shown that the § 20
fraction of unbleachable Et-ions in the model iskyy, = g 15
aa/2+1— /14 (aa/2)?. This relation allows us to relate 5
the external parametdr,,;, to the internal parametet in 5 1.0 1
the model. 3
Several X-ray absorption fine structure (XAFS) measure- —E 05
ments with the purpose of studying the local environment E ;|
around E#* in various host glasses have been reported [19], = 00 05 10 1S 20 25 30

[20]. These studies generally show: 1) a coordination shell
of six O-atoms at a distance around 0.22-0.23 nm from the
Er-atom followed by 2) a coordination shell with Si-atom&ig. 7. Modeling of the second-order spatia*£rion distributions for a

at a distance around 0.31 nm in the case of silica, but gf@;sugtvggngngfv‘*:n-cgyn,femraﬁoqngn@rrh S nrgjf and j},;gegie
. . . s cunbl = H%.
sign of neighboring Er-atoms within the 0.4-nm range of thﬁmwn under stationary conditions at an inversionngf/ng, = 0.6 and

XAFS method has been reported. Thus, neither the locatiaa calculated for an upconversion strength parametét,of= 2.0 nm and

R nor the shape of the assumed cluster peak in the i @ migration strength parameter growing in the direction of the arrows
T . . o= 2,15 2.0

distribution is known. However, it is known that the timescalmis = 0- 1.2, 1.5, and2.0 nm).

of the intracluster ETU is much faster than the timescale of our

Interatomic distance r [nm]

measurements. Therefore, we £t (r) = 1/7 with 7 = 1 < T T Veasured
ps (having verified that the modeling results do not depend o 250 | R _=1.5 nm, no migration i
on 7 for 7 less than a few microseconds) for allunder B — R _=1.5nm, opt.migration  /
the cluster peak, and thus only the area under the cluster peak 2 200 .., R _=1.9 nm, no migration Iy
counts. We arbitrarily sek,; = 0.5 nm. ; — -+~ R_=1.9 nm, opt.migration ‘
For interaction outside clusters, we shall consider only the & '%Y]
. . & 7
dipole—dipole terms [13], [21] E 100 s
RS ] =
Puc(T): < uc) ) 50 . e
Trad A = TR
) . o b et ‘ ‘ ‘ ‘
1 [ Ry, 0.0 0.1 0.2 0.3 0.4 0.5
Prig(r) = =L (11) Population inversi
Trad T opulation inversion n,/n

. . . . Fig. 8. Fitting of the continuum model to fluorescence decay experiment for
where™ is to indicate that the migration strength parametegps, g (8.61025 Er**-ions per ). For each of the considerdel. -values,

in our model is a phenomenological parameter whose valtie calculated curves for no migration (dotted lines) and optimized migration

will differ from the physical value. We choose to assume tHgéashed lines) are shown. The population inversion (which is only measured
. . relatively in the experiment) has for all the curves shown been scaled to the

minimum distancef.i, = 0.6 nm for the homogeneous partpopulation inversion predicted by the model when using the parameter choice

of the EPt-ion distribution, noting that a wrong value will leading to the least square fit between model and experiniént & 1.9,

just correspond to a scaling of the parametgfs and Ry,j,.  fmig = 0.98 nm).

To illustrate the model, Fig. 7 shows the distributigf®

given by (10 for the cask..i1 = 5% together with calculated e excited state population and the average upconversion rate

steady-state solutions for the distributiofis* and f*° for - 4< functions of time. We use tH&’ (na)-curves as the
different values of the migratio_n strength p:_:lrame?gng. As basis for comparing model and experiment.

expected, ETU creates a spatial hole burning phenomenon 'Fo fit the model to the experimental data, we begin by
the distributionf** and a corresponding bump in the distri- ’

bution f*°. Energy migration tends to bring the distribution%Issuming no clustering, i.ekuy,, = 0. We then assume a
back toward the shape of the distributigf® of all Er**-ions. alue of & and adapt the pumping rate so that the measured

and calculatequc(nQ)-curves coincide at the maximum
inversion. Then K., is varied until the best fit between the
V. COMPARISON BETWEEN MODEL AND EXPERIMENT two curves is obtained. Fig. 8 illustrates this process for fiber

To simulate the experimental conditions of our fluorescené8 (8.610°> Er**-ions per nd) for the cases,. = 1.5 nm
decay measurements, we first Sé,.(t) = W30 and andR,.= 1.9 nm. Itis clear from this figure thak,. = 1.9

pump

Wem(t) = W0 5w (1480 nm)b,y,. (1480 nm)-1/7.,4, NM leads to a good fit, whereas the fit is poor faf. = 1.5

pump

where W30 "is the pump absorption rate, and determinem. By demanding that the sum of the square of the residuals
the steady-state solution to (7). We then $8f;,.(t) = 0 should not exceed ~twice its minimum value, we are able to
and W, (t) = 1/maq and find the temporal evolution ofdetermineR,. and R..;; within certain intervals. However,

the distributionsf** and f*°, which allows us to calculate these intervals could have been significantly narrower if we
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TABLE |
RADIATIVE LIFETIME AND MAXIMUM UPCONVERSIONRATE AS MEASURED IN THE FLUORESCENCEDECAY EXPERIMENT,
TOGETHER WITH UPCONVERSION AND MIGRATION STRENGTH PARAMETERS OBTAINED BY FITTING TO THE CONTINUUM MODEL

Fibre Glass [ErT] Co- max ~
no. type [ions/m?®] doping Trad W Rae Rumig
#1 Germano- g 4 025 - 126 ms 865 - -
silicate

#2 0.5-10% La 11.0ms 12.3s7! - -

#3 2.4-10% La 11.2ms 476s ! 1.7 £0.1 nm  1.15+0.15nm
#4 2.8.10% La 11.0ms 824s~! 1.55+0.05nm  1.1140.05 nm
#5 Alumino- 4.4-10% La 109 ms 141.9s7! 1.6740.07nm  0.9740.05 nm
#6 silicate 6.0.10% La 10.8 ms 215.4s™1  1.65+£0.05 nm  0.9540.05 nm
#7 8.0-10% La 10.9 ms 264.1s71 1.85+0.15nm  0.9540.05 nm
#8 8.6 -10%° La 10.8ms 289.0s™! 1.9 +0.1 nm  0.9840.03 nm
#9 8.6-10% - 11.0ms 331.3s7! 2.1 £0.2 nm  1.01£0.04 nm

had measured the fluorescence rise time, since the pumpjngwing strongly with the Er-concentration from 1% for fiber
rate could have been deduced from thigr{;.. = W10 1+ #2 to 23% for fiber #8 and then further to 42% for fiber

pump

1/7:aa). Instead, we can only give a lower limit f6# .5 #9, which has the same Er-concentration as #8, but contains
based on a measurement of the residual pump power at tleelanthanum. Very long effective lifetimes, were found,
end of the Er-doped fiber. Using this lower limit, the intervalgrowing from around 5Q:s for fiber #2 to around 400s for
for Ry and Rmig can be narrowed slightly. fiber #8, indicating influence from homogeneous upconversion
Finally, we vary the cluster parametér,;,;, which turns and migration.
out not to have any impact on the fitting of the model to In order to reinterpret the results from the green fluorescence
the experimentalW,.(nz)-curves. Thus, we can concludeexperiment, we need to enable the continuum model to predict
that reactivation of clusters through energy migration haaso the4[11/2 populationnz. To do this, we use a perturbation
negligible influence on our decay experiment, which therefotgpe approach. Sineg; < n» due to the short lifetime (around
cannot be used to quantify clustering. 10 pus [22]) of the4111/2 manifold, we assume that th‘élg/Q
The fitting was carried out for all the fibers except for #level populationn, and the macroscopic upconversion rate
and #2 where the SNR for tH&,.(n»)-curve was too bad for W, are correctly predicted by the 2-level model. WQI/Q
any fitting to be meaningful. (This was a consequence of tpepulation may then by demandimkys/dt = 0 be found as
weak fluorescence signal combined with a small upconversion W0 (ne —ny) & Waens

rate compared ta,,q, both of which were due to a lower ng = — 2P (12)
Er-concentration than in other fibers.) For all other fibers, a Wgso +
good fit between the experiment and model was obtained. The T11/2

results from the decay experiment and the fitting to the moqm1 980 ; ;
ere W is the pump absorption rate and is the
are summarized in Table I. P pump P 1/2

111/2 lifetime, which we set to 1Q:s. To simulate the 980-
nm pumping, we setV,,s(t) = Wiso,, andWey, (t) = 1/7eaa
VI. REINTERPRETATION OF THEGREEN in the continuum model.
FLUORESCENCE EXPERIMENT To fit our model to the results from the green fluorescence

In order to quantify the degree of clustering, a different typexperiment, we use the values &%,. and Rmig that were
of experiment must be made. One of the standard methods Bxéracted from the decay experiment. We then adjust the
green fluorescence detection experiment, first described in [@joportionality constant between pump power and pump rate
We have previously reported on the characterization of five 86 that model and experiment agree with respect to the shape
the fibers discussed in this paper (fibers #2, 3, 5, 8, and &)the n, versus pump power curve. Finally, we fit for the
by this method [14]. In this experiment, we pumped a shoshape of thexz versus pump power curve to determibig,.
sample &1 cm) of the Er-doped fiber with up to 275 mW ofFig. 9 illustrates the last step of this procedure for the fiber
pump power from a Ti : sapphire laser and observed the stea8$-(8.610%° Er**-ions per nd). For this fiber, we clearly get
state powers of the infrared fluorescence around 1530 nm dhd best fit forkyu, ~ 0.
the green fluorescence around 540 nm as functions of pumg-or all the fibers #3, 5, 8, and 9, we obtain accordance
power. The 1530-nm fluorescence provides a measuremkeetween the continuum model and the results from the green
of the populationn, of the metastablé]13/2 level, whereas fluorescence experiment, when using the valueggf and
the green fluorescence power divided by the pump powAr,;, found from the decay experiment. For each fiber, both
is proportional to the populations of the 4111/2 manifold, extremes of the determined intervals f&,. and leg have
since excited-state absorption from this level is the sourbeen tried. Table Il compares the previously reported and the
of the green fluorescence. The populatiotzsand n; were new interpretation of the green fluorescence experiment.
then fitted to a simple model in order to extract the fraction We see that there is a dramatic difference in the extracted
kunt Of unbleachable Er-ions and an effective lifetime,  values for the fractioft,,,,,; of Er*t-ions that are unbleachable
for these ions. The results showed heavy clustering ®ithy  due to clustering. According to the new model, only fiber
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We finally note that, even for the low concentration fibers,

= 5

% e the found values foriz,. are very large compared to the

5 k E predicted values around 1 nm, calculated from the overlap
E :): e 0.020 5 integral between thél,s/> — *I,5/, emission spectrum and

& = upi = 0370200 0,015 g the 4_713/2 — 419/2 excited state absorption spectrum [2],

g % L oote & [13]. The reason for this may be that higher order terms
5 04 o=  Measured 3 representing dipole—quadrupole and quadrupole—quadrupole
o0 Model - interactions are not negligible and should have been included
oo 0000 in (11). (Inclusion of such terms would not have changed our

0 50 100 150 200 250 300

conclusions, since this would not change the concentration
dependencies in the model.) Another possible explanation for
Eti)ge.r9#8 Zi;ttéq%? of Ecrggtiir:)l#ém é?on%'il 'tl'oh gregnulf;l:gﬁsjcegcn% ‘EXp(eVCimCehnt fehe largeR,,. values is that only the rati®,./ R,y is actually

are only méasured on their rglative .scalesr?n 2he expefiQment)nH3ave, for all gl%termined’ cf. Section IV. If the phySiCBlmin is smaller than
curves shown, been scaled to fit at maximum pump power with the populatidite assumed 0.6 nm, the actual. will be correspondingly
predicted by the model when usikg,,1 = 0. Thus,ns in the model actually  smaller than the value listed in Table I. Since the XAFS studies
growswith the assumed value &f,,,;,;, contrary to what appears in the flgure.reported in the literature only rule oufistinct peaks in the
distribution £, R..;, might even be smaller than the XAFS

range limit of 0.4 nm.

980 nm pump power [mW]

TABLE 1
COMPARISON OF CLUSTER PARAMETERS OBTAINED FROM THE GREEN
FLUORESCENCEEXPERIMENT BY FITTING WITH, RESPECTIVELY, THE

SiMPLE MODEL AND THE NEw, DETAILED CONTINUUM MODEL VIl. CONCLUSION
Tnterprefation Tnterpretation  From a 1530-nm fluorescence decay measurement on a
simple model new model  Series of silica fibers, we have demonstrated that the slow
Fibre [Er®t] Co- . N Ko component of the energy transfer upconversion does not obey
no. lions/m3] doping - * the quadratic law usually assumed for homogeneous upconver-
#3 2.4.10% La 85% 177 us 1% sion. We have developed a model based on equations for the
ig gé'}gzz La ;g? 198 s (Q)Z) second-order spatial distributions of excited and nonexcited
D a 1S (] . . . .
#9 8.6 102 . 42(;; 128 LS 710 % Er3t-ions, which can explain our experimental results.

By fitting our model to both the decay experiment and to a
previously reported green fluorescence detection experiment,

#9, which contains no lanthanum codoping, shows significafi¢ have demonstrated that, as the Er-concentration grows
clustering. However, when comparing the two interpretation, the examined fibers, we get increased energy transfer
itis important to remember that in the continuum model tH@COI’]VErSion, not in the form of an increased ultrafast cluster
homogeneous part of the Erion distribution also contains contribution, but more taki_ng the form of an increased homo-

ions with a very short lifetime due to ETU (with the values fog€neous upconversion, with both fast and slow components.
R,. from Table | and withR,,;, = 0.6 nm: lifetimes down This indicates the presence of a clustering phenomenon with

to a few microseconds). What the new interpretation may tdlibroad interval of Ert-Er** distances.
us is that there is very littlexcessclustering compared to We furthermore conclude that the green fluorescence exper-

what a purely homogeneous distribution would have givelflent is a useful tool for obtaining quantitative information

This corresponds to what was concluded in [9] for some 8Pout the ETU in an Er-doped material, but is not fit for
the fibers investigated. determining the fraction of unbleachable (fast decaying) Er

On the other hand, we see from Table | that the valulns. For this, one should rather turn to direct observation
of the upconversion strength paramefgy., determined from through nanosecond spectroscopy [23].
the decay experiment, grow with the Er-concentration from
Ry = 1.55 nm for fiber #4 toR,,. ~ 2.1 nm for fiber #9.

Remembering that the upconversion probability is proportiongh] G. Nykolak, P. C. Becker, J. Shmulovich, Y. H. Wong, D. J. DiGio-
to the sixth power ofR,. and that this parameter should vanni, and A. J. Bruce, “Concentration-depend’é.ﬁlt3/2 lifetimes in

. . 3+ . ) .
actually be concentration independent, we conclude that these E;chnc(j)?pﬁgtglti%giiand Er-doped planar waveguidesEEE Photon.

figures are hiding a physical phenomenon not included ifp) m. Hempstead, J. E. Roam, C. Ye, J. S. Wilkinson, P. Camy, P.
our model. The results indicate that the*E#ion distribution Laborde, and C. Lerminiaux, “Anomalously high uniform upconversion

; ; ; ; A in an Erbium-doped waveguide amplifier,” iRroc. 7th Eur. Conf.
doesin fact chqngg with concentration, but primarily in a Integrated Optics (ECIO'95)1995, pp. 233-236, paper TuC4.
manner preserving its homogeneous type shape. We PropqQsg p. Barbier, “Performances and potential applications of Erbium doped
that the clustering is not due to a well-defined distinct site for Dlanlar V\{aveg(uide am;’\'ﬁiefs,and |aser5,’OPéica| Almplifiers and Their

+ K Applications (OAA’97)Victoria, B.C., Canada, July 1997.
one Ff'g lon r_lear another Er-ion, but rath(_er toa S_me_are_d 4] J. L. Wagener, P. F. Wysocki, M. J. F. Digonnet, H. J. Shaw, and D.
out site, leading to a broad cluster peak in the distribution = J. DiGiovanni, “Effects of concentration and clusters in Erbium-doped

. t Thi d al lai h Er—E k h g] N. Kagi, A. Oyobe, and K. Nakamura, “Efficient optical amplifier using
experiment. IS would also explain why an Er—er peak ha a low-concentration Erbium-doped fibetEEE Photon. Technol. Lett.,

not been observed in any XAFS study of Er-doped glasses.  vol. 2, pp. 559-561, Aug. 1990.
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