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Abstract: The present work describes photodarkening from the viewpoint
of cooperative luminescence. The temporal evolution of both effects was
measured simultaneously by means of ytterbium doped aluminosilicate
fibers for concentrations up to 1.8 wt% Yb’*. The quadratic dependence of
photodarkening and cooperative luminescence versus dopant concentration
was observed. The change in the photodarkening and cooperative
luminescence mutual dynamics for highly and low doped fibers is ascribed
to a different ion number which forms the -cluster. Cooperative
luminescence is proved to be a natural probe for photodarkening since it
provides new pieces of information and contributes to the photodarkening
mechanism description.
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1. Introduction

The photodarkening effect [1] (PD) is considered to be the critical factor for high power fiber
lasers and amplifiers power stability [2, 3]. It is observed in silica based glass matrixes doped
with various rare earth ions (Tb*, Tm’*, Yb*") [4-6]. In the case of Yb doping, the NIR
emission at ~1 um is usually accompanied by a visible green emission.

The green luminescence of Yb** at ~500 nm has been noticed for the first time in 1970,
well before PD became an issue, and determined as the emission of a photon by a pair of
excited ions in cooperation [7]. In the fiber geometry, Yb** cooperative luminescence (CL) is
well described by the power-law modeling [8] and related to clustering [9, 10]. As it is
reported, CL power is six orders of magnitude lower than infrared single — ion fluorescence
power, and it shows quadratic dependence on infrared — excitation power [8], with a half
lifetime value of a single Yb** luminescence [7].

The PD creation mechanism is still under debate [2, 11, 12]. In fact, at first sight, it is
featured by color centers generation and UV luminescence [13]. CL may create higher
energetic photons, possibly in the UV wavelength range, which could be responsible or
contribute to the PD effect through color center formation [14]. The investigation of CL could
therefore provide an insight on the PD mechanism. To illustrate the point it may be noted that
the visible emission of Er and Tm contaminated aluminosilicate fibers was recently
scrutinized [15].

The aim of the present paper is to investigate the relationship among CL and PD in order
to improve understanding of PD. Both effects were measured simultaneously for various
dopant concentrations.

2. Experimental

Aluminosilicate fibers with 0.5, 0.9, 1, 1.075, 1.35, 1.8 wt% Yb** dopant concentrations were
fabricated by mean of the modified chemical vapor deposition (MCVD) technique. Short fiber
samples (0.2 — 20 cm) with a similar core radius of ~6.6 pm were tested in a 24 hour period.
Constant inversion of ~46% was achieved by utilizing short fiber lengths, and the different
dopant concentrations were adjusted in order to obtain the same total number of Yb’* [16].
The pump and HeNe - probe powers were ~200 mW and ~0.5 puW, respectively. The
experimental setup utilized for PD and CL examination is shown in Fig. 1.
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Fig. 1. Experimental setup used to carry out PD and CL temporal evolution measurements
simultaneously (‘L1’, ‘L2’ are collimating lenses, ‘F’ signs filter for 976 nm laser diode ‘LD’).

The HeNe laser at 633 nm and 976 nm LD pump beams are coupled into a tested fiber by
customized 980nm/633nm combiner (WDM) developed by one of the co-authors in order to
improve the stability of 633 nm probe. The combiner was spliced to the fibers and the output
emission is first collimated and then focused into a collecting fiber connected with a spectrum
analyzer. The spectrum analyzer is an array of CCD covering the 200 nm — 1100 nm interval.
The free space path is useful to filter out the residual pump power. The experimental setup,
built in the way cited herein, enables the simultaneous monitoring of PD and CL temporal
evolution at 633 nm by using the HeNe laser as a probe and green luminescence at ~500 nm.

The green luminescence depends on the AI'™ content [17] as well as PD [18]. In the
present study, the AI** content was varying as the Yb** dopant concentration was increasing
in the following sequence: 1.8, 3.2, 3.4, 3.2, 3.2, 1.8 wt% AP*. It is assumed that the
variations in the AI’* content do not significantly influence the presented results. Detailed
study of AI’* content impact will be provided in following papers.

The impurities, such as Er** and Tm® ions, can give their contribution to CL by emitting
photons at ~537 and 470 nm, respectively [17]. In the study in question no contamination
from impurities were observed.

3. Cooperative luminescence and NIR ytterbium emission dependence

In the course of this investigation, before monitoring temporal evolution of CL due to PD, it is
appropriate to examine the relationship between CL and Yb** emission in the NIR region.
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Fig. 2. Integrated intensity of CL and Yb** NIR emission. Fiber length is 2 mm and preform
slice thickness 0.5 mm. Experimental results were fitted on power function and the obtained
exponents were: Priper = (1.69 % 0.05), Ppreform = (2.21 +£0.09).

The emission of one photon at ~500 nm requires two simultaneously de-excited Yb**
neighboring ions and therefore quadratic mutual dependence should be expected. Two
experiments were performed, the first one on a 2 mm long fiber and the second one on a 0.5
mm thick preform slice. As a consequence, samples had a short interaction length in order to
minimize reabsorption, a different geometry and the same Yb** concentration of 1.8 wt%.
Before carrying out the experiments, PD in both samples was in its final, equilibrium state.
Green luminescence has very weak intensity and due to the fact the experiments were made in
frontal geometry. Integrated intensity of CL and Yb’* NIR emission for various pump powers
is presented in Fig. 2.
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Less-then-square and overestimated values discrepancy from quadratic dependence in
fiber together with preform interaction geometry are observed. However, the results
fluctuations are less than 15% of the expected value. A similar breaking of quadratic low
dependence among CL and pump power is reported in highly doped silica fibers [19, 20]. The
results were described as the consequence of fibers lengths and amplified spontaneous
emissions (ASE) which had an influence in the presented experiments as well.

4. Photodarkening and cooperative luminescence temporal evolution

Figure 3 shows an example of the CL (~500 nm) spectra and the HeNe probe at 633 nm used
for PD monitoring in time.
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Fig. 3. Characteristic temporal emission spectra of the 1.8 wt% Yb** doped fiber and the PD -
probe at 633 nm.

To evaluate the temporal dependence of CL and its relationship with PD we measured the
PD excess loss at both 513 and 633 nm (Fig. 3). On the ordinate axis of Fig. 4a, and b the
excess loss at 513 and 633 nm normalized to the final excess loss value is presented.
However, the origin of the loss is different. On the one hand, the decrease of the 633 nm
probe is due to the generation of PD losses until the final equilibrium loss is reached [16]. On
the other hand, CL photons are generated within the fiber. It is possible to assume that its
generation is uniform within the fiber since the Yb** inversion is uniform as well. The second
assumption considers that the generation rate is constant in time during the PD evolution.
Both assumptions were verified to be true, within our resolution limits, testing fibers and
preform samples. As a result, in both, CL and PD — probe at 633nm, there is an effect of PD
induced losses. Nevertheless, the CL emitted at the fiber beginning will travel longer and
suffer the highest PD loss while propagating towards the end. This can be summarized as
follows:

I ..(t
R633 — L() = o %m (L W
1633(0)
_ Lu® :ij{, g, 1m0t o
513
1513(0) L 0 a513(t)'L

where «, is the absorption coefficient related to PD induced losses at wavelength A .

Figures 4a and 4b show the characteristic temporal evolution of the PD probe at 633 nm
and CL intensity at 513 nm for 0.5 and 1.35 wt% Yb** doped samples. Experimental data
were fitted on the stretched exponential curve [16] and normalized to its final value.

Figure 4a shows that CL and PD evolve in time in a similar way. Nonetheless, it is not the
case of highly doped samples (Fig. 4b). They progress equally up to around 30% of their total
amplitude decay. In the following step the rate changes and quadratic dependence is observed
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before reaching the equilibrium state. As a result, CL vs. PD dependence has changed from
linear to quadratic (Fig. 5) for dopant concentrations range from 0.5 to 1.35 wt%. The
indicated rate change may be defined by mean of a different number of cluster participants.
As to the low doped case (0.5 wt% Yb’™) it is possible to assume that two Yb** ions create a
pair, whilst concerning the highly doped case (1.35 wt% Yb**) four Yb** ions contribute in
the cluster creation. The previously cited observation is supported by the necessity of 3 [16] to
3.5 [21] excited Yb™ ions for the color center creation. As a consequence, the difference in
the temporal evolution dynamic between low and highly doped samples may be explained by
using clusters composed of a different number of ytterbium ions. Furthermore, this issue
could be coherent with the assumption of higher CT states excitation and corresponding 230
nm absorption band shift toward lower wavelengths due to the cluster numbers increase [2].
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Fig. 4. (a) The temporal evolution of CL at 513 nm and PD probe at 633 nm for the sample
doped with 0.5 wt% Yb** normalized on its final value; (b) CL and 633 nm probe temporal
evolution for 1.35 wt% Yb** doped fiber sample.
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Fig. 5. CL and PD at 633 nm dependence in time. Excess loss values are processed by Egs. (1)
and 2. The fiber sample is doped with 1.35 wt% Yb™". The power fit curve has a 1.70 + 0.04
exponent coefficient.

5. Photodarkening and cooperative luminescence correlation with dopant concentration

The obtained results of PD and CL excess loss showed a quadratic dependence on the Yb**
concentration (Fig. 6). It is already reported that PD linearly depends on population inversion
[21]. In the present study, dopant concentration was changed whilst keeping the inversion
approximately the same as described above. The quadratic dependence of CL with dopant
concentration was assumed in Yb’* doped aluminosilicate fibers [22]. The presented
experimental data highlight the fact that the dependence remains even when the PD loss is
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monitored. Therefore, the PD loss at 513 and 633 nm has the same quadratic dependence with
dopant concentration for the examined set of samples.
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Fig. 6. Excess loss for different Yb** concentrations. The obtained power fit exponents are: pes;
=(1.9+0.2), and ps;3 = (2.2 £0.2).

The lower value of PD excess loss values at 513 nm is surprising since PD losses
increases as the wavelength decreases. A possible explanation (see Eq. (2) is that the emission
rate of green luminescence increases as the PD process proceeds. However, we have
monitored this effect for 24h in performs and have not observed any increase of green
luminescence. The second explanation of the low green light loss can lay in the fact that green
light is scattered and guided in the cladding and therefore less PD related loss was observed.
Because of that, the additional experiment with the single mode fiber spliced to the testing
fiber output was prepared. The obtained results did not show significant deviations from the
presented results. In author’s opinion, the question of the low green luminescence loss seems
to reside in a simultaneous electron — hole recombination process i.e. a kind of self -
bleaching in the selected region. The claim adopted here is based on observation of the partial
bleaching in Yb** doped fibers obtained by 543 nm laser beam [13]. Nevertheless, our
hypothesis remains an open question.

Photo-induced optical damage may originate from an electron release of a ligand
neighboring an excited Yb™* pair, followed by an absorption and correspondent emission in
the recombination process [13]. The cluster number, indicated by the area under the CL
emission in the present study, decreases in time which goes in parallel with Yb** — Yb**
transformation if the charge transfer (CT) as the main PD mechanism is supposed. Hence, it is
possible to affirm that the self — trapping mechanism of CL could be influenced by the
increase in Yb>* and correspondent whole centers number.

In answer to the question addressed in the introduction, it can be concluded that CL loss
may play a role in the PD process whether being an intermediate state necessary to reach CT
band [2] or giving the internal excitation to the oxygen deficiency centers (ODC) [23]. Here
we can frame an extension of the paradigm by including a kind of self — bleaching process of
CL as stated above.

6. Conclusion

Up to the current knowledge, for the first time the PD and CL excess losses are measured
simultaneously in time. The temporal evolution of PD and CL show different dynamics for
low and high doped samples. Excess loss rates in the low doped samples are similar whilst in
the highly doped samples significant rate change is observed. The change in dynamic
described herein may be related to a different clustering amount. The CL loss that is observed
is lower than expected. This may suggest an interplay of the CL light with the material. In
conclusion, the quadratic dependence of PD at 633 nm and CL loss at 513 nm on dopant
concentration is demonstrated and possible consequences of CL on PD are discussed.
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