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Abstract

‘We report the first spectral and power-law modeling of cooperative luminescence in an ytterbium-doped optical silica fibre
structure enabling the creation of new saturation effects. We believe that the low-concentration transfer originates in the ytter-
bium-oxide molecule itself and is consequently due to the inherently oxidizing MCVD process.

1, Introduction

Cooperative luminescence, first observed in 1970
by Nakazawa and Shionoya { 1], is one of four coop-
erative optical phenomena (cooperative absorption
and iuminescence, combination absorption and lu-
minescence ) observed either in crystals [1,2] or in
glasses [3]. These effects are responsible for the
quenching of the luminescence of dopants in glass so
that their concentrations must be kept low [4].

We report here the first modeling, to our knowl-
edge, of this effect in an optical fibre,

By contrast to bulk materials, the propagation of
light in fibres is no longer diffraction-limited, so that
a very small spot size can be maintained over very
long interaction fengths. Therefore, the intensity of
the light confined in the core of the fibre can easily
reach several MW cm~? in continuous wave when
carrying powers of only some mW. So, nonlinear
phenomena are far easier to observe in fibres than in
bulk materials, The Yb** ion has been widely stud-
ied [1-3] since no transition occurs in the visible

range. The visible luminescence is thus clearly corre-
iated to a cooperative phenomenon.

2. Experimental

The GeQ,-P,0;-codoped fibre preform is fabri-
cated using the Modified Chemical Vapor Deposi-
tion (MCVI)) technique. The ytterbium oxides are
incorporated into the core by the solution-doping
method [5]. The preform was then drawn into a
moaonomode fibre of 4 um core diameter. We mea-
sured the fluorescence lifetime of the °F;,, excited
Ievel (Fig. 1) by acousto-optic modulation and it
yielded v~ 0.97 ms. We inferred that our fibre was
free of aggregates since only one decay component was
observed, as experimentally described in previous
experiments [4]. We measured the Yb,0; concen-
tration by neutron activation analysis (NAA) [6]
and it yielded 85 ppm meolar. The fibre was excited
by an argon-ion laser-pumped-titanium-sapphire laser
and the spectra were recorded using a Czerny-Turner
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Fig. 1. Site-sclective rcom-temperature fluorescence spectra
{rormalized to unity) of the monomede Yb**-doped fibre upon
several excitation wavelengths. Insert shows the room-tempera-
ture fibre absorption spectrum and the energy-level fluorescence-
line-narrowing symbolic diagram relative to site distribution 4,

spectrometer equipped with a photomultiplier,

We observed a green luminescence, transversely
visible by the naked eye, when the fibre was excited
within the absorption band of the Yb** ion (Fig. 1).
We estimated the cooperative luminescence power to
be six orders of magnitude lower than the infra-red
single-ion fluorescence power. This result is of the
same order than that previously reported [1]. The
cooperative luminescence spectra do not change with
temperature (77 K to room temperature} owing to
the very large inhomogeneous broadening in glasses.
Some fittle changes appear in the spectra when vary-
ing the fibre length (Fig. 2). The cooperative lumi-
nescence power evolves quadratically for excitation
powers lower than the saturation power in this fibre.
Then it evolves linearly as the excitation power ex-
ceeds this saturation power to eventually saturate at
very high excitation powers (Fig. 3) even though only
a small portion of fibre corresponding to the in-
Jjected-part of the fibre is actually generating cooper-
ative luminescence.

3. Discussion

Fluorescence studies reveal that the 2Fs;;—2F, ),
transition is very inhomogeneously broadened on ac-
count of the high disorder of the configuration envi-
ronment of the Yb** ions. Site-selective fluorescence
spectra are represented in figure 1 and are indeed very
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Fig, 2, Evolution of the spectral shape of the cooperative lumi-

nescence specira for several fibre lengths (excitation wavelength

900 nm, excitation power 60 mW ).
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Fig. 3. Evolution of the cooperative luminescence power [{a)
theory neglecting the ASE saturation (Eq. 11), (b) experiment |
and the counter-propagating ASE power (c) with respect to ab-
sorbed excitation power {excitation wavelength 900 nm, the fibre
is 28 mlong).

pump-wavelength dependent. This disorder is also
responsible for fluctuations in the short-range
Yb** —Yb'* interaction [2]. £f transitions of rare-
earth ions occupying sites lacking inversion symme-
try are predominantly interpreted as forced-electric-



dipole in nature because of the 4! 5d elecironic
states admixture lifting the parity forbiddeness of the
electric dipole f-f transition (Laporte’s rule),

We propose both a spectral and power-law model-
ing of the cooperative luminescence transfer in a fibre
structure.

3.1 Spectral modeling

Since the rare-earth ions are characterized by a
weak phonon coupling, we can accurately assume a
very low pair interaction involving only the single-
ion energy-level diagram.,

Furthermore, assuming no correlation between the
pair interaction and the configuration environment
of the Yb3* ions, the cooperative spectrum A(») can
be described as the self-convolution of the single-ion
fluorescence spectrum A.(¥) {2] (Fig. 4) provided
that the cooperative transfer rate, at a given fre-
quency ¥, results in the summation of every infra-red
contributions, that is

Vaonar + Vaccepror =¥, ( 1 )

where ¥ is the frequency of the cooperative lnmines-
cence photon and vy,ur a0d Voceepior are the infra-red
transition frequencies of the donor and accepior ion
respectively, The cooperative transfer rate can there-
fore be written as
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Fig. 4. Cooperative luminescence process schematic diagram.

A(l’) =

emission
spectrum

Ae( ydonur) Ae( yacceptor) dl’donor .

(2)

Therefore, taking into account the summation
condition (1), the cooperative luminescence spec-
trum can be described as a convolution of the infra-
red fluorescence spectrum by itself:

A@) =A% A A Vgon0r) (3)

Fig. 5 depicts the comparison between the experi-
mental site-selective cooperative luminescence spec-
tra and the calculated self-convoluted infra-red fluo-
rescence spectra for three different excitation
wavelengths and a fibre length of 1.2 m. The cooper-
ative luminescence spectrum shows three peaks cor-
responding to three different occurrences of the in-
fra-red fluorescence spectrum. A first peak centered
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Fig. 5. Comparison between experimental and calculated site-se-
lective cooperative luminescence spectra.



around 20490 cm ~' corresponds to the oceurrence
of the two thin fluorescence peaks ceniered at 976 nm.
A second peak, around 19900 cm~?, corresponds to
the occurrence of the thin fluorescence peak centered
at 976 nm and the broad fluorescence peak centered
at 1025 nm. A third peak, around 19530 cm—!, cor-
responds to the occurrence of the two broad peaks
centered at 1025 nm. The thin fluorescence peak cen-
tered at 976 nm corresponds to a transition ending
on the ground-state which subsequently suffers reab-
sorption losses. Therefore, the infra-red fluorescence
spectrum is modified in the way that this peak is lower
in intensity than expected and this modification ac-
counts for the discrepancies observed between the
experimental and calculated cooperative lumines-
cence specira especially at lower wavelengths (875
and 850 nm). The comparison is very good when the
excitation takes place at the top of the absorption
band where the pump saturation power is very low
{around 3 mW at 900 nm in this fibre). When excit-
ing the top of the absorption band, a very high pop-
ulation inversion can be achieved leading to very
small ground-state reabsorption losses and yielding
an accurate spectral modeling.

3.2, Power-law modeling

As described elsewhere [7], we define N, as the
population of the Stark sub-level (1) of the upper
level ?Fs,, and N, as the population of the lower level
?F1,2. These populations can be written, in absence
of Amplified Spontaneous Emission (ASE) satura-
tion, as

1 B
1+8 1+

where the population N, of the excited Stark sub-lev-
els (2) and (3) of the ?F;,, manifold (Fig. 1) is as-
sumed to be negligible. N is the concentration of YH*+
ions and £ is the ratio of the injected intensity to the
saturation intensity defined as I, =hv /0,1, where
g, is the pump transition interaction cross section at
the pump frequency v, and 7 is the 2F;,, excited level
lifetime. Assuming a transfer rate evolving as N3,
since it is a two-photon process, the modeling re-
quires integrating over the monomode profile and
over the interaction length taking into account the
longitudinal evolution of the inversion. The guided

Mys=——N, Ny=-Et—N, Ny=0, (4)

monomode profile can be well approximated by a
gaussian profile [7] and the modeling yields the fol-
lowing transfer rate:
L aZ/w
up J‘ J’ B p(z)* exp(—2x)
(1+8p(z)exp(—x))*

dxdz, (5}

where x=r?/ W2, and r and z are respectively the ra-
dius and abscissa coordinates of the fibre,

Since the whole core is codoped with Yb,0,, the
integration is carried up until the fibre core radius a.
W, is the half-width at half-maximum guided-mode
profile and p{z) represents the longitudinal pump
evolution: p(z)=PF,(z)/F,(0), where P,(z) is the
residual pump power at a length z and P,(0) =Py, is
the injected pump power.,

The cooperative luminescence power is not reab-
sorbed since no transition occurs in the visible range
and the distributed losses are absolutely negligible for
fibres a few meters long.

The longitudinal evolution of the pump power ob-
eys the pumping equation {6,7]:

dp(z) _
plz)

This pumping equation is valid since the pump tran-
sition is homogeneously broadened at the top of the
*Fs,, Stark manifold where the excitation takes place.
Solving Eq. (6) leads to an analytical form for dp{z)/
dz,

dp(z) gﬁln(lwp(z}(i—%))
az ~ B 1+pp(zy )’

which, inserted into {5), leads o a formulation of
the cooperative transfer rate;

—a, Ny(z) dz. {6)

(7}

= Pabs Pm:.
= (hvy/7) T (hv /1) "
Bpdp
x!(Hﬁp)[Hﬁp(l—m)]
1 1—p\T
T

where Py,=n W31 I, is the absorbed excitation
power, Py, is the mjcctcd power and #, is an overlap
coefficient of the guided mode interacting with the
doped core defined as [7]
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where ¥,(r} is the gaussian guided-mode profile
(normalized ta its maximum),

For the fibre used in this experiment, the satura-
tion power P, =aW? I, was around 2.8 mW at 900
nm and 8 mW at 875 nm and the overlap coefficient
was (.6,

Eq. {7) was solved numerically by the fourth-order
Runge-Kutta method and vielded the value of p;_(i.e.
the fraction of power exiting the fibre of length L)
versus P;,. This numerical procedure enabled us to
determine iteratively the values of P,,; and p, versus
the residual power exiting the fibre (P pr), this lat-
ter power being measured. The absorbed excitation
power P, is subsequently deduced via the simple
relation:

Pab==Pinj(i—‘pL)- (10)

Considering a very long length of fibre as compared
to the absorption length Ly=1/a, (typically, around
30 cm at the top of the absorption band in this fibre ),
the power law (8) can be simplified using a simple
first-order series expansion as p; being close to zero.
All the excitation power is therefore absorbed, so that
Pops = Py and Eq. (8) reduced to

_Pan (, (4 (1=n))
L"‘iuz,,"(hv,,/r)(‘ ErRY: ) (b

Using a first-order series expansion since 81is close to
zero, Eq. (11) evolves guadraticaily as a classical two-
photon process for very low powers compared to the
saturation power;

N o _ig_‘?,?____._}_ (1 12)
Lots  (Av,/T) 2P, ~7lp) - (

)

Conversely, considering a very short length of fibre
as compared to the absorption length, one can ap-
proximate py. to be very close to unity in the denom-
inator of equation (8), so that it is reduced to:

— Pabs
Lﬁa B - (hvp/*r)

B,
X{'+(1+ﬁm+ﬁ<i-—np)}

] o

Once again, using a first-order series expansion in f,
Eq. (13) evolves quasi-quadratically for low excita-
tion powers:

~ 2PabsPinj ( ﬂl_’_)
LJ}::“ s (Avp/T) Py ! 27" (14)
80

This power-law modeling is valid based on two major
assumplions;

Firstly, it assumes a pumping yield close to unity.
This condition is seldom met in practice because of
the residual thermal population (obeying Boltzmann
statistics) of the higher levels of the upper Stark
manifoid. Se, the inversion is limited by the stimu-
lated emission on the pump transition. This “back-
pumping” [8] is proportional to the thermal popu-
lation of the pumped Stark level and decreases rap-
idly as the energy shift between the pump transition
energy and the lower-level Stark manifold energy in-
creases. This condition is verified for pumping wave-
lengths lower than 900 nm for ytterbium ions at room
temperature [6].

Secondly, this model assumes the absence of Am-
plified Spontaneous Emission {ASE) saturation. This
condition is not met for high-length-fibres (typically
several absorption lengths-long) submitted to high
excitation powers. The complete model including ASE
saturation is very lengthy and tedious so that it is de-
sirable to work with short fibre lengths. The ASE sat-
uration accounts for the linear and saturation regime
occurring at high excitation powers on high lengths.

The ASE power evolution was measured by insert-
ing a dichroic mirror, which totally reflects the
counter-propagating ASE power, while transmitting
most of the pumping power through. At the end of 28
m of fibre, the transmitted ASE power was of the or-
der of some nW, while the counter-propagating ASE
power reached several mW and therefore exceeded
the saturation power (estimated to be around 700
HW).

Fig. 3 shows that the cooperative luminescence
power started to saturate as the ASE power began to
grow (the threshold of the single-pass counter-prop-
apating ASE is around 60 mW in absorbed pump
power at an excitation wavelength of 900 nm ). This



effect explains why the cooperative luminescence
power saturated even though a very small portion of
the fibre was actually excited and generated cooper-
ative luminescence: any additional excitation power
was directly converted into ASE power and the pop-
ulation inversion was “clamped” to the ASE thresh-
old inversion,

Reabsorption losses were also wavelength-depen-
dent so that a transition corresponding to a three-level
scheme (i.e., a transition terminating on the ground-
state} suffered much more reabsorption losses than a
four-level one (terminating on inner less-populated
levels). The longer the transition wavelength, the
smaller the thermal population of the terminating
level and the consequent reabsorption will be, This
accounts for the slight changes of shape of the coop-
erative luminescence specira as the fibre length in-
creases. We indeed observe that the short-wave-
length-part of the spectra was more reabsorbed than
the longer-wavelength-part (Fig. 2). Finally, Fig. 6
shows the comparison between the experimental
power law and the fit with the Eq. (13) for two dif-
ferent excitation wavelengths, The absorbed excita-
tion power P, is obtained versus Py according to
the calculation procedure previously described. The
two series correspond to a same set of measurements
and the fit is quite good because of the absence of
saturating ASE on so short a length of fibre (3 cm).
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Fig. 6. Evolution of the cooperative luminescence power as a
function of the absorbed excitation power for two excitation
wavelengths: (a) 900 nm, (b) 875 nm, A short length of fibre (3
om) was spliced to clear fibres in order to observe the fluorescence.

4. Conclusion

We show that cooperative luminescence is still
present in phosphorous-codoped silica glass fibres
even at a very low concentration of Yb,0;3 (85 ppm
molar}. We proposed a simple spectral modeling tak-
ing into account the site-selective excitation and in-
volving only the single-ion energy-level diagram. This
model is very accurate, proving the validity of the
convolution model in glass and the absence of corre-
{ation between fluctuations in pair interaction and
fluctuations in the configuration environment of the
Yb** ions {2]. The discrepancies observed between
experimental and calculated site-selective coopera-
tive luminescence spectra were due to ground-state
reabsorpiions owing to the transition corresponding
to a pure three-level scheme at 976 nm. The fibre
structure enabled confining a huge power density over
very long interaction lengths. We then observed sat-
uration effects, never observed before in bulk mate-
rials, since three-level population inversion is very
hard to achieve in free-space upon continuous-wave
excitation. As cooperative processes are increased in
fibre structure, the Amplified Spontaneous Emission
saturation was magnified to the same amount and
plagued the cooperative luminescence power growth.
This experiment should therefore preferably be per-
formed on smali lengths in order to avoid these satu-
ration effects, while still achieving a very high trans-
fer rate due to the optical confinement.

By comparison with other experiments performed
on highly ytterbium-doped ZBLAN fibres [9] which
have shown little if not cooperative luminescence, we
infer that this cooperative energy transfer originates
in the oxide molecule itself, As it is well known, silica
is a matrix of poor spectroscopic and doping proper-
ties inducing clustering [4]. Clustering is very harm-
ful since it degrades considerably the quantum effi-
ciency of fibre lasers and fibre amplifiers so that the
estimation of this cooperative transfer rate is of great
importance for the improvement of such devices. This
experiment proves that transfer phenomena, induc-
ing the quenching of the fluorescence, still occur even
in the absence of aggregates. According to Auzel [9],
we consider that clustering appears since two ions ex-
change energy in a cooperative way. Cooperative lu-
minescence thus shows evidence of the amount of
clustering,



Therefore, this simple experiment provides a very
useful guantitative and qualitative way to character-
ize different host matrices by using the ytterbium ion
as a probe.

Further information can be inferred by performing
a time-resolved site-selective experiment. This would
allows us to determine quantitatively the transfer rate
and the origin of this transfer.
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