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Abstract

The effect of E#* concentration quenching on the gain characteristics of silica-basédi&ed fiber (EDF) was investigated at 77 and
300K, focusing on the pair induced quenching (PIQ) in silica-based EDF. By the measurements of gain spectra and the gain saturation at 7
and 300 K, the degradation of the gain in EDF with high€¥ lan concentration was verified to exist, which is due to the interaction between
Er?* ions. Also, the degrees of PIQ in four EDFs were examined by the numerical model. It is estimated that even about 296 piainsd Er
in EDF can cause 15% degradation of the population density dfi thelevel, which leads to about 1 dB degradation of the gain spectrum
in the C-band wavelength region. The degradation of the population density dffadevel is discussed in connection with the number of
paired Ef* ions in silica-based EDF.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction ion and is then nonraditively transferred to the ground state
411572, while the other ion is upconverted to tAky; level,
One of the serious limiting factors to the performance of where it mostly relaxes rapidly to the metastable 1évg].
the EP*-doped fiber amplifier (EDFA) is the effect of the Thus, doubly excited state decays very quickly and can be
concentration quenching of the®rions on the gain. disregarded in the metastable state. Usually, two states of
A significant degradation of gain from 18.3t0 6.9dB has Er®* ion pairs to be populated are taken into consideration:
been reported for the gain characteristics of EDFA, which either none or one of the ions in the pair can be in its excited
includes 6.4x 10?®m—2 ions[1]. In addition, the concentra-  state*l13y».
tion quenching effect can be serious problems also for the In order to study the effect of concentration quenching,
Er3*-doped waveguide amplifier (EDWA) and rdoped particularly about PIQ, on the gain performance of the highly
fiber laser (EDFLJ2,3]. The concentration quenching effect Er**-doped fiber focusing on the degradation of the popula-
ofthe 1.5um emission of E¥* is usually caused by the energy  tion density of thél13/,, both the numerical and experimental
transfers between homogeneously distributet! EEms and evaluations of the silica-based EDF with differenfEion
locally clustered EY ions in the host glass. In particular, concentration were carried out.
it has been suggested that, in highlyEdoped fiber, E¥*
ions tend to cluster in pairs and that a rapid cross-relaxation
process, pair induced quenching (PIQ) take place between2. Numerical simulation model for the gain
the doubly excited Erion pairs to thel13 level. In this characteristics of EDF
process, one of the two ions transfers its energy to the other
In order to analyze the gain characteristics, the simulation
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contributions of the excited state absorption cross-sectionwheren is the Plank constant; the number of guided modes,
oEsa are not taken into consideration. normally 2, propagating at the signal wavelength andis

For the total E¥* ion concentration)N;, the paired ion the ASE bandwidth. For the ASE bandwidtkwy, which cor-
concentration was introduced tog= mkNy, wherek is the responds to the resolution of OSAA =0.2 nm, was chosen
relative number of clusters amdis the fraction of clusters.  uniformly for all wavelength. Using the obtained population
The concentration of single ionsA& = (1 — mkf)Ny. Firstly, densities by the propagation and rate equations, the gain coef-
the two-level system that consists of the first excited state ficienty (dB m™1) is given by:
41132 and the ground stat8l15, was adopted in order to

describe the 1.pm transition of E¢* ions. The total inver- v, 2) = Na(2)(0e(v) + 0a(v)) — NiotaiTa(v)- (11)
sion is given by, The total gain of EDF in linear scale is obtained by accumu-
Ny = Ne2+ Np2 1) lating the gain coefficient along the fiber as follows:

N1 = Ns1+ Np1 2 Gain, z) = exp { / (N2(z)(oe(v) + oa(v))

whereN, andN; are the total population densities of thesn

and thetl 1512 level for the single B ions, respectivelyVs1 — Nioaioa(v)) dz} (12)
andNp; (i=1 and 2) are the total population densities of the

single and paired ion;, respectively, in f‘fhgg,/zanq the?l 1572 This indicates that the decrease in the population density
level. The time evolution aVs; andNs; are described by the  of the 41,5/, level directly leads to the degradation of the
population rate equation considering the homogeneous Upgain. Therefore, the gain characteristics of the EDF samples
conversion effect and by the population conservation law: \yith different EB* concentration, which have the same cross-

Ns = Ns1 + Nsp 3) secflpn, were evalqated in order to mvgsUgate the effec.t of
Er3* ion concentration on the degradation of the population
dNs2  dNs densities.
d e

—(A21+ Wa1)Ns2 + (W12 + R)Ns1 — CNZ,  (4) 3. Experimental

Waraz) = / Tas(es{V) I:S(v) d (5) 3.1. EDF samples
hvmb
Four silica-based EDF samples with differenEion
R = / Oaplv) Fo(v) dv (6) concentration were used.
hvrb? The EP* ions concentrations of samples were 180, 280,
whereA»1 is the spontaneous emission rdtg, andW,1 are 1600, and 2600 ppm. Optical parameters for each EDF are
the stimulated emission and absorption rates of the signal, shown inTable 1 The fiber length of each EDF was deter-
the stimulated pump ratéy the photon energy; the radius mined to include the same number of the tota?*Eion.
of the uniformly EF*-doped regionPs andPp are the signal ~ The refractive indices of EDF samples were measured with
and pump powergas, oes andogp are the absorption and — a reflectometer (Ando, AQ7413). The refractive indices of
emission cross-section for the signal and pump, respectively.EDF samples at 1,8m are around 1.47.
The A1, W12, Wa1, 0as 0es @Ndogp are assumed to be the
same for the single and paired®Erions. In addition, the  3.2. Absorption spectra measurements
following steady solution for the paired ions were used,
R+ Wi» Absorption spectra of EDF samples were measured with_
Np2 = Np — Np1 = Np (7 three tunable laser sources (Santec, TSL210) and an opti-
A1+ m(R+ Wig) + W cal spectrum analyzer (OSA) (Anritsu, MS9780A) at room
The evolutions of pump, signal and bidirectional ASE pow- temperature in the wavelength region 1420-1640 nm. The

ers,Pp, Ps andP sk, along the fibers were given by, TLS and OSA were controlled by a personal computer. Sig-
dPy(2) nal input power was-30dB m in order not to saturate the

CII) = = —O'paNlpp(Z) (8)

z Table 1

dPs(Z) Optical parameters of four EDF samples

dz = ((TseNz - (TsaNl) PS(Z) (9) Sample EF* ion (ppm wt.%) Fiber length (m) n.3um (=)

EDFI 180 232 1.476

dPase(z) EDFII 280 157 1.470
T = F(0seN2 — 05alV1) Pase(z) 1 mhv AvaseN2 EDEIIIl 1600 29 1.470

(10) EDFIV 2600 15 1.470
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41132 level by the strong excitation of probe signal. The have almostthe same absorption cross-sections, respectively.
obtained absorption cross-sections of four EDF samples wereTherefore, the degradation of the population density of the
used to simulate the gain characteristics in the wavelength*l13:2 level can be estimated by the comparison of the gain

region 1420-1640nm to compare with the experimental characteristics of the EDF sample pair, which has the same
results. absorption cross-section.

3.3. Gain saturation measurements . .
4.2. Gain saturation measurements
Gain saturation measurements of silica-based EDF were
performed at 77 and 300 K. For the gain saturation measure-
ments at 77 K, EDF sample was cooled directly by liquid
nitrogen in a dewar. Two EDF pairs, which have the same
absorption cross-section, were used in order to compare th
degradation of the population inversion ratio.
Probe signal wavelength is 1530 nm. Input signal power

In the gain saturation measurements at room temperature,
the difference between the gain saturation characteristics
was observed for four EDF samplé€sg. 2(a) and (b) shows
the gain saturation characteristics of the EDF sample pairs
%EDFI and EDFIIl, and EDFII and EDFIV, respectively.
These samples were forwardly pumped at three pumping
power (10, 15 and 30mW). About 1dB degradation of
the gain saturation was observed for the EDF (EDFIII).
Srhis degradation between the saturation gains of two EDF
samples was also found at 77 K (solid lines). Therefore, this
degradation of the gain saturation of EDFIII is considered
) to be caused by the EErP* ion interactions because
3.4. Gain spectra measurements the interaction between &t ions have little temperature
dependence and is supposed to be maintained even at 77 K.

The gain gharacteristics of ED',: were measured at room In addition, more apparent degradation of the gain saturation
temperature in the wavelength region 1420-1640 nm to eval'(about 4dB) was observed in the EDF sample EDFIV. For

uate the gain degradation caused by th& Eoncentration two pairs of EDF samples, the degradation of the gain

quenching. Signal input power was30dBm. The EDF  o5¢,ration became most significant at 15 mW of pumping
sample was forwardly pumped with a 979 nm LD. Pumping power.

power was varied from 10 to 50 mW.

were forwardly pumped by a 979nm LD (FITEL). Pump
power was varied from 10 to 30 mW.

4. Results and discussion L

4.1. Absorption cross-sections

Fig. 1 shows the absorption cross-sections of four EDF
samples. Pairs of EDFI and EDFIII, and EDFIl and EDFIV
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) ) Fig. 2. Power dependences of gain saturations: (a) EDFI (280 ppm), EDFIII
Fig. 1. Cross-sections of four EDF samples. (1600 ppm); (b) EDFII (180 ppm), EDFIV (2600 ppm).
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Fig. 4. Input power dependence of the normalized population densities:
Fig. 3. Comparison between the experimental and numerical gain: (a) EDFI (@) EDFI (280 ppm), EDFIII (1600 ppm); (b) EDFII (180 ppm), EDFIV
(280 ppm), EDFIII (1600 ppm); (b) EDFII (180 ppm), EDFIV (2600 ppm). (2600 ppm).

4.3. Gain spectra evaluations of the simulated normalized population densities of'the),
and the*l 1512 level considering the degradation caused by the

Fig. 3(@) and (b) shows the gain characteristics of the Er*—Er* ion interaction. Except the signal input power, the
EDF sample pairs EDFI and EDFIII, and EDFIl and EDFIV, simulation parameters were the same in the gain characteris-
respectively. The samples were pumped at 15 mW of pump-tic simulation.
ing power because the most apparent gain degradation was The obtained population densities in the gain character-
expected from the obtained gain saturation results. Dots andistics evaluation correspond to those-e80dB m of input
solid lines show the experimental and numerical results, Signal power shown ifig. 4@). The degradation of the nor-
respectively. About 1 and 4 dB degradations of the gain char- malized population densities is found to be more significant
acteristics was observed for the EDF sample pairs EDFI andin the EDF sample that has higherEfon concentration. In
EDFIII, and EDFIl and EDFIV, respectively. The difference addition, the degradation of the population densities in the
between the experimental and simulated gain spectra in theEDF samples was found to occur more significantly in small
L-band wavelength region is considered to be caused possiblysignal power region rather than in large signal power region.
by the?l132-*1o/2 excited-state absorption (ESA) because the In addition, the normalized population density of thes)»

ESA cross-section is not taken into account in the simulation decreases at a constant rate with increasifig ién concen-
model. tration in the concentration region above 280 ppm. Taking

In addition, the effect of concentration quenching orig- into account that the total &t ion number included in each
inated from the BY—Er* ion interactions was examined EDF is the same for all four EDF samples, the degradation
using the experimentally obtained gain characteristics by Of the population density of th#13/> level obtained by the
the EP* concentration dependent simulation model consider- gain characteristics analysis is considered to be caused by the
ing homogeneous upconversion quenching and pair inducedEr**—Er** ion interactions.
quenching effects mentioned above. The ratio of the paired
ions in the sample EDFI was assumed to be 0% because the
saturated loss of the fiber was verified to be 0dB in the high 5. Conclusion
input signal power region. As a result of the numerical analy-
sis, the ratio of the paired ions to the total ions increases with ~ The effect of EF* concentration quenching on the gain
increasing EY* ion concentration. For the sample EDFIIl  characteristics of silica-based EDF was investigated. It is
about 2% of total E¥* ions were estimated to be paired. estimated that even about 2% paired'Hons in silica-based
Fig. 4(a) and (b) shows the signal input power dependence EDF can cause about 15% degradation of the population
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density of the?l13» level, which leads to about 1dB References
degradation of the gain spectrum.
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