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Abstract: We extend our model that aims to quantify energy transfer in the Tm**-doped
aluminosilicate glass system to the analysis of a range of Tm>* concentrations spanning more
than an order of magnitude. We introduce energy migration to the model and find that its rate
parameter has a linear dependence on the Tm>* concentration, in contrast to energy transfer
upconversion and in particular cross relaxation which vary nonlinearly. When we compare our
results of the cross relaxation rate with those reported in the literature for other glass and crystal
hosts, we find that the functional dependence with the Tm3* concentration is markedly different,
suggesting that the host composition of aluminosilicate glass presents unique energy transfer
properties for Tm3*-doped fibers.

© 2026 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Quantifying the energy transfer parameters in rare earth doped gain media allows a better
understanding of the performance of the laser process and provides the groundwork criterion
for optimization. In rare earth doped glass, energy transfer is complicated by the degree of
heterogeneity of the local rare earth environment and critically, by the degree of uniformity of
the doping throughout the matrix. Thus, unlike crystalline systems whereby rare earth ions
can substitute for atoms of the native host providing a relatively homogeneous doped system,
rare earth doped glasses are more challenging when quantification of energy transfer is needed.
Accurate understanding of the doping level, host composition and the fabrication conditions are
considered the essential starting points for detailed energy transfer analysis of rare earth doped
glass.

An excellent example illustrating the complications arising from the glassy nature of the host is
the Tm3*-doped aluminosilicate glass system. Typically studies have concentrated on improving
the slope efficiency, a parameter which is proportional to the level of cross relaxation (CR) [1,2]
but, because of the issues outlined above, we observe a significant variation in the measured
slope efficiency and threshold across these studies [3]. Not only is the fiber and hence laser
prone to intrinsic host issues, contamination from OH and other impurities also impacts lasing.
The associated energy transfer parameters, in particular the CR rate extracted from the reported
time domain fluorescence measurements mirrors this variance [4—7]. Complications also arise
from the sheer number of energy transfer processes that are possible for the Tm>* ion system,
making accurate quantification of the energy transfer analysis difficult. As a result, most studies
have concentrated on pushing the power [8] and efficiency with recent studies reaching close to
theoretical limits [9,10].

In a companion paper [11] we introduced a model for Tm>*-doped aluminosilicate glass that
provides a basis for quantification of energy transfer. The starting point for the model was
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evaluation of the intrinsic decay into two components each relating to the two local environments
associated with the Tm3* ions when doped into aluminosilicate glass. This approach to the
calibration of the intrinsic decay relied on the validity of data taken from the literature [12,13]
combined with the primary assumptions that no clustering or energy transfer is present for
Tm3* doping levels <100 ppm molar i.e., for these concentrations intrinsic decay is the sole
deactivation process. The second component to the model was segmentation of the measured
time domain fluorescence into regions in which a set of energy transfer processes dominate
so that these parameters can be determined using simple curve fitting. For example, CR was
assumed to be the sole energy transfer process in the initial part of the fluorescence decay for the
3H, energy level. The restriction to a single energy transfer process was evaluated statistically
providing the optimum time segment for quantification. This process was also applied to the
estimation of energy transfer upconversion (ETU) for the 3F; level. The model was restricted
to the two metastable energy levels that are considered relevant to the analysis of Tm3*-doped
aluminosilicate glass. The weakness of the model was that it was introduced using a single fiber
meaning the proper evaluation and applicability of the model was limited.

In this follow up report, we extend this model to the analysis of a range of Tm>*-doped
aluminosilicate glass fibers in which the Tm>* concentration is varied by more than one order
of magnitude. These fibers were also investigated in another recent publication [14], which
determined the variation of quantum efficiency and background propagation loss with Tm?*-
doping concentration. The fibers, fabricated at the Optoelectronics Research Centre (ORC),
University of Southampton, were initially analyzed for accurate Al,O3 composition as this is
the primary starting point for the analysis. Importantly, we introduce energy migration to the
model and estimate its functional dependence on Tm>* concentration. We used the fluorescence
decay segmentation and curve fitting approach to quantify energy transfer as a function of Tm>*
concentration allowing easy extraction of the fundamental parameters for energy transfer. We
compared our values for CR with the reported values from the literature and show that the
functional dependence on the Tm>* concentration for aluminosilicate glass is distinctly different
to most other hosts.

2. Theory

Figure 1 shows the energy level diagram of Tm**-doped silica. Optical pumping at 0.79 um is
typically employed for laser devices due to the strong optical absorption into the *Hy level and
the availability of high-power fiber-coupled AlGaAs diode lasers emitting at this wavelength.
The well-known CR and ETU processes are also shown in Fig. 1. To maximize the efficiency,
the design and composition of the laser glass aims to maximize the CR process which usually
means the incorporation of a higher Tm**-doping concentration. The design of the laser glass
also aims to reduce the rate of ETU processes, which depopulates the pump level (*H,) and the
upper laser level (°F,) [2]. The rate of CR and ETU are typically increased by the onset of Tm3*
ion clustering, which effectively increases the local Tm** concentration meaning energy transfer
is enhanced, sometimes considerably.

A novel method of determining the mean intrinsic lifetime of a Tm>* ion in an aluminosilicate
environment, 7;,,-, was proposed in the previous study [11]. This approach expressed the intrinsic
decay as the sum of two exponential functions, and as is shown in Eq. (1).

Tingr = 1 /00 Ly (D)dt = /oo [A exp (_—t) +(1-A)exp (_—t)] dt (1)
Iy Jo 0 Ts Tas

Here, I;,,,(?) is the intensity of fluorescence from a single excited ion in the host environment
due to intrinsic decay at time 7. The partitioning parameter A is introduced to describe the
proportion of ions occupying a silicate-rich environment, with a higher local phonon energy and
hence a greater rate of NR decay. The assumption is made that the remaining ions occupy an



Research Article Vol. 16, No. 2/1 Feb 2026 / Optical Materials Express 296

T
e
a
209 | TG, (6)
1
1
1
1
1
— [ I 1 3
g 140 — °F2:(4.9)
L 1
1= L
S 122 I o) 2 00 1 °H,(3)
p=s 1 T
K3 1 ] I
= 0.8 um 1 1 1
© 1 1 1
S 80 T o) 1 1 1 3Hg (2)
[ [ NR 1 1
1 L
55| [ F‘ ? o © ? [o) i ] 3F,(1)
: I 1
1.7-21um : :
: I 1
1
0.0 ° s é [ He @

Optical absorption  CR:kzgq1 ETU1:kyq59 ETU2: k139 ETU3: kggeq

and emission

Fig. 1. A typical energy level diagram of a Tm>*-doped silica fiber. The key optical
absorption, optical emission, cross-relaxation (CR) [1], and energy transfer upconversion
(ETU) [2] processes are highlighted.

aluminum-rich environment, with a lower local phonon energy and a reduced rate of NR decay.
The values of 7y, 7,; and A can be found via a review of the literature as discussed previously
[11]. Iy is the initial intensity at =0, which is equal to 1 when the decays are normalized.

The intensity of optical fluorescence of a given energy level of a rare earth doped laser medium,
1(2), is given by the Burshtein expression [15], as shown in Eq. (2).

m

I(t) = Ip exp (—TL - YET‘/;) 2

Here, 7, represents the sum of decay processes that decrease in strength linearly as the
population of the excited state decreases over time. The radiative decay, nonradiative (NR) decay
and energy migration (EM) processes are grouped into the term 7,,, as shown in Eq. (3).

— = —+Wanr+wem =

+wey 3
Tm TR Tintr

Here, 7z is the radiative lifetime of the decaying level and Wyy is the rate of NR decay.
The term wgys describes the rate at which the excited state *migrates’ or ’diffuses’ through the
medium. This process involves the transfer of the excitation from an excited Tm>* ion to one
of its neighbors, resulting in the donor ion relaxing to the ground state while the acceptor ion
is excited to the same excited state that the donor initially occupied [15]. Therefore, this is a
process by which energy is considered to be preserved. Energy migration can have a significant
role in systems such as Tm3*-doped aluminosilicate glass where there is considerable resonance
between the absorption and emission bands of energy levels, which is the result of inhomogeneous
broadening of the transition spectra.

As shown by the Inokuti-Hirayama model of dipole-dipole energy transfer [16], the time
domain characteristic of energy transfer processes (such as CR and ETU) in the fluorescence
decay varies with V7. When considering only dipole-dipole interactions, the energy transfer
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parameter, ygr, is described by Eq. (4).

3
c 1 Ry 1
= Vi— =V (—) @)
T CO V Tintr RTm VTintr

Here, C is the average concentration and Ry, is the average separation distance of Tm3*
ions present in the medium. The terms Cp and Ry are the critical concentration and critical ion
separation distance, respectively, and originate from Foster energy transfer theory [16,17]. For an
isolated donor-acceptor pair, the term Ry represents the separation distance at which the rate of
energy transfer equals the rate of spontaneous deactivation of the donor. When applied globally,
this is simply converted to an effective critical concentration via the expression Cy = #Rg [16,17].

The critical concentration is defined with respect to Tm>* acceptor ions occupying a spherical
volume around a Tm3* donor ion. Therefore, the average concentration of the sample under test,
C, has been defined in the same way.

By applying the Burshtein model to a Tm>*-doped aluminosilicate system, whilst including
expression of the intrinsic host-related decay, the mean luminescence lifetime, 7, can be given by
Eq. (5).

T= Ilo -/0 I(t)dt = ‘/0 [A exp (;—j) + (1 =A)exp (T_—t)} exp (—wEMt - 7ET\/;) dt (5

as

The assumption is made that there is a single dominating energy transfer process leading to an
increase in the rate of fluorescence decay of a given Tm>* energy level. Therefore, the rate of
energy transfer, Wgr, is given by Eq. (6).

1 1
Wer = - - — (6)
T

Tm
The energy transfer coeflicient of the transfer process, k;;z, is given by Eq. (7).

Wer

ki = ——2
“w NTot
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Here, i and f represent the initial and final energy levels of the energy transfer process,
respectively. As shown previously [11], application of Eq. (7) to determine the CR coefficient is
valid in the limit of low incident pump power to the fiber. This is because the impact of other
competing power-dependent processes (such as ETU3) is minimized. Determining the coefficient
of the ETU1 and ETU2 processes de-populating the *F; level is valid in the limit of high incident
pump power to the fiber, where the pump absorption is saturated. In this limit the assumption is
made that all ions occupy the metastable F; level and the populations of the other energy levels
are negligible. These rate coefficients can be used to build up the well-known rate equations for
further modeling of the laser system.

3. Fiber details

To determine the energy transfer parameters as a function of Tm>*-doping concentration, a
controlled range of Tm>*-doped aluminosilicate fibers were used in this study. These fibers
were fabricated at the Optoelectronics Research Center (ORC), University of Southampton via
the conventional modified chemical vapour deposition (MCVD) and solution doping processes
[14]. During fabrication, the inner layer of Heraeus F300 silica tubes were deposited with silica
cladding layers. Next, the silica soot that formed the cores was deposited under a constant
temperature of 1400 +/- 40 °C to control the porous nature. A solution containing TmClz 6H,0O
(99.9999 %) and AlICl3 6H>0 (99.999 %) was used for the solution doping process. The Al
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concentration of the solution was maintained at a constant level, while the Tm concentration was
systematically varied. The soot layer of each sample was dried with Cl, gas to ensure low levels
of OH contamination. The samples were then oxidized and sintered, before finally collapsed to
form the fiber preforms. These were drawn into fibers with average cladding diameters of 125
pm and a high-index polymer coating applied. The average core diameter was 12.7 +/- 0.5 ym
across the fibers. The composition of the fibers examined in this study is summarized in Table 1.

Table 1. A summary of the composition of each fiber examined in this study [14] and the 0.2 wt.%
fiber from [11].

Fiber ID Tm3*- TmyO3- Al,O3- A parameter (from OH contamination
doping (at. doping doping Eq. (2) of [11]) level (ppm)
wt.%) (mol.%) (mol.%)
0 (from [11]) 0.2+0.1 0.02+0.01 2.9+0.1 0.50+0.01 Assumed <5
1 0.4+0.1 0.03+0.01 1.9+0.1 0.65+0.02 3.4+0.1
2 1.1+0.1 0.09+0.01 3.2+0.1 0.47+0.01 4.9+0.1
3 2.3+0.1 0.19+0.01 4.4+0.1 0.34+0.01 2.7+0.1
4 3.1+0.1 0.25+0.01 3.2+0.1 0.47+0.01 3.3+0.1
5 3.9+0.1 0.32+0.01 4.0+0.1 0.38+0.01 4.0+0.1
6 4.8+0.1 0.39+0.01 3.9+0.1 0.38+0.01 2.6+0.1

The Tm>*-doping concentrations were determined via measurement of the core absorption at
790 nm and the Al,O3-doping concentrations were determined via energy dispersive x-ray (EDX)
measurements across the cores of the fiber preforms [14]. Some variation in the Al,O3-doping
concentrations was measured across the samples. This is expected to lead to variation in the
intrinsic decay rates of each fiber, which was accounted for in this analysis via application of
Eq. (1). The OH contamination levels were determined from transmission measurements at the
typical OH absorption peaks (1375 nm and 2200 nm) [14,18]. The assumption is made that the
levels of OH contamination in these fibers are sufficiently low to not significantly impact the
shape of the 3F, fluorescence decays.

4. Results
4.1. Fluorescence decay measurements of the 3H, level

Using the same experimental setup as described previously [11], fluorescence decay measurements
of the 3Hy level were recorded by collecting 0.8 um side light from the fibers at the pump input
splice. Analysis of the CR rate was completed by applying least-means-squared curve-fitting to the
measured fluorescence decays at a launched pump power of 78 mW. This was the second-lowest
pump power utilized, and was chosen for the fit to provide a sufficient signal to noise ratio, whilst
minimizing the impact of power-dependent processes such as ETU3. The only exception was the
2.3 wt.% fiber, whereby low detected signal levels resulting from experimental misalignment
required a pump power of 130 mW to be utilized for analysis of the *H, fluorescence decay.
Figure 2 shows an example of the fit of the energy transfer model to the *H, raw decay data of
the 4.8 wt.% fiber at a pump power of 78 mW.

Our previous study analyzed the value of ycg as a function of decay time segment, and
concluded that these fits are optimized over 25 us [11]. An important distinction to address here
is that this study includes the influence of energy migration as an additional parameter to the
curve fitting, compared to our previous model. This gives rise to two important results: Firstly,
the curve fitting produces a closer match to the experimental decays when energy migration is
included, as demonstrated by the close fit of the Hy fluorescence decay of the 4.8 wt.% fiber
at 78 mW pump power. Here, R> = 0.974 when using yc as a fitting parameter, compared to
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Fig. 2. Fit of the energy transfer model to the Hy raw decay data of the 4.8 wt% with a
pump power of 78 mW. Here, ycg = 0.2076 us‘l/ 2 and wg‘;{f =0.052 us~!, giving a close
fit with R? = 0.99.

R? = 0.99 using both ycg and w3A as fitting parameters. The second difference observed is the
trend in ycg from 25-50 ps. In this study, both ycg and w;H! appear to reach stable values over
time windows longer than 25 us. In our previous study, ycr continued to increase from 25-50 us.
It is believed that this may have been due to ETU3 having an increased impact on the shape of the
decay over longer timescales. However, this may have also been caused by fitting an incomplete
energy transfer model within this time segment that did not include the effect of energy migration.
As shown in Fig. 3 (example shown is the 4.8 wt.% fiber), the values of ycg and wgﬁ’f obtained
during this study do not change significantly after 25 us. Instead, each parameter appears to
reach a consistent value. Thus, the values of ycr and wéﬁ“ were taken over a time segment of 50
us to ensure sampling of the largest quantity of measured data to maximize accuracy. The error
bars shown here represent 95% confidence bounds of the curve fitting. Therefore, the integrals in

Eq. (1) and Eq. (5) were also evaluated up to 50 us.
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Fig. 3. The values of ycg and w%’f as a function of the total time segment of the

fluorescence decay sampled. The values in this example were extracted from the 3H4
fluorescence decay of the 4.8 wt.% fiber at a pump power of 78 mW.
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Figure 4 shows the results of CR rate, W, and its differential as a function of Tm**-doping
concentration. The curve fit to the CR rate follows a power law of acg x N7PR, where acg =
25,000 +/- 5,000 and bcg = 0.34 +/- 0.13. Tt is expected that the rate of CR will increase with the
average Tm>*-doping concentration, due to the reduction in the average ion separation distance.
However, the key finding of these measurements is the shape of CR rate with concentration. The
increase in CR rate appears to be initially quite rapid for very low concentrations. This contrasts
with most other reported measurements, discussed in detail later. These results suggest that the
CR process plays a critical role even for Tm**-doping concentrations lower than 0.4 wt.%. This is
also supported by the findings in our companion paper [11], where high levels of energy transfer
were measured at the low Tm?*-doping concentration of 0.2 wt.%, which is also shown in Fig. 4.
Note that we have corrected this value for ycr compared to our previous paper [11] now that EM
has been included. Nevertheless, the 0.2 wt.% fiber displays anomalously high CR rates relative
to the current set of fibers. It is clear that despite the sufficient levels of Al,O3 in this fiber, some
agglomeration of Tm>*-doping may be occurring leading to enhanced energy transfer.

60000 - 30000
50000 = T 25000
40000 | : e T 20000 =

2 ,7;

o This study 15000 o
o 0.2wt.% fiber ZE
------ W(CR) = ax N(Tm)"b 3
~~~~~~~~~ dW(CR) / dN(Tm) 10000 ~
Linear (This study) z

Tm-doping concentration (wt.%)

Fig. 4. The calculated values of W¢g as a function of Tm3*-doping concentration for the
fibers in this study and the 0.2 wt.% fiber from [11]. Also shown is the derivative of the
Wcg trace to highlight the rate of change in Wcg with Tm3+—doping concentration.

The rapid increase in the values for Wy also leads to significantly higher values for the
calculated CR coeflicient k3911 (see Eq. (7)) at lower Tm3+-d0ping concentrations. The reason
for this rapid increase is unclear, however it may still be the result of some agglomeration effects
occurring at low average Tm>*-doping concentrations for this set of fibers. Note we are avoiding
the use of the word clustering here in order to stress that agglomeration may not be so detrimental
as is normally associated with clustering. Agglomeration may be a feature of the conventional
silicate fiber fabrication methods, whereby the uniformity of doping is highly dependent on the
properties of the porous silicate soot which is deposited during MCVD and filled with doping
elements during the solution doping phase. Note that we have included in Fig. 4 the differential of
the curve fit to Wy with respect to the Tm**-doping concentration in order to highlight the rapid
change in Wy at lower concentrations. The rate of increase in the value for Weg with increasing
Tm?>*-doping concentration becomes more gradual and appears to linearize at higher levels of
doping, indicating that the effects from agglomeration are lower; the linearization of W¢g with
concentration is seen in the differential of Wcr which is asymptotic to a value above zero as the
concentration is increased. Above a Tm**-doping concentration of 3 wt.%, the benefits of further
improving the CR rate appear to be diminishing. This agrees with the findings of a separate study
into the quantum efficiency and background propagation loss of the same Tm>*-doped fibers as
studied here [14]. The referenced study found that increasing the Tm>*-doping concentration
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above approximately 3 wt.% provides diminishing returns for increasing the quantum efficiency.
It should be noted that other studies of laser efficiency as a function of Tm>*-doping concentration
have also found optimum performance around at 3-4 wt.% [19].

Figure 5 shows the energy migration rate of the *H, energy level as a function of the Tm3*-
doping concentration. As with the analysis of the CR rate, these values were obtained from the
curve fitting of the measured fluorescence decays at a launched pump power of 78 mW, over
a 50 us time segment. The values of w%ﬁ’f are comparable to the values of Wcg. We stress
that inclusion of energy migration is an important parameter in the analysis because it has a

non-negligible impact on the value of T%H“, and hence Wcg. It is interesting to note that the

rapid change in W¢gr with concentration is not seen with w%’,{f and a simple linear increase with
concentration is observed. This is expected given the steady decrease in the Tm>* ion separation
as the concentration is increased, however it is not clear why EM is not affected by agglomeration
of the Tm** ions as is postulated for CR given that both processes involve a ground state ion.
It is clear that more work is required to understand the interplay between CR and EM for the

Tm?3*-doped aluminosilicate glass system.
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3H4
EM >
Tm3+—doping concentration for the fibers in this study and the 0.2 wt.% fiber from [11].
These values were obtained at a launched pump power of 78 mW.

Fig. 5. Energy migration rate parameter of the >Hy energy level, w as a function of

A complete summary of the results obtained from analysis of the *Hy fluorescence decays can
be found in Table 2.

4.2. Fluorescence decay measurements from 3 F level

A similar analysis was applied to measurements of the *F, fluorescence decay, to assess the effect
of the ETU1 and ETU2 processes on de-populating this level. Here, the fluorescence is emitted
at a wavelength of 1.8 um. Figure 6 shows an example of the fit of the energy transfer model to
the 3F,4 raw decay data of the 4.8 wt.% fiber, recorded at 330 mW launched pump power.
Figure 7 shows the relationship between the combined rate of the ETU1 and ETU2 processes,
Werui+2, and Tm3+—doping concentration. As expected, Wgry142 increases with Tm3+—doping
concentration. However, the shape of the trend is considerably different to the trend observed
for CR (see Fig. 4). Here, the ETU trend follows a simple power law of agryi+2 X Ny PET0142
where agryi140 = 620 +/- 180 and bgyy142 = 1.33 +/- 0.21. Overall, the combined rates of
ETUI1 and ETU2 are approximately an order of magnitude weaker than the rate of CR. This is
likely to be for two reasons; because ETUI1 is a process that has lower resonance, and because
ETU?2 is an endothermic process that requires an energy contribution from phonons, whereas
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Table 2. A summary of the results obtained by analysis of the 3H, fluorescence decays of the
fibers in this study and the 0.2 wt.% fiber from [11]. The results of the 0.2 wt.% fiber from [11] have
been adjusted to include the contribution from EM. These values (including T,.:’;,’;’r“) were obtained
from analysis of a 50 s decay window at a launched pump power of 78 mW (apart from the 2.3 wt.%
fiber which was analyzed at 130 mW).

Fiber ID 73U (us) 34 (4s) Wer l(103 k301 13(}(1)—22 w3l (10%
s7Y) m’s™") sh

0 (from [11]) 23.9+0.3 11.1+0.6 35.5+7.2 12-55 12.9+2.3
1 21.0+0.3 12.6+0.9 21.4+8.3 3.4-12.7 10.2+2.8

2 24.5+0.2 11.8+0.4 31.6+4.1 2.9+0.9 12.5£1.3

3 27.2+0.2 10.0+0.5 36.4+6.6 2.0+0.5 26.8+2.1

4 24.6+0.2 8.0+0.3 48.2+5.7 2.0+0.3 35.7+1.8

5 26.3+0.2 8.2+0.3 45.5+6.3 1.5+0.3 38.9+2.0

6 26.2+0.2 7.10.2 51.1+6.8 1.4+0.2 520422

0.1

Signal (arb)

—— 330 mW pump - measured decay

Energy transfer model fit

----- 95% confidence bounds of fit
Host-related intrinsic decay

|
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Time (us)

0.01

Fig. 6. Fit of the energy transfer model to the 3F4 raw decay data of the 4.8 wt%
fiber, recorded at 330 mW launched pump power. Here, ygryi+2 = 0.0568 ,us_l/ 2 and
w3kt =0.0007 us™!, giving a close fit with R? = 0.997.

CR is an exothermic process and thus should have a comparatively higher rate parameter [2].
Included in Fig. 7 is the differential of the curve fit to Wgry42 with respect to the Tm3+-d0ping
concentration, calculated to highlight the change in Wgry 42 with concentration. Future studies
should concentrate on analyzing the CR, ETU and EM rates for a range of fibers with Tm>*
concentrations <1 wt.% because it is in this region that our results are lacking definitive
characterization. Nonetheless, it is clear that the differential of the curve fit for Wgryi42 is
reaching an asymptote as the concentration is increased. Note that the value for the Wgry 142 for
the 0.2 wt.% fiber is also included in Fig. 7 whereby the effects from agglomeration of the Tm?3*
ion doping distribution may be present, although we stress we cannot say this conclusively.
Figure 8 shows the values of ygry4+2 and w%';;‘ as a function of launched pump power, for
the 4.8 wt.% fiber. It is widely known that ETU processes get stronger as the excitation power
increases due to the increase in the population densities of the excited states. Conversely, the
rate of energy migration appears to decrease with pump power. This seems logical, since energy
migration involves energy transfer to a local ion occupying the ground state which are becoming
fewer as we reach pump saturation. A simple saturating function was applied to the ygryi+2
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results to determine its value in the limit of high power. This function had the form as shown in
Eq. (8).

high 1
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Fig. 7. The calculated values of Wgyy 142 as a function of Tm3+—d0ping concentration for
the fibers in this study and the 0.2 wt.% fiber from [11]. Also shown is the derivative of the
WEeTU14+2 trace to highlight the rate of change in Wgry142 with Tm3+—doping concentration.
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Fig. 8. The values of the yg7y142 and wy ;7 parameters for the 4.8 wt.% fiber, obtained

Here, P is launched pump power and ygl% 142> Psar and d were variables which were determined
for each fiber via least-means-squared curve fitting. In the limit of high pump power, the value of
YETU1+2 becomes 72%1 4 and the value of wzﬁ was taken as 0, since the assumption here is that
the majority of ions occupy the metastable *Fj level, and the population of the *Hg ground state
is negligible. This appears to be a valid assumption considering the trend of w%ﬁj decreasing as
the pump power is increased, which is shown in Fig. 8. Also shown in Fig. 8 is an example of the
application of Eq. (8) to the values of yzry142 as a function of pump power, P, for the 4.8 wt.%

fiber.
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Using simple linear fits to the results of w%ﬁj as a function of launched pump power, the values
of w%ﬁf at a hypothetical pump power of 0 mW were determined. Figure 9 shows how these
results vary with Tm3*-doping concentration. Similar to the energy migration trends for the >Hy
level, the energy migration of the 3F; level increases approximately linearly with Tm3*-doping
concentration. Interestingly, the energy migration rate of the 3Hy level is much greater than the
3F4 level.
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® This study

1400 © 0.2Wt.% fiber + +
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_ 1000 %

‘Tm Py o

800
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wgy °F,

Fig. 9. The rate parameter of energy migration of the 3F, level extrapolated to a launched
pump power of 0 mW, as a function of Tm3*-doping concentration for the fibers in this
study and the 0.2 wt.% fiber from [11].

A complete summary of the results obtained from analysis of the *H fluorescence decays can
be found in Table 3.

Table 3. A summary of the results obtained by analysis of the 3F, fluorescence decays of the
fibers in this study and the 0.2 wt.% fiber from [11]. The results of the 0.2 wt.% fiber from [11] have
been adjusted to include the contribution from EM. These values of Weryq.2 are valid in the limit
high pump power. The values of w%”;f are valid in the limit of 0’ pump power.

Fiber ID 734 (us) 3% (us) WEru1+2 k120 + k1130 w103
(10*s7h (10723 sy
m3s7h)
0 (from [11]) 467+6 337+10 820+120 2.3-6.4 0.1+0.1
1 406+8 406+8 0 0 0.0+0.1
2 498+7 3717 690+80 0.80+0.17 0.2+0.1
3 57045 284+17 1770+220 0.99+0.17 0.5+0.1
4 435+5 191+10 29404300 1.22+0.16 1.0+0.1
5 469+4 169+3 3800120 1.25+0.07 1.3+0.1
6 468+4 14242 4890+120 1.31+0.06 1.3+0.1

5. Discussion

When we survey reports of studies into the determination of the energy transfer parameters for
Tm3+-d0ped aluminosilicate fibers, the combined ETU rate, Wgry 142, divided by CR rate, Weg, is
often referenced. Our previous study [11] presents a tabular comparison of this reported ratio over
a number of literature studies. One key finding from the present study is the distinct difference
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between the functional form of W¢g vs Ny, (see Fig. 4) compared to Wery 142 vs Ngyy, (see Fig. 7).
The result is a variation in the ratio of CR rate to ETU rate over the range of Tm**-doping
concentrations studied, as shown in Fig. 10. We observe that the role of ETU increases linearly
relative to CR with increasing Tm** concentration with ETU reaching approximately 10% of the
rate of CR as the Tm>* concentration approaches 5 wt.%. This fact adds to the notion that the
optimal Tm>* concentration when doped into aluminosilicate glass is <5 wt.%; a fact already
made above in terms of the rate of CR alone. Note that the ETU/CR rate ratio for the 0.2 wt.%
fiber is high relative to the fibers measured in this study. This result suggests that for fibers with
non-negligible levels of clustering, the rates for ETU for the 3F, level are more affected than CR
associated with the *Hy level. These are important considerations for the design of Tm3*-doped
aluminosilicate fibers for laser devices.
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Fig. 10. The value of Wgzy142 / Weg as a function of Tm3+—doping concentration for the
fibers in this study and the 0.2 wt.% fiber from [11].

The CR rate parameter is fundamentally important to all Tm>*-doped laser materials and
hence there have been a number of studies investigating the variance of this parameter with Tm?3*
concentration. Table 4 lists the functional dependence of the CR rate parameter for a variety of
host materials. What is clear is the relationship for Tm3*-doped aluminosilicate glass observed
in this study is not consistent with other amorphous or crystalline hosts. This distinction may
result from how aluminosilicate glass fiber is made compared to the other materials listed i.e.,
there may exist some compositional variation in aluminosilicate glass that forces a nonuniform
distribution of Tm>* ions and significant variation of the Tm3* ion local environment. While
we observe a rapid rise in the CR rate of aluminosilicate glass for concentrations <0.4 wt.%,
the rate appears to stabilize for Tm** concentrations >0.4 wt.% into a much slower increase
with Tm>* concentration compared to other materials. A point to note from Table 4 is the slight
variance observed with tellurite glass which may confirm the suggestion that some glasses present
a certain complexity to energy transfer as the donor-acceptor concentration is increased.

As shown in Eq. (4), ycr is intrinsically linked to the mean intrinsic fluorescence lifetime, T,
via the ratio of Tm3+-doping concentration, C, and the critical concentration, Cy, according to
Foster theory [16,17]. Similarly, this can also be expressed as the ratio of average ion separation
distance, R, to the critical ion separation distance, Ry, cubed. Figure 11 shows the values of Cy
and Ry, calculated from the values of ycg and 7;,, obtained during the analysis of the 3Hy level
decays, as a function of Tm3*-doping concentration. Also shown in Fig. 11 is the actual average
ion separation distance, Ry, (crosses), for each Tm3+-doping concentration. When converted to a
critical concentration, Cy, the increase in Cy with doping concentration is linear. The calculated
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Table 4. The relationship between CR rate parameter, W¢g, and Tm3*-doping concentration, Ny,

reported in this study and a selection of other literature studies [20-25].

Reference Host material Relationship Notes
between Wcg
and N7y,
This work Aluminosilicate oc Nty for >0.4 The first study analyzing the CR rate
(glass) wt.%. parameter in aluminosilicate as a function
of Tm3*-doping concentration. Rapid
increase in Wcg predicted for low Tm3*
concentrations (<0.4 wt.%).
Loiko and Al,O3 (glass) o« N2 This model fits the shape of fluorescence
Pollnau (2016) decays to population density rate equations.
[20] Wcr relationship has been inferred from the
linear trend between k311 and N7y,.
Loiko et al. CaF, (crystal) o Nrm2 Uses same approach as [20]. ETUI and
(2020) [21] ETU2 rates also shown to increase with the
same relationship as CR rate.
Gomes et al. Tellurite (glass) oc Ny 24 Values obtained by using a similar approach
(2012) [22] to this study. However Wcr, is calculated
with respect to g, instead of 7.
Taher et al. Tellurite (glass) o N2 Wcr relationship has been inferred from the
(2011) [23] linear trend between k3g;1 and N7y,.
Analysis requires measurement of the
frequency bandwidth of the emission
spectra and the ratio of the strength of
emission from 3Hy and 3F;.
Armagan et al. YAG (crystal) o N2 Assumption is made that the 3H,
(1991) [24] fluorescence decays in Tm:YAG represent a
single exponential for this host. 7, simply
found by extrapolating 7 back to a Tm3*
concentration of *0’.
Zheng et al. Y03, Luy03, o« N2 This analysis is based on the ratio of
(2023) [25] and Scy O3 emission intensity from 3F4—3Hg and
(crystals) 3Hy—3F,.

values of Ry rapidly increase as the Tm3*-doping concentration is lowered, indicating that the
average strength of the CR process is higher, per Tm>* ion. This is also supported by the results
of Fig. 4 and probably has its origins relating to the particularly high level of disorder associated
with aluminosilicate glass, discussed above. The value of Ry is asymptotic towards a constant
value of around 0.9 nm at the highest doping concentrations. In addition, the difference between
Ry and Ry, is becoming negligibly small at the highest Tm>* concentrations. This is indicative
that as the doping concentration approaches 5 wt.%, the rate of de-excitation of the *Hy level via
energy transfer is approximately equal to the rate of spontaneous de-excitation through the usual
radiative and NR mechanisms.

6. Summary and conclusions

We have extended the decay time segmentation and curve fitting approach to the detailed
examination of the relationship between the EM, CR and ETU parameters as a function of the
Tm?>* concentration for a range of Tm>*-doped aluminosilicate glass fibers. We find that the
rate of CR appears anomalously high for low Tm** concentrations, although more results are
needed to confirm this finding. We show that EM plays an essential role in the energy transfer
dynamics for Tm3*-doped aluminosilicate glass, displaying a greater role within the CR and
ETU processes as the Tm** concentration is increased. We compared our results of the CR
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rates for aluminosilicate glass with other Tm3*-doped materials and found that aluminosilicate
glass has distinctly different behavior when compared to other materials. We postulate that
aluminosilicate glass may present a particularly high level of disorder, producing a wide variety
of nearest neighbor environments that has a non-negligible impact on energy transfer.
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Fig. 11. Calculated values of critical ion separation distance for cross relaxation, Ry,
average ion separation distance, R7y,, and critical concentration for cross relaxation, C, as a
function of Tm3*-doping concentration.
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