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Dynamics of the population grating formation in erbium-doped fibers
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Experimental results on formation dynamics of population gratings in erbium-doped fiber (EDF) investigated via two-wave mixing (TWM)

are reported. It is shown that at all three utilized essentially different recording wavelengths 1492, 1526 and 1568nm the transient TWM
response in EDF with low erbium concentratiea ¢40 ppm) has the characteristic rate significantly larger than that of the population of the

Er** meta-stable level evaluated from the fluorescence dynamics. Additionally in EDF with high erbium concentsaiitn® (ppm) the

TWM response is faster (even at low recording power) and the relative TWM amplitude is lower than that in EDF with low concentration.
General increase of the TWM response rate is explained by contribution of a transient decrease of the fiber average absorption level, while
above-mentioned differences observed in heavily doped EDF - by spatial migration of the excited states. The spectral dependence of the later
effect is attributed to the difference in the absorption/emission cross-section ratio of thEs at the utilized wavelengths.
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1. Introduction effective in the bulk molecular and laser crystals with the sat-
urable absorption [15,16]. The most important manifestation
Dynamic population gratings in the rare-earth-dopedof the excitation migration effect in these experiments was
fibers [1], such as erbium- (EDF) and ytterbium- (YDF) fast increase of the grating relaxation rate with the reduced
doped, can be utilized in single-frequency fiber lasers [2-4]spatial spacing.
in adaptive interferometric sensors [5,6], for practical im-  The doped fiber population gratings in question are usu-
plementation of slow/fast light propagation [7,8] etc. Forally recorded by two counter-propagating waves and the
all these applications the amplitude of the reflection-typefringe spacing of the grating is practically impossible to
Bragg dynamic grating, recorded in the fiber by two counterchange in a significant way since the recording wavelength
propagating mutually coherent waves, is of principal impor-inevitably is to be selected from the relatively narrow wave-
tance. It is well known, however, (see review paper [1] forlength range (in particular, from 1480-1570 nm in EDF). For
details) that the recorded dynamic grating amplitude and, athis reason, in Ref. 17 we have investigated dependence of
a result, the efficiency of two-wave mixing (TWM) via these the grating relaxation rate and amplitude in fibers with dif-
dynamic gratings are significantly lower than it can be estiferent erbium concentration. These first experiments have in-
mated from spatially uniform saturation of the fiber optical deed demonstrated additional increase of the grating ampli-
absorption, gain, or refractive index. This discrepancy detude reduction and corresponding relaxation ratext80 %)
pends, however, on the recording wavelength and is minimah fibers with high & 5600 ppm) erbium concentration but
in the short-wavelength spectral region of the fundamentahave failed to explain the general grating amplitude reduc-
Er*t ion optical absorption (1480-1490 nm) but can reachtion in fibers with moderate erbium concentration (down to
one order of magnitude in the central (around 1530nm) ané- 640 ppm). The experiments were, however, performed at
in long-wavelength (1560-1570 nm) spectral regions [9].  the wavelength 1550 nm only, and could not clarify depen-
Earlier attempts to attribute this discrepancy to the polardence of the TWM efficiency on the recording wavelength.
ization mismatch between the recording waves [10], to the Below in this paper we present the original experimental
exited state absorption [11], or to the resonance frequencigsults on the grating formation rate and amplitude in fibers
up-conversion [12,13] have failed to explain the experimen-\Nith two essentially different erbium concentrations but at
tally observed reduction of the grating amplitude. Addition-three wavelengths 1492, 1526, and 1568 nm - from differ-
ally, the exited state absorption and the resonance frequen@pt parts of the Er" ions absorption spectrum. The obtained
up-conversion which lead to the fiber unsaturated absorptiofesults are compared with the computer Monte Carlo simu-
are to be also observed under spatially uniform illuminationlation of the excited state migration in a random red of the
of the doped fiber. ions with the average erbium concentrations corresponding
The grating amplitude reduction can also be associatetp those in the real fibers utilized in our experiments.
with the spatial migration of the excited state [14], which can
be effective for the reflection Bragg grating with 0.5 um 2. Experimental samples and TWM results
(in the EDF case) fringe spacing, but is not important in case
of the spatially uniform fiber excitation. Earlier this mech- The presented experimental results were obtained using com-
anism of the dynamic gratings reduction was reported to benercial single-mode erbium-doped fibers Er103 and Er123
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TaBLE |. Experimentally measured optical characteristics of the EDF samples.

Fiber L(m) aoL@ Psal@ aoL@ Psal@ aoL@ Poal@
1492 nm 1492 nm 1526 nm 1526 nm 1568 nm 1568 nm
(mw) (mw) (mWw)
Er103 1.98 1.20 1.0 2.29 0.37 0.59 0.78
Er123 0.215 1.23 0.7 2.1 0.33 0.77 0.78

purchased from CorActive. To prevent erbium clustering,Note that this and all the following theoretical equations was
the fibers were also Al and Ge co-doped. These two fibersbtained for a two-level model, which seems to be adequate
were selected because being otherwise approximately simie the experimental situation under consideration, where no
lar (with the core diameter of & 1 um, confinement factor optical pumping is utilized and the erbium ion population is
close to 1, and N.A. = 0.16) they have essentially differentistributed between the fundamental and the meta-stable en-
erbium concentrations which ensured their maximal opticakrgy levels. In this approximation the dynamics of the satu-
absorptions of 4.5 and 43.3 dB/m (at 1532 nm). Using theseated optical absorption and of the fluorescence is determined
absorption coefficients, other parameters of the fibers, and tHey the dynamics of population of the meta-stable leivel,is
maximum absorption cross-section ~ 5.5 * 1072 cm?  the same.
of Er¥* ions [18] earlier in Ref. 17 we have evaluated the  In a simple model of the non-interacting and collinearly
corresponding erbium concentrations=as1.6 x 10'® and  oriented ions [19] the saturation power depends on the ion
~ 14%10'® cm~3 (=~ 640 and~ 5600 ppm), Note that taking absorption and emission cross-sectioas &nd o, respec-
into account the above-mentioned ambiguity in the fiber cordively), the meta-stable state relaxation time and the fiber
diameter, provided by the producer, these evaluations of theffective modal area A:
erbium concentrations can be considered as ha¥ibg %
accuracy only. Psat=
To ensure similar conditions of the TWM experiments,

we have prepared the samples of essentially different lengthgnererw is the incident light photon energy. More compli-
L of 1.98 and 0.215 m for Er103 and Er123 fiber respecated analysis [20] shows, however, that additional numeri-
tively. These were characterized by approximately similarcy)| factor 2-4 is to be included in the right-hand side of this
initial (not saturated) optical density, L - see Table I. The equation because of a random orientation of the active ions
ends of the doped fiber segments were spliced with singlezng the non-uniform distribution of the light power in the ef-
mode fiber SMF28 pieces terminated with APC connectorsgactive modal area.
Direct measurements with the optical s_pectroph_otometer_re- Experimentally the saturation power can be evaluated
sulted in the maximum (at 1532 nm) fibers optical densityfrom the incident power dependence of the optical absorption
aomax L about 2.6 and 2.5 respectively. It was found that(see Eq. (1)), but also from a similar dependence of the fluo-
the prepared fiber samples also have some background loss@gcence intensity and from the incident power dependence
about 10% of the maximum value, which can be attributed tQyt jts growth rate. If the fluorescence is measured in the
not ideal splicing and, partially, to the not-saturable absorpyansyerse configuration (see Fig. 1a), these measurements
tion of the fiber. _ - o give more correct data since they are taken from a small seg-
In the presented experiments we utilized distributed-nent of the doped fiber where the excitation light power can
feedback (DFB) semiconductor lasers with 20 mW cw  pe considered as a constant and equal to the incident one.

output at the wavelengths 1492, 1526, and 1568 nm. Direcfhe fluorescence intensity; is obviously proportional to
measurements have demonstrated that the coherence lengta populationV, of the meta-stable level:

of these lasers is 20 m that is clearly enough for the TWM
experiments with the 1 m-long fibers. Initial optical densi- I N P/ Psat
ties of the utilized two fiber samples measured at these three sl 09

. ' (1+ P/Psy)
operation wavelengths are presented in Table I.

Another very important characteristic of the fiber samplesOn the other hand, the growth rate for the meta-stable popu-
is their saturation powePss. This value is determined as the lation (and, in this way, that of the fluorescence) is expressed

incident saturating light powe?, which results in a two-fold Py the following equation:
reduction of the fiber optical absorption from its initial, not _ _
saturated valuey: 71 =15 (1 4 P/Psa) (4)

Ahw

(0o + 0e)T0

)

3

_ Qo 1) In the below-presented experiments the fluorescence is ex-
1+ P/ Psat cited by the incident light with the wavelength from the fun-
damental erbium absorption spectrum.

«
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TWM signal via population dynamic grating in EDF (VAL,2 are
variable attenuators, PC1,2 are polarization controllers, EOM is
FIGURE 1. a) Experimental configuration utilized for transverse ejectrooptic modulator). Inset shows typical even response from
observation of the fluorescence signal in EDF. Inset shows the fluothe amplitude grating component effectively detected in case of
rescence signal shape in case of rectangular modulation of the i“CiVﬁ(p,m amplitude of the rectangular phase modulation.
dent light power (VA is the variable light attenuator, the photodiode
PD1 s used for detection of the fluorescence signal, PD2 - for evalthrough the doped fiber mutually coherent waves and with

uation of the incident laser power). b) Incident power depe”dencesrectangular phase modulation introduced in one of them via

of the fluorescence growth rate in Er103 and in Er123 fibers (emptyek:)ctro_optic modulator. The incident power ratio between
and filled circles respectively) observed for excitation at 1526 nm '

Filled squares show the fluorescence dark decay rate in Er123. the two recording wavess / Pr was about 1_|n this partic- .
ular setup. The output TWM response, with the shape il-

) ) lustrated in the inset to Fig. 2, was detected in the output
Figure 1b shows an example of the experimental depensq ey of the recording wavé of the lower intensity. To
dences of the fluorescence growth rai the inverse growth eliminate TWM response from possible phase-type popula-
time) as a function of the incident light power for excitation tion grating [9] the peak-to-peak amplitude of the rectangular
with Wavelength 1526 nm. For re'ferenc.e, the fluorescencﬁhase modulation was selected close to the half-wave volt-

_dark decay ratd.g. that observgd W|thoutl|ght), correspond- ageV,. This ensured “even” shape of the detected TWM
ing to the spontaneous_relaxatlon rate ofth_@ﬁneta-stable response with the equal amplitudes of two consequent nega-
level about 10 ms [18] is also presented (filled squares). Thﬁve TWM pulses typical for the amplitude dynamic grating.
fitting values of the saturation powers, evaluated from the eXpolarization controllers (PC1 and PC2) were used to ensure
perimental curves using the theoretical dependence presentﬁpoper light polarization at the input of EOM and equal sim-
by Eqg. (4), are also listed in Table | for all three excitation ;| light polarizations inside the doped fiber segment.
wavelengths. The obtained values/af, for different wave- The experimentally observed TWM response was char-
lengths correspond rialasonably to the expected spectral d§éterized by its maximal relative amplitude defined as a ratio
pendence ofd, +o.)~" [18]. (AV’ = AV/V,) of the peak amplitud&V and the average
The TWM experiments [1] were performed in a conven-transmitted signaly, and by the characteristic ratg1 (i.e.
tional configuration (Fig. 2) with two counter-propagating the inverse relaxation time). Experimental dependences of
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FIGURE 4. Incident power dependences of the TWM signal re-
FIGURE 3. Incident power dependences of the TWM signal rela- |axation rate in Er103 and Er123 fibers (empty and filled circles
tive amplitude in Er103 and Er123 fibers (empty and filled circles respectively) obtained for different recording wavelengths (nm):
respectively) obtained for different recording wavelengths (nm): 1492 - a), 1526 - b), and 1568 - c). Dash lines show the fluo-
1492 - a) 1526 - b) and 1568 - c) (dotted line shows expected theorescence growth/decay rates in Er103, and the solid lines has two
retical curve obtained in a approximation of low contrast grating). times larger inclination as that of the fluorescence growth rate.

the TWM relative amplitude (normalized tambien to the ini-

tial fiber optical density) observed in fibers with different 3. Discussion

erbium concentration at all three operation wavelengths are

presented in Fig. 3. At the horizontal axes of these depenPependences of the normalized amplitudes of the TWM sig-
dences the total light poweP(= Py + Pr) incident to the nalonthe average recording light power were analyzed in our
doped fiber from both ends is presented. Figure 4 shows th@arlier paper [21] (see also [1]). Note that in this theoretical

corresponding experimental dependences of the TWM relaxconsideration and the numerical simulations the attenuation
ation rater;l on the total incident light poweP. of the incident recording waves, large-scale nonuniformity of
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TaBLE Il. TWM relative amplitude reduction factors experimentally observed in fibers with different erbium concentration for different
wavelengths.

Fiber X@ 1@ x@ @ xX@ 1@

1492 nm 1492 nm 1526 nm 1526 nm 1568 nm 1568 nm
Er103 3.2 - 6.0 - 13 -
Eri23 6.0 1.2 13 15 45 15

the doped fiber saturation, as well as the non-uniform prodiscussed below in this Section. Let us begin our analysis
file of the recorded grating amplitude were taken into ac-with other obvious discrepancy between the relaxation rates
count. For the initial optical densities of the doped fiberof the TWM response and those of the fluorescence which in
aogL < 1 and equal incident recording powers the maximalthe above-presented Fig. 4 are marked by the dashed lines.
relative TWM signal amplitude observed fdf,_, phase It seems to be clear from this figure that the TWM rate is
modulation was approximated by the following dependencealways larger than that of the fluorescence, while the rela-

ot lines in Fig. 3): tion between them is expected to be the opposite. Indeed,
(dot lines in Fig. 3) ion b hem i d to be th ite. Indeed
aol  P/Psy the fluorescence signal is detected from the initial segment of
AV = 2 T+ (PPt (5)  the fiber where the transmitted light power practically equals

sal

o ) ) ) o the total incident power. In its turn, the TWM signal is col-
which is easily obtained from Eq. 1 in approximation of low |acted from the whole length of the fiber, when, on average,
contrast of the recording interference pattern. In case whefecause of the fiber absorption, the local value of the trans-
one of the recording waves is significantly weaker than thepitted power can be significantly lower than the total power
other one and the output signal is detected in this weakepcigent from both fiber ends. Only if the incident power
transmitted wave, an additional factor of 2 is to be added G5 sjgnificantly larger that the saturation power of the fiber,
the right hand side of Eq. 5 [22]. when the fiber absorption is saturated, the TWM relaxation

The theoretical dependence of the relative TWM signalate with the incident light power is expected to reach that of
amplitude (Eq. 5) shows an initial linear growth with the he fluorescence growth.

total incident power forP < Psg, followed by the maxi- i )
mum value L) /4 observed aP = Psy and later by the The above-mentioned expected behavior was reported
inversely linear decay. Quantitatively, the predicted behayIN our earlier publication [17], where significantly different

ior is observed in the experimental dependences presented {Rcrding light powers entering the fiber from the opposite

Fig. 3. The maximum absolute values prove to be howevere”ds were utilized. In the presented experiments, the behav-

well below the theoretical estimate, L)/4. The numerical ior of the TWM rate is. significan.tly different: it seems that
values of the reduction factgrobtained in both investigated ' the TWM the effective saturation power of the fiber is ap-

fibers for all the utilized wavelengths are given in Table II. proximately two times smaller. We can exp_la_\in this dis_crep-
In Ref. 9 it was reported that the minimal reduction fac- 2" by the fact that the present TWM mixing experiment

tor is observed at the shortest wavelength region of the Er 1S Performed with approximately equal recording light pow-

absorption spectrum, namely at 1492 nm in present expeF—rS' In this case the average contrast of the recprded grating
iments. As it was observed also in Ref. 17 for 1550 nm,S VerY close to 1, and it is necessary to take into account
the relative TWM signal amplitude is significantly larger in nonlinear effects accompanying the grating formation.
Er103 fiber with lower erbium concentration than in Er123.  Indeed, in the interference pattern of a large contrast
It is clear that the spectral dependence of the differenee ( the relaxation of the fiber optical absorption, leading to for-
the ratio) iny factors between the fibers Erl103 and Erl23mation of the amplitude population grating, is an essentially
(by factor2.0 + 0.1 at 1492 and 1526 nm and by factor 2.5 at nonuniform process, and the grating profile is far from the
1568 nm) is, however, significantly weaker than the spectrasinusoidal one. In particular, Fig. 5a shows temporal evolu-
dependence of the reduction facipitself. tion of one grating spatial period profile after thestep-like
As it is predicted by the theoretical analysis of the popu-displacement of the interference pattern of a large contrast
lation grating formation in presence of the spatial migration(rm = 0.9) utilized in our TWM experiments. The funda-
of the excited states, the grating formation rate (and that omental Bragg spatial component of the grating responsible
the TWM response) in fiber Er123 is faster than that in Er103or the TWM interaction relaxes with the expected rate of the
with lower erbium concentration - see Fig. 4. The factor fluorescence growth rate (see Eq. 4). What is important, that
of this growth of the grating relaxation rate in Er123 as com-along with the re-recording of the grating for a new position
pared with Er103 when approximated to low incident laserof the interference pattern, the average level of the fiber opti-
power is also presented in Table II. cal absorption experiences some transient temporal drop - see
This difference between the relaxation rate of the TWMFig. 5b. Unlike the amplitude of the Bragg grating compo-
signal in fibers with different erbium concentration will be nent which is approximately proportional to the interference
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< ] tributes to formation of the TWM signal, due to direct mod-
\: ' 4 ulation of the transmitted waves. The analysis shows that,
c 084 as a result of this, in case of equal recording wave pow-
1= 2 ers the experimentally observed response demonstrates ap-
g 0.64-t proximately 1.5-2-time larger relaxation rate - Fig. 5c. On
2 0.5 the opposite, when the incident recording light powers are
g 0.4 025 significantly different, the interference pattern contrast goes
2 0 down and the TMW response observed in the transmitted low
T 0.2 power wave has the relaxation rate equal to that of the fluo-
g vz, rescence (Eq. 4).
=z °~°0 » = = b8 Be 6 Clearly, in a more detailed analysis of this effect one has
a) Normallzed eoordiiate 2/ also take into account the spatial nonuniformity in average
o recording power, saturated optical absorption, and the inter-
05 ference pattern contrast along the fiber length. Here we use
3 P this argument to explain quantitatively the experimentally ob-
5 0.2+ e b served increased relaxation rates of the TWM responses. In-
S /,/:/::— i "6.‘1 ________ deed, as one can see from Fig. 4, the experimental points
g 0.0, S T s observed for TWM in Erl03 fiber at large incident powers
-3 W are much better approximated with the linear dependences
N 7 =0.2 (solid lines) growing two times faster than those of the fluo-
g 0.2/ 05 rescence (dashed lines in the same figures). As it was men-
S / ’ tioned above, slowing down of this growth at low incident
= light intensities is explained by initial optical absorption of
s K 1 2 5 the doped fibers, which leads to an effective reduction of the
. : total light power along the fiber length.
®) Normal2ed Hire; /e In accordance with the theoretical analysis of the popula-
T tion grating formation in presence of the excited state migra-
2 tion [15,16], the grating relaxation rate at low recoding power
§ 024 0.5 (P < Psa is to be increased by the factor:
2 0.1 -
S -04- r ¢=(1+K"Lp) (6)
E -0.6 whereK = 27 /A is the wave-number of the recorded Bragg
I grating (abou{47n/\) ~ 12 um~! in our case). Itis to be
® -0.8- also accompanied by a similar reduction of the steady-state
g grating amplitude and by corresponding reduction in the tran-
=% o5 %o 95 20 25 &0 sient TWM response. , .
9) Normalized time #z, Simple analysis presented in Ref. 24 of the random distri-

butions of the erbium ions with average erbium concentration
of Er103 fiber shows that only a small fraction of the erbium

FIGURE 5. Temporal evolution of the fiber absorption coefficient ;o h ot 1306) have another ions closer than the Forster
after the step-liker-shift of the recording interference pattern a).

Temporal variation of the Bragg component in the absorption grat-racIiUSRO ~ 2 nm for the erbium ions in EDF [13,25]. This

ing (dashed lines) and of the variable part of the average absorptiof"€@ns that we can practically neglect the influence of mi-
(solid line, multiplied by 3) for different incident recording pow- 9ration O_f the eXC'Fed 'sta'tes on'the gratlng formation in this
ers ratior = Pr/P b). Normalized TWM response profiles ob- EDF. This conclusion is, in particular, confirmed by the fact
served for 0.5 and for 0.4 values c). All figures were obtained for (see Fig. 4) that, when approximated to the lower incident
P/Per= 1. power, the TWM response relaxation rate in Er103 is about
—1 —1
, ot A 100871
pattern contrastr, the amplitude of the average level drop — o, the opposite, for the erbium concentration in Er123
is quadratic on it (see also Fig. sh)e. is insignificant at  finer the similar analysis shows that the majority of the ions
low contrasts of the recording pattern. Note that similar trany4ve closest neighbors with the distances less fhathat
sient component is also observed in the fluorescence inteRzeang that the excited state migration can influence in the
sity, when it is observed in the process of the TWM experi-gating formation in this fiber significantly. And indeed, ex-
ment [23]. perimentally we observe additional increase in the grating
Along with the transient self-diffraction from the grating formation rate in this fiber as compared with Er103, even at
Bragg component, this drop in the average absorption consery low recording power - see Fig. 4.
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Comparing the theoretical factor expressed by Eq. 6 wittsmall clusters. For comparison, in the crystal matrices, where
the experimentally observed values pffrom the Table Il concentration of the rare-earth dopant can be much higher,
we obtain that the diffusion lengthp in Erl23 is changing the experiments with dynamic population gratings give sig-
in the range 40-60 nm in the investigated wavelength regiomificantly larger evaluations for excitation diffusion lengths.
1492-1568 nm. This evaluation corresponds quite well to outn particular, the excited state diffusion length among the
earlier estimate of.p, ~ 48 nm obtained for similar fiber Tm?3* ions of about 0.1:m was reported in Ref. 16 for
Er123 at 1550 nmin Ref. 17. Tm,Ho co-doped YAG with thulium concentration approach-

As it was mentioned above, the growth in the grating for-ing 10°* cm—3.
mation rate due to spatial migration of the excited state isto  The spectral dependences of factgrand( can be ex-
be associated with the proportional reduction of the steadyplained within the framework of spatial migration of exci-
state population grating amplitude. And indeed, in the abovetation in the following way. At short-wavelength end of
presented experimental results (see Table I1) the TWM signahe investigated spectral region the absorption crossection of
in Er123 is significantly lower than that in Er103. The ex- Er** ions is significantly larger than the emission crossection
perimentally observed grating amplitude reduction (by fac{s, > ¢.), and at long-wavelength spectral end the situation
tor 1.9 — 2.5) is, however, larger than similar increase in thds the opposited, > o.) [18]. The population gratings usu-
grating formation rate (factor 1.2 — 1.5). The spectral depenally reach their maximum at the light power close to the satu-
dences of these variations correspond, however, to each otheition power at the recording wavelength (see Fig. 3). As are-
quite well: at the wavelength 1492 nm both factors are mini-sult, in the former case (at 1492 nm) relatively large fraction
mal, and at 1568 nm both are maximal. of the ions are excited (indeed, the EDF can even be inverted

As we have evaluated in Ref. 17, the absolute value of that this wavelength), but in the latter case (at 1568 nm) the ma-
erbium concentration in fiber Er123is ab6ui«10'? cm=3.  jority of the ions are in base state. One can assume that in the
For a generally accepted in current literature Forster radiusecond case the excited states have much more not excited
Ry =~ 2 nm this corresponds to the normalized {#§) av-  neighbor ions to migrate, that obviously facilitates migration
erage erbium ion concentrati@h ~ 0.5. For this value of process for longer distances and wash out the spatial pattern
C our numerical simulations based on the Monte Carlo algooef the grating more effectively.
rithm resulted in the excitation diffusion length equaktd
nm. The above-presented erbium concentration was evalu-
ated in Ref. 17 without taking into account the non-uniform4. Conclusions
distribution of light power in the fiber mode cross-section and
of random orientations of the erbium ions in the silica core. IfSummarizing, we have presented the original experimental
we take into account these factors [20], this can increase thsults of investigation of the dynamics of formation and of
evaluation of concentration by 3 —4 times and increase the the amplitude of the population gratings in erbium-doped
diffusion length tox 10 nm. fiber (EDF) at three essentially different wavelengths 1492,

This estimate of.,, seems to be still rather far from the 1526 and 1568 nm. It is shown that at all three wavelengths
expected from our experimental measurements range of 4¢he dynamic grating in EDF are formed with the character-
60 nm. We can mention here that a simple increase of thistic rate faster than that of population of*Ermeta-stable
Forster radius to 3 nm results in a feather significant growtHevel. Additionally, the grating formation rate in EDF with
(o Rg/2 of the expected diffusion length, to the value higher erbium concentration is always higher than in the fiber
of ~ 30 nm. Another physical reason which can lead to in-With low erbium concentration. In the same time, the steady-
creasing of the effective diffusion length is associated withstate grating amplitude in the fiber with larger erbium concen-
possible grouping of the erbium ions in a long chains or largdration was lower than that in EDF with lower concentration.
clusters - the effect for which co-doping of EDFs with Al and General increase of the TWM response rate was explained
Ge is utilized. Taking also into account the above-mentionedy contribution of a transient decrease of the fiber average
possible deviations in the fiber core area (by nearly 50% irabsorption level observed basically at high contrast of the in-
accordance with the data supplied by the provider) or in théerference pattern. Additional changes in TWM in heavily
erbium confinement factor, we can state that our theoreticloped EDF are explained by spatial migration of excitation,
evaluation of the excitation diffusion length is in a reasonablevhich is inefficient in EDF with low erbium concentration.
agreement with the experimental data on the TWM responséhe spectral dependences of the observed effects associated
acceleration in our heavily doped fiber Er123. with migration are explained by difference in the ratio of the

Note that relatively small values of the excitation diffu- absorption and emission cross-sections offEions. Ex-
sion lengths evaluated both theoretically and experimentallperimental evaluation of the excitation diffusion length (40-
even for heavily doped EDFs follow from the relatively low 60nm) in the heavily doped fiber proved to be in a reason-
concentration of erbium which can be accepted by the amo@ble agreement with results of numerical Monte Carlo simu-
phous silica matrix without forming of the erbium pairs or lations.
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