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On polarization of the fluorescence in erbium-doped fibers
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Theoretical evaluations of polarization degree of the fluorescence excited in erbium doped fibers (EDF) dependence on the excitation light
power are presented. In calculations we use the model of randomly oriented and not interéctimm&r Assumption of the reduced optical
anisotropy of the individual ions (with the absorption/emission cross-sections described with the ellipsoids) is shown to be necessary to get
a reasonable agreement with the existing experimental data. Similar values of the anisotropy parameters (0.6-0.7) are also utilized to explain
the experimental data on polarization hole burning in EDF earlier.
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1. Introduction are used in experiments with slow/fast light propagation [15].
In its turn, the polarization (or as it, probably, better to say,
The erbium-doped fibers (EDF) and the devices based othe depolarization) of the fluorescence in EDF can be also
them are of a major importance for the modern optoelecvery informative in investigation of the excited state migra-
tronics and for the optical communications in particular. Thetion among the active erbium ions in EDF. Indeed, the excita-
EDFs form the basis for the fiber optical amplifiers operatingtion migration among the randomly oriented erbium ions can
in the main spectral transmission window (centered arouné® considered as one of the mechanisms leading to the loss of
1550 nm) of the modern low-loss optical fibers [1,2] and formemory on the exciting light polarization and, finally, to the
the fiber lasers operating in this important spectral region [3]depolarization of the fluorescence.
Still, very important fundamental problems directly associ-  While for the bulk glasses doped with materials erbium
ated with the optical pumping and irradiation of the light by there are some experimental publications [16,17], as far as
Er** ions in silica optical fibers are not clarified completely. we know, there are, practically, no experimental data pub-
In particular, the problems of a spatial migration of the ex-lished on the depolarization of the fluorescence in EDF. Only
cited state among the active erbium ions, the processes oécently we have published in Ref. 18 some preliminary ex-
the resonance frequency up-conversion, and closely asso@erimental results on this topic. To analyze and to evaluate
ated and practically very important effect of a concentratiorthe obtained experimental results some theoretical analysis
qguenching of the fluorescence/gain are still widely discusseds, obviously, needed, but, as far as we know, there is also no
in the current literature (seeg.[4-7]). such analysis published until now. Below in this paper we

Below in this paper we present an original analysis of thdill this gap and present the theoretical analysis of the fluo-
polarization of the fluorescence in EDF and its dependenciescence polarization in EDF.
on the exciting light power. This effect (of the spontaneous
emiss'ion) is, obviolus[y, closely relatgd to.the optigal gia'ej( _ Pumping Coupler
the stimulated emission) observed in this material, which is ‘ EDF
utilized in optical amplifiers and lasers [2,3]. For this reason, Index matching
the experimental investigation of the fluorescence is consid- /
ered as one of the most important general techniques for char- gel
acterization of the laser materials. _"_

In particular, this method can be utilized for character-
ization of a saturation of the optical absorption/gain in the
erbium-doped fibers under consideration. Besides being very . _"_
important for operation of the erbium fiber optical amplifiers " YMPiNg NI EDF
and lasers, these saturation effects are utilized for recording g
of the dynamic population gratings in the rare-earth doped
fibers and in EDF in particular [8]. Such gratings form the
basis for another class of original optoelectronic devices suclgyre 1. Experimental configurations for observation of fluores-
as narrow band optical filters [9,10], single-frequency fibercence from EDF: the longitudinal (a) and the transversal one (b).
lasers [11,12], adaptive interferometric sensors [13,14], and
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b) gel



ON POLARIZATION OF THE FLUORESCENCE IN ERBIUM-DOPED FIBERS 303

2. Experimental configurations for observa- —~ s e L P
tion of the fluorescence in the doped fibers S iz 1

Basically, the fluorescence in the doped fibers (and in EDF
in particular) is easily observed in the longitudinal configura-
tion presented in Fig. 1a. Here the fiber is excitee. (op-
tically pumped) through the fiber end which is also utilized
to pick up the fluorescence signal. If the level of the excita-
tion by pumping light is low and the inversion of the system
is insignificant one can neglect possible amplified stimulated
emission [2,3] and consider that the detected signal repre-
sents the original fluorescence signal. 0.000 . ' ; y y

In this configuration the fluorescence light power can be 0.00 0.05 ~ 010 0.15
collected from a significant length of the fiber and can be Time (s)
rather strong. On the other hand, this can be considered a: 14
a drawback of this configuration since the detected signal is
emitted from different cross-sections of the fiber where the
pumping power (because of the fiber saturated absorption)
can be rather different and also varying with the pumping
level.

At least partially, this problem can be overcome in the
transverse configuration presented in Fig. 1b. In this case,
the fluorescence power is collected from a short segment of
the fiber, where conditions of the pumping can be considered
as uniform. Also, if the point of observation is located closely
to the entrance to the doped fiber, the incident pumping power
can be considered as a fixed and equal of the incident power o) =3 Y] 5 o - 32

The sensitivity of the longitudinal configuration is higher )
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than that of the transverse one and, for this reason, it can "
be utilized for spectral measurements. The transverse de: 05
tection configuration is, however, more suitable for the am-
plitude and for the temporal measurements. Such measure 0.4 //D 4
ments can be performed using the intensity modulated pump- U o
ing wave, which allows us in the same experiment to obtain 034 -0 |
both the amplitude and the temporal data. Typical fluores- <> ’_ﬂ»"'ﬁ
cence signal observed in response to the rectangular modula g a
tion of the incident pumping power is shown in Fig. 2a. The > 921 po a )
main parameters of interest in this experiment is the maximal a
(steady-state) fluorescence amplitude, and the characteristi 014 00 000 000 o0 o
relaxation ratesife. inverse relaxation times) at two fronts of
the detected fluorescence response signal-see Fig. 2b,c [19] 0.0 . . . . :

In a simplified model of saturation of a two energy level 0.0 02 0.4 06 08 1.0 12
system [20] all the participating ions are usually considered ¢) P,,; (mW)

to be as simple dipoles oriented collinearly to the polariza-

tion of the excitation light. In EDF the fluorescence and rigure 2. Typical fluorescence response observed for periodically
the optical gain in the fundamental absorption/emission banghodulated incident light (a), and the incident power dependences
(centered around 1550 nm) is usually excited by the pumpef the steady-state fluorescence level (b) and of the fluorescence
ing wavelength 980 nm through the third excited energy levebrowth (squares) and decay (circles) rates (c) (EDF Er107 of INO,
*111/2 (Fig. 3). Because of the short (arourd5 us [2,3]) A =1526 nm [19]).

time of the radiation-less transition from this level to the sec-

ond meta-stable levél 3, one can neglect the stay of the Per appears as a result of a spontaneous transition (with the
ion at this energy level and consider the excitation as passingharacteristic time, ~ 10 ms [2,3]) from the meta-stable
directly to the meta-stable level. If the fiber is illuminated by level to the fundamental levél 5 ,.

the wavelength from the fundamental absorption band (1480- In this simplified model the absorption and emission
1570 nm) the meta-stable level is excited, obviously, in theproperties of the erbium ions are characterized by the ab-
direct way. The fluorescence under consideration in this pasorption and by the emission cross-sectiangs §.), both of
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FIGURE 3. Energy level structure of Bf and the main photo-
induced and radiation-less transitions.

max

g 4= (3/15)]

- Ifl: (1/15) /

which, however, are assumed to be wavelength dependen
values. If all ions are considered to be oriented parallel to

max

the polarization of the saturating/pumping light (see Fig. 4a) z
all of them are excited in the same way, and the population
of the meta-stable level can be expressed by the following j — J —
simple relation [20]: Ify Iﬁ\ (1/15) lmax
Lo l=1,=(1/15)1
N2:N0 sat e Ia (l)
1+ Toat FIGURE 4. Polarization of fluorescence from collinearly oriented

dipoles (a), and that from randomly oriented dipoles (b).
wherel is the intensity of the incident pumping wave and the

saturation intensitys, equals: From the above Egs. (3,4) one can easily see how the in-
cident light power dependencies of the fluorescence intensity
I hw @ and of the fluorescence growth rate can be used for evalua-

sat— (0e +04)T0 tion of the saturation power of the doped fiber. Note that this

parameter is a critical one for the effects associated with the

The fluorescence intensity depends on the population ofecording of the population gratings in the rare-earth doped
the meta-stable level only, for this reason, it can be expressdibers [8].
by the following very simple expression:

3. Depolarization of the fluorescence from the

I P

— 24 . . . .
Tpo= — Tt D 3 randomly oriented non-interacting dipoles
P 1+L 1+2 1+P (3) y g dip

In the ideal case considered above, when all the active dipoles
In the above equation instead of the light intensities weare oriented collinearly and are excited by the collinearly po-
have utilized the light powers, which in the optical fiber arelarized light, the fluorescence is to be also completely po-
equal to the corresponding intensities (the incident and th&rized as the irradiation of one particular dipole (Fig. 4a).
saturation one) multiplied by the effective fiber mode area. However, in the real case of the erbium ions in fused sil-
The relaxation of the fluorescence signal follows the reica, because of the amorphous nature of the host material,
laxation of the meta-stable level population. For this reathe erbiumions are randomly oriented (Fig. 4b). Even if they
son, in the darki(e. between two subsequent excitation light do not interacti(e. when no migration of the excitation oc-
pulses) the fluorescence relaxes with the spontaneous rela&urs among the ions [21]) the observed fluorescence is to be
ation rater; *. However, under illumination with the light Partially depolarized because the misaligned ions also make
the fluorescence grows to its nonzero steady-state level witiieir contributions to the total fluorescence signal with polar-

the rate [20]: izations corresponding to their own orientations.
In the evaluations below we consider every ion as a dipole
1 1 1 and follow the standard averaging procedure presented, in
Tr =To (1 + [Sat) particular, in Ref. 22. In this consideration, the effective exci-

tation light intensity for this particular ion is equal f&os? 6
=5t (1 + P) =t 1+P) (4)  Wheref is the angle between the light polarization vector and
the dipole axis (Fig. 5). The fluorescence intensity irradiated
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FIGURE 5. Mutual orientation of the excitation light polarization i o
(E) and of the effective dipoleff) of the erbium ion. Normalized excitation power

FIGURE 6. Normalized fluorescence intensity from a set of
by this dipole in the plane perpendicular to the excitation lightnon-interacting dipoles as a function of the normalized excitation
polarization is also proportional t@s? 6. In order to obtain  power: collinear dipoles (solid line), parallel (dashed line) and
the total fluorescence intensity it is necessary to integrate ovenrthogonal component (dotted line) from the randomly oriented
all possible orientations of the ions which have the normal-dipoles.

ized density:
0.4
sin dOdy /4n (5) ]
For the component of the fluorescence with the polariza- £
tion parallel to that of the incident (pump) light this integra- %
tion gives us: o
c
) .0
1 3 7 P’ sin 6 cos* E
Ityv=— [ d d————— =
£l 477/ S0/ 1+ P’ cos?0 = ]
0 0 [T T [ FS— .
™ E 1 T :
P sin 6 cos* @ ] :
=— | d)——— 6 j T R LR RIS P
2 / 1+ P’ cos?6 ©) 0.0 “--.-——_—',:'-"—“""‘;'""'"T"'T""}‘ ''''''''
0 0 2 4 6 8 10
The above equation presents the fluorescence intensity Normalized excitation power

normalized to the maximal (saturated) fluorescence intensit}g . . .

itted by th total b f the dinol ith th IGURE 7. The modulation depth (normalized amplitude of the
emitte y € sqme Qa num .er of the dipoles wi eperiodic part) in the fluorescence signal observed for periodic
same collinear orientation. Similarly, the fluorescence de,qqyation of the pumping light polarization calculated: for ran-

tected along the same direction but polarized in a perpendicgomly oriented dipoles (solid line) and for the ions with reduced
ular way to the pump wave has the following normalized in-anisotropy fora: 0.2 (dotted line), 0.4 (dot-dashed line), and 0.6

tensity: (dashed line).
2m L , .3 5 The fluorescence polarization degree is usually defined
[ i/d cos? /dﬂp sin® 6 cos” 6 as [22]:
I+ 7 4n v v 1+ P’ cos?6
! !/
’ ’ ! 8
n .. 3 2 - I/ I/ ( )
B P’/da sin” 0 cos® 6 @ f AL
R T2+ Pl eos2
4 0 L+ Pleos™0 One can see from Fig. 6 that this value can be rather high,

about 50%, along the direction perpendicular to the polariza-
Obtained in this way, the normalized intensities of two or-tion of the excitation light (Fig. 4b). However, for obvious
thogonally polarized fluorescence components, together witeymmetry reasons, the fluorescence should be completely de-
the result for the reference case of completely collinear ionpolarized along the parallel direction of observation. Figure 7
(Eg. 3), are presented in Fig. 6. shows the modulation depth in the detected fluorescence sig-
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nal if we periodically switch the polarization of the excitation sections with three main eigen-values corresponding to the
light between two orthogonal directions: three orthogonally oriented proper axes.

, , , , , In general, this model can include quite a humber of
(If\l 1) - 20, _ Ty — I5y 9 the fitting parameters (three main values for every cross-
Ly +1p)+20, Tp +30, section and additional three angles describing orientations

of these two ellipsoids). To simplify the problem, the au-

as we did in our recent experiments described in Ref. 18hors assumed, however, that the two ellipsoids are of cylin-
Note only that in this case during one semi-period of moduladrical symmetry, have the same ratio of two semi-axes
tion we detect the total fluorescence signal along the directioa, = o, /o, = 0. /0., and are collinearly oriented. Un-
of the incident light polarization, and along the orthogonalder such strong assumptions they have managed to explain
direction during the second modulation semi-period. Fronthe reduced value of the PHB effect observed in EDF using
the presented curve one can see that, theoretically, the nasnly one fitting anisotropy parameter~ 0.5-0.7. Below, we
malized effective amplitude of the obtained in this way fluo-apply the same approach to our consideration of polarization
rescence polarization signal can reach 1/3 for low excitatiorf the fluorescence. Obviously, the above-considered model
power. of the randomly oriented dipoles can be considered as some

In conclusion to this section we summarize again thespecial case (withx = 0) of this more general “ellipsoid” ap-
main reason of polarization of the fluorescence from the sgbroach.
of the randomly oriented dipoles. Within the accepted model  within this model it is assumed that the incident light

it appears not because the individual ions remember in somgower is to be divided among the three polarizations ori-
way the polarization of the excitation light. On the oppo- ented along the proper semi-axes of every particular ion with
site, every individual dipole irradiates the fluorescence lightts random orientation. The total absorbed light power by
in accordance with its own orientation only. The total fluores-the ion is considered as an incoherent sum of these three
cence signal proves to be polarized predominantly along thgomponents. After this it is supposed that the ion irradi-
polarization of the excitation light only because the dipolesates the fluorescence power with three independent mutu-
with orientation of the incident light polarization prove to be a1y incoherent and orthogonally polarized components. Note
excited in the most efficient way. In this sense, it, clearly,that mutual incoherence of the orthogonally polarized proper
does not matter whether the ions are excited directly to thgocesses of the light absorption and illumination is a very
meta-stable level'(,3/, in case of Et* ions-see Fig. 3), or  important feature of this model. Indeed, three-dimensional
through the third energy levetlg, /») with the following re-  (even anistropic) dipoles give even higher degree of the
laxation to the meta-stable level via radiation-less transitionsgyorescence polarization than the randomly oriented one-
dimensional dipoles considered above.

Omitting simple geometrical considerations, we give here
directly the results for two orthogonally polarized compo-
nents of the normalized fluorescence intensity:

4. Active ions with the reduced optical
anisotropy

In Ref. 18 we have presented preliminary results on mea-

surements of polarization degree of the total fluorescence ex- o z’ /d& sin #(cos? 0 + asin? 6)? (10)
cited in EDF by some selected laser lines in the frequency “fll — 9 14 P’(cos? 6 + asin? 6)

band 1490-1570 nm. It proved that experimentally the flu- 0

orescence was depolarized significantly stronger than it is pr n

predicted by the above analysis (see Fig. 6,7). Similar re- [}, = — /d&

sults were also presented earlier for the fluorescence observed 4 2

from Ef* ions in bulk glasses [16,17]. What is important, ) ) 9 9 )

earlier attempts [23,24] to explain the existing experimental sin f(cos® 6+ sin” 0) (a+ sin” 0-+a cos ) (11)

data on polarization hole burning (PHB) observed in EDF us- . 1+ P’(cos? f+asin? §)
ing a similar model of the randomly oriented non-interacting
dipoles also failed. Experimentally the PHB, as the polariza-  As in Fig. 6, in Fig. 8 we present the normalized inten-
tion degree of the fluorescence under discussion, proved to Bsties of two orthogonally polarized components of the fluo-
significantly lower than it is predicted by this simple model. rescence as functions of the incident light power calculated
Without giving a detailed microscopic explanation for using Eq. (10,11) for several values of the anisotropy pa-
such a strong discrepancy of the experimental data on PHBEametera. Fig. 7 also shows the modulation contrast in the
with the prediction of the randomly oriented dipoles model,detected total fluorescence signal for a fast periodic change
the authors of [23,24] proposed a rather phenomenologicaif the excitation light polarization (Eg. 9). These evaluations
approach of essentially reduced anisotropy of optical propemere performed for the same discrete set of the anisotropy
ties of the erbium ions. They assumed that every ion is chawalues. Finally, Fig. 9 shows the dependence of the contrast
acterized by ellipsoids of the absorption and emission cros®f this signal as a function of the anisotropy parameter
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FIGURE 8. Normalized intensities of the orthogonally polarized Figure 10. Normalized to their maximum (saturated) values of

fluorescence components: parallel (solid lines) and perpendiculakotal fluorescence intensities as functions of the linearly polarized

(dashed lines) calculated for different valuesoof For reference,  excitation power. The solid lines correspond to detection along the

the dash-dot line shows the normalized intensity of the fluorescenceyirection perpendicular to polarization of the incident light, and the

from the set of collinearly oriented dipoles. dashed lines-along the parallel direction. The dash-dot line presents
a reference curve corresponding to the ideal case of a collinear ori-
entation of all dipoles (witlx = 0).

0.4

in the fibers (and also in bulk erbium doped glasses [17]) with
high erbium concentration the depolarization of the fluores-
cence is significantly stronger. Explication of these results
will probably need consideration of an interaction among
the erbium ions and excitation migration process which will
clearly make the model much more complicated.

The above-presented analysis, while justifying the con-
ventionally accepted procedure of evaluation of the satura-
tion power from the experimental data on the incident power
dependence of the fluorescence intensity (Fig. 2b), also in-
troduces some corrections in it. The theoretical curves pre-
sented in Fig. 10 (calculated far = 0 and 0.6) show how
the normalized to their own maximum (saturated) values to-
tal (i.e. of all polarizations) fluorescence intensities depend
on the linearly polarized incident excitation light power. The
FIGURE 9. Modulation depth of the fluorescence signal as a func- solid lines correspond to the case when the total fluorescence
tion of the anisotropy parameterevaluated for normalized exci-  signal is detected along the direction orthogonal to the po-
tation powerP/Psa¢ 0.2 (solid line), 0.5 (dashed line), 1 (dotted |arization of the incident light, and the dashed lines-to the
line), and 2 (dash-dotted line). parallel direction of observation. For a reference, the curve

_ corresponding to an ideal case of a collinear orientation of

From these figures one can see thatdor 0.6 the ex- g gipoles is shown with the dash-dotted line. One can see
pected maximum modulation depth in the fluorescence pom, ¢ for the case of relatively large anisotropy parameters
larization signal reduces te 1% which is rather close to the e standard evaluation procedure (see Fig. 2b) is quite ap-
experimental values reported in Ref. 18. This valuexof yjicaple; but gives somewhat increased (for about 30% for
is, in fact, rather close to the anisotropy parameter = 0.535 _ 0.6) value of the maximal individual ion saturation

which was utilized in Ref. 23 to explain the experimentally power. In case of low anisotropy parameter, a more detailed
observed PHB at 1558 nm, or to 0.67 evaluated in Ref. 24 foénalysis of the experimental data is obviously needed.

1559 nm. Clearly, more precise fitting needs more detailed
and precise fluorescence experimental data.
Without giving the details, we mention that our recently 5. Conclusion
reported fluorescence data [18] indicate that this fitting pa-
rameter proves to be significantly dependent on the excitatioBummarizing, we have presented the results of a theoretical
light wavelength in EDF. As we have also reported in Ref. 18 consideration of the depolarization of the fluorescence ex-

e
w
P IR

Modulation depth
25

0.0
0.0

Anisotropy parameter «
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cited by the linearly polarized light in EDF. As a general scribed by the ellipsoids of the optical absorption/emission

approach to the description of the erbium ions in the silicacross-sections, which was used earlier to explain the PHB
fiber core we have accepted the model of the non-interactingffect, can result in a reasonable agreement. This approach
randomly oriented ions. Comparison with the available ex-cannot, obviously, explain any possible dependence of the

perimental data for EDF leads to the conclusion that only théluorescence depolarization on the dopant concentration.
assumption of a reduced anisotropy of the individual ions de-
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