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Abstract: We reply to the comment [R. Paschotta and A.C. Tropper, Opt.
Express, to be published (2006)] on our recent work reporting a study of the
cooperative absorption and emission in heavily-doped Ytterbium silica
fibers and mechanisms of the fiber nonlinear transmission coefficient
reduction due to the Ytterbium ion-pairs’ effect [A.V. Kir’yanov et al., Opt.
Express, 14 (9), 3981 (2006)]. We provide some additional evidences for
that our work hypotheses and conclusions.
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nonlinear transmission coefficient is reduced (that is demonstrated in our research [2]) if the
active YF is heavily-doped. In Ref. [2], we assumed that a modification of the dependences of
YF nonlinear transmission coefficient on 980-nm pump power and fiber length arises due to
the presence in YF of Ytterbium ion-pairs (IPs). In our opinion, the reason for such an
assumption is that in fibers heavy-doped with Yb*" are experimentally detected strong
“cooperative” visible emission and absorption (about the definition “cooperative” see our
comments below). On one hand, notice that our YFs [2] were free from contaminating by any
other un-wanted rare-earth dopants [2] or impurities [3]. On the other hand, their features are
the mentioned “cooperative” effects. That’s why we assumed that the two observations — the
YF reduced nonlinear transmission at A = 980 nm and YF “cooperative” processes — are
interconnected. We have performed a modeling of the YF nonlinear transmission coefficient
which incorporates as the excitation quenching mechanism the “cooperative” relaxation
stemming from the presence of Ytterbium IPs in YFs. As the authors of Ref. [1] note, the
modeling results are in reasonable agreement with the experimental data.

Meanwhile, the authors of Ref. [1] doubt concerning our interpretations. They notice that
(i) the “cooperative” emission "is orders of magnitude too weak" for being responsible for
strong IR power loss in the fibers and (ii) the multi-phonon relaxation, despite “such a
mechanism could exist if Ytterbium ion-pairs would have intermediate electronic levels”,
needs to be proved as the significant at longer (IR) wavelengths. Addressing the first point,
notice that a true conclusion of our work [2] is that the extra-losses in YF were regarded by
us to the effect of Ytterbium IPs, not to the “cooperative” emission; whereas the “cooperative”
processes in the fibers were considered as the indicative features given by the Ytterbium IPs’
presence. However, it is indeed the fact that the “cooperative” emission and absorption in our
fibers are much more expressed than one might expect. However, these expectations may be
misleading in the light of recent experimental results reporting similar facts (see, e.g., Refs.
[4,5]). Addressing the second point of criticism [1], notice that the presence of Ytterbium IPs
in a material implies the presence of absorption transitions not only in the visible (~0.5-pum),
but in the IR (~1-um) spectral range, too. The energy level diagram given in Fig. 9 [2] is a
rough sketch for clarifying the main processes taken in that modeling. Actually, the effect of
doping IPs can be treated in terms of the “quasi-molecular” [6] or “dimer-cluster” [7] models;
in both cases the most reasonable energy level diagram for Ytterbium is shown in Fig. 1. In
this diagram, the pair’s ground state is 11> = (%Fyp, *Fyp), the state within the 1-um region is
12> = (*Fsp, “Fsp), and the state within the 0.5-um region is 22> = (*Fsp, 2Fsp). Once
Ytterbium IPs are present in YF, they are to be involved (as single Ytterbium ions are) in the
1-pm resonant absorption and emission processes (evidently, the 1-um transitions within Yb*
- Yb*" pairs are masked by the stronger 1-um transitions within single Yb*" ions). The IR
Yitterbium IP band structure seems to be wider and complicated in comparison with those of
Ytterbium single ions, because they are a composition of the multiplets of both the Ytterbium
ions composing the pair. Thus, multi-phonon processes can be the case in silica YF that stems
from a richer energy levels’ structure of Ytterbium IPs [7,11] comparing the one of Ytterbium
single ions.
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Fig. 1 Energy level diagram of Ytterbium in heavily-doped YF. Schematically are shown the
resonant absorption and induced emission transitions (solid arrays) and spontancous emission
transitions (dashed arrays) under 1-um excitation.
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We should add here that excitation quenching, as it is addressed by the last term in Eq.(3)
[2], was taken by us into consideration to explain the experimentally registered 1-pm emission
decay (see Fig. 11, Ref. [2]). That figure clearly demonstrates the two-exponents’ decay, with
the longer and shorter ones being correspondingly related to the excitation relaxation of single
Ytterbium ions and Ytterbium IPs. In our opinion, the last process inevitably results in a
strong modification of YF nonlinear transmission at 980-nm excitation (see Fig. 8, Ref. [2]).
However, notice that when deriving Egs. (2,3) [2], we assumed that the induced transitions
between the Yb** - Yb** IPs’ levels have the same cross-sections as single Yb*" ions have and
the pairs’ excited-state absorption is neglected. Only in such an approximation the problem of
propagation of pump radiation along the fiber can be reduced to a couple of Eqs.(2,3) [2],
where the Ytterbium IPs’ effect is accounted for by the “cooperative” relaxation term, n,7/1,
(like it is done at treating the Auger up-conversion; see, e.g., Ref. [8]).

The authors of Ref. [1] discuss further on the Ytterbium concentration dependence of the
additional decay process (i.c., the process stemming from the IPs’ effect), arguing that this
dependence “is not compatible with expectation that the density of Ytterbium ion pairs should
grow at least in proportion to the square of the Ytterbium concentration”, so the quantity 1/z,
“should thus rise at least in proportion to the Ytterbium concentration " As for us, the last
passage looks strange, since in our case, as it is seen from Fig. 10 (b) [2], 7, decreases (and
thus 1/7, increases) with Ytterbium concentration (Np) growth. Meanwhile, the parameter P (as
it is introduced in Ref. [2] for addressing the binding stress of two jons composing a pair) is
also proportional to Ny (Fig. 10 (a) [2]). The latter is not surprising: As the evidence, Ref. [8]
can be used, where the Auger up-conversion in a doped medium is characterized, as in our
work [2], by the parameter f ~ 7,Nj (see formula (2), Ref. [8]). Therefore, the higher
concentration N, the stronger is the binding strength of ions in an IP.

At the last, the authors of Ref. [1] refer to another interesting phenomena observed in YFs
and YFLs [3,9]. In Ref. [3], it is reported the presence in heavily-doped YFs of significant
extra loss resulting in deteriorating of YFL efficiency. As the authors of Ref. [3] (and also of
Ref. [1]) recognize, a source of the loss has not been identified; meanwhile, they reveal that
this loss has a resonant character (a narrow 976-nm absorption peak located exactly at the
maximum of Ytterbium resonant absorption line). To the best of our knowledge, a source of
the extra loss in YFs [3] stays unknown to-date. On the other hand, its resonant character and
spectral location allows one to hypothetically assume that its origin can be the absorption
transitions of Ytterbium IPs (2F7/2, ’Fap) > (*Fop, ’Fgp) in l-um region (see Fig. 1).
Otherwise, it looks mysterious that “unidentified color centers or structural defects” [3],
responsible for this loss, arise in YF exactly at the wavelength of Ytterbium resonant
absorption maximum. Let us also comment on the referred work [9], which reports the
observation in YFLs of the photo-darkening effect. Notice that the last effect, as it is treated at
least by some authors, is closely related to the presence in YF of Ytterbium IPs [10]. The
photo-darkening effect has been also detected by us in different types of YFs at their use as an
active medium of self-Q-switched YFLs [12].

Finally, we would stress that a re-consideration of the nature of “cooperative” emission
and absorption is a necessity of further studies. The deal is that the “cooperative” processes
are usually attributed to the transitions between the virtual levels of a pair composed of two
isolated doping ions. However, two isolated dopants, even though located at a very short
distance each to another, cannot have real double energy levels. So, the “cooperative” ~0.5-
um absorption registered in many Ytterbium-doped materials could not be anything rather
than an artifact, and the “cooperative” emission power should be a few orders weaker than it
is frequently measured. The resolution of this general disagreement seems to be the
hypothesis of a “third body”, which assumes the existence in a heavily-doped material of true
molecules (“dimer clusters”) composed of two non-isolated, but bind by strong covalent
forces, rare-earth ions with the third “body”, which is an ion or groups of ions of the lattice. In
the case of Ytterbium-doped materials, including YFs, these are meant to be two adjacent ions
of Ytterbium and ions of Oxygen, respectively. The theories [7,1 1] undertaking such a model
seems to be productive for reasonable explanation of the experimental results [2-5].

#72257 - $15.00 USD Received 22 June 2006; revised 2 July 2006; accepted 3 July 2006
(C) 2006 OSA 24 July 2006 / Vol. 14, No. 15/ OPTICS EXPRESS 6985




