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Abstract 

 

In this study, thermal and spectroscopic properties of Tm
3+

 and Ho
3+

 codoped tellurite glasses 

over a wide dopant concentration range are reported in order to assess their potential laser 

performance under 790 nm diode laser excitation and to identify specific candidates for fiber 

laser operation. Energy transfer microparameters and critical ion distances are determined for 

3
H4, 

3
F4 (Tm

3+
) and 

5
I7 (Ho

3+
) emission levels in the framework of diffusion – limited regime 

and dipole – dipole interaction. 

 

 

1. Introduction 

There is currently great interest in emission and interaction features of the rare earth 

(RE) ions such as Er
3+

, Nd
3+

, Pr
3+

, Ho
3+

, Tm
3+

, and Yb
3+

 in order to develop fiber lasers 

emitting in near infrared region (NIR). As a matter of fact, holmium (Ho
3+

) emission from the 

first excited level 
5
I7 → 

5
I8 lies in the 1.95 to 2.15 µm wavelength range which offers 

numerous applications in medicine, range monitoring, and sensing [1, 2]. However, direct 

pumping of this transition is not obtainable by commercial diode lasers, and therefore 

alternative ways such as pumping with Tm
3+

 doped fiber laser or sensitizing with Tm
3+

 are 

utilized. Considering the second case, Tm
3+

 – Ho
3+

 doped system, where the pump photon at 

~ 790 nm excites Tm
3+

 to 
3
H4 level offers highly efficient energy transfer (ET) to an activator 

ion and numerous transition processes. 

The cross – relaxation (CR: 
3
H4,

3
H6 →

3
F4,

3
F4) process contributes to the population of 

3
F4 level from where quasi resonant ET to neighboring Ho

3+
 occurs followed by the 

5
I7 →

5
I8 

transition and corresponding emission at ~ 2050 nm (Fig. 1). 



The challenge of building Tm
3+

 – Ho
3+

 doped fiber laser is to ensure an adequate 

population inversion, to avoid ETU from upper laser level, and to reduce back energy transfer 

processes. Regarding such aims, the choice of the host material, sensitizer and activator ion 

concentration, as well as pumping characteristics should be optimized. 

Several articles related to Tm
3+

 – Ho
3+

 fiber lasers based on silica or tellurite glass 

hosts are published in the last years. Emission at 2.1 μm in water cooled Tm
3+

 – Ho
3+

 doped 

silica fiber system with 83 W pump power was demonstrated [3]. High energy pulse laser (1.1 

J/pulse at 2 Hz rep. rate and 187 ns pulse duration) in Tm
3+

 – Ho
3+

 system pumped with 

commercial diode laser and emission at 2.053 µm was reported as well [4]. 

Regarding tellurite glasses, CW and Q-switched Tm
3+

 – Ho
3+

 fiber laser in 80TeO2–

10ZnO–10Na2O (mol %) host composition was demonstrated in 2008 [5]. Pumping was 

carried out by using an Yb
3+

/Er
3+

 doped silica fiber laser at 1.6 μm and a pumping efficiency 

of 62% (for CW) and a 0.1 W threshold were obtained. However, this efficiency does not take 

into account the Yb
3+

/Er
3+

 laser efficiency (reasonably < 50%) and therefore we expect that 

direct diode pumping of Tm
3+

 will provide significantly better results.  

As evident from the literature overview, the choice of the active material is critical for 

various spectroscopic parameters. The reasons for choosing a tellurite glass host are its high 

RE solubility, low phonon energy, high refractive index, and thermal stability [6]. Our 

previous work [7] reported highly Tm
3+

 doped tellurite glasses specifying the optimal dopant 

concentration region for short cavity fiber laser. This study extends the previous work by 

shifting the emission towards longer wavelengths with introducing Ho
3+

 in the same tellurite 

based, glass host. 

The major task of this paper is to investigate Tm
3+

 and Ho
3+

 energy transfer in a low 

and high dopant region by utilizing steady-state and time-resolved laser spectroscopy. The 

energy transfer microparameters and critical ion distances have been determined for 
3
H4, 

3
F4 



(Tm
3+

) and 
5
I7 (Ho

3+
) emission levels in the framework of diffusion – limited regime and 

dipole – dipole interaction. 

 

2. Experimental techniques 

2.1. Glass fabrication 

Glasses were prepared by melt quenching from mix powder batches, inside a glove 

box in a dry atmosphere with water content of about 7 ppm. The chemicals employed 

(together with their purity) were the following: TeO2 (99+%), ZnO (99.99%), Na2CO3 

(99.995%), Tm2O3 (99.99%), Ho2O3 (99.9%). Relative molar ratio of the host glass 

constituent oxides was kept the same for all samples, regardless of Tm
3+

 and Ho
3+

 doping. 

The fabricated samples were based on the host composition 75TeO2:20ZnO:5Na2O (mol%) 

doped with increasing amounts of Tm
3+

 and Ho
3+

. Glass melting was carried out in a Pt 

crucible at around 900 °C for 4h, then pouring on a preheated brass plate at 300 °C and 

annealing followed. The whole process required around 30 h of operation. 

 

2.2 Glass characterization: thermo – mechanical properties 

Thermal analysis was performed on fabricated glasses using a Perkin Elmer DSC-7 

differential scanning calorimeter up to 550°C under Ar flow with a heat rate of 10°C/min in 

Al pans using 30 mg glass samples. Thermal analysis was employed to determine the effect of 

glass composition on glass stability which can be measured with the quantity Tx-Tg (Tx is 

crystallization peak onset value and Tg is glass transition temperature). 

 

2.3 Glass characterization: optical properties 

Refractive index was measured for all samples at five different wavelengths (533, 825, 

1061, 1312 and 1533 nm) by the prism coupling technique (Metricon, model 2010). The 



instrument resolution was ± 0.0001. Five scans were used for each measurement. Standard 

deviation in refractive index at different points of the same sample was around ±0.0003. 

The steady-state emission measurements were made with a Ti-sapphire ring laser (0.4 

cm
-1

 linewidth) at 793 nm of excitation wavelength. The fluorescence was analyzed with a 

0.25 monochromator, and the signal was detected by a PbS detector and finally amplified by a 

standard lock-in technique. For the fluorescence dynamic measurements of the IR emission of 

Ho
3+

 a digital oscilloscope was used to record the decay signal. Lifetime measurements for 

Tm
3+

 ions were obtained by exciting the samples with a Ti-sapphire laser pumped by a pulsed 

frequency doubled Nd:YAG laser (9 ns pulse width), and detecting the emission with a 

Hamamatsu R5509-72 photomultiplier. Data were processed by a Tektronix oscilloscope. All 

measurements were performed at room temperature. 

 

3. Experimental results and discussion 

3.1 Samples overview, DSC analysis and refractive index values 

Glasses were named by using the following scheme: “T” stands for Tm whilst “H” for 

Ho both followed by a number indicating the mol% content of dopant ions in the prepared 

glass. Table 1 shows the list of glasses prepared for this study together with their dopant 

concentrations, thermal properties and refractive index values. In the ‘Group I’, concentration 

of Tm
3+

 ions was constant, whereas the Ho
3+

 concentration was ranging from 0 to 3 mol%. 

Similar nomenclature was used for glasses in group II and III.  

Tab. 1 shows that glass stability ΔT increases with the addition of Ho
3+

 for low 

concentrations (Group I), up to the sample T4H5 (Group II) where ΔT starts to decrease with 

Ho
3+

 addition. Glass stability progressively decreases in Group III as well. Two crystallization 

peaks were observed for highly doped glasses in Groups II and III.   



The refractive index values are shown to decrease with increasing Tm
3+

 or Ho
3+

 

concentration and wavelength. 

 

3.2 Emission spectra of Tm
3+

-Ho
3+

 doped TZN glasses 

Figures 2 a, b show, as an example, the emission spectra of Tm
3+ 

- Ho
3+

 doped glasses, 

group I and group II, respectively obtained under excitation at 793 nm in the 
3
H4 (Tm

3+
) level. 

There are three characteristic regions which have origin at the emission of thulium 
3
H4 and 

3
F4 

levels or holmium 
5
I7 level. Holmium 

5
I7 level shows as the double peak with two 

characteristic emissions: at shorter wavelengths in the range from 1970 – 2045 nm (signed as 

‘A’) and at longer wavelengths in the range from 2024 – 2080 nm (signed as ‘B’).  

As can be seen in these figures, the emission intensity of the 
3
F4 → 

3
H6 transition decreases 

in the codoped samples as Ho
3+

 concentration increases due to the energy transfer from Tm
3+ 

(
3
F4) to Ho

3+
(
5
I7). In group II glasses system, the Ho

3+
 emission around 2 µm decreases for 

Ho
3+

 concentrations higher than 2 mol% Ho
3+

 due to concentration quenching. 

Fig. 3a shows the absorption and emission cross-sections corresponding to the 
5
I7

5
I8 

transitions of Ho
3+

. The absorption cross section has been calculated by using the expression: 

σabs.(λ) = α(λ)/N, where α(λ) is the experimental absorption coefficient and ‘N’ is the 

concentration of Ho
3+

 ions. The emission cross-section shown in Fig. 3a has been obtained by 

the McCumber theory [8]: 

 









 )

11
(exp..




ZLBU

L
absemiss

Tk

hc

Z

Z
    (1) 

 

where ZU, ZL, λ, kB, and EZL denote the partition functions of the upper and lower states, 

transition wavelengths, Boltzmann’s constant, and the so – called ‘zero line’ energy, 



respectively [9]. The partition function ratio and zero line energy used for 
5
I8 → 

5
I7 were, 

ZL/ZU = 0.81, and λZL = 5153 cm
-1

(1941 nm) [10]. 

Under assumption that the electrons in Ho
3+

 are either in state 
5
I7 or 

5
I8, the gain 

coefficient G(λ) can be written as: G(λ) = N (pσem-(1-p)σabs) where N is the number of Ho
3+

 

ions, ‘p’ is the population inversion rate, and σem and σabs are emission and absorption cross 

sections, respectively [11]. 

 Figure 3b shows the effective cross section (G/N) as a function of wavelength 

obtained for different values of ‘p’. When population inversion decreases (0.6<p<0.99), the 

gain peak at shorter wavelengths ‘A’ decreases whilst the ‘B’ peak shifts to longer 

wavelengths, becomes broader and lower in intensity. Furthermore, a net gain suitable for 

laser action is achieved at longer wavelength when about 40% Ho
3+

 are in excited state. Note 

that for p = 0.4 an effective cross section of 10
-21

 cm
2
 is achieved. This correspondes to a 

single-pass gain of 1.9 dB over only 2 cm for glass with Ho
3+

 doping of 1 mol% (about 2.2 

10
20

 ions/cm
3
). This value shows that Ho

3+
 doping concentration of 1 mol% is suitable for 

ultracompact laser. 

 The same behavior of ‘A’ and ‘B’ peaks is observed in the experimental results (Fig. 

2b). As the Ho
3+

 content increases, 
3
H4 and 

3
F4 levels are quickly depleted due to cross – 

relaxation and energy transfer to Ho
3+

, respectively. Besides that, Ho
3+

 emission at longer 

wavelengths (signed as ‘B’) increases in intensity whilst the one at shorter wavelengths 

(signed as ‘A’) decreases. 

 As already observed in the single Tm
3+

 doped TZN composition [7], the increase of 

Tm
3+

 content reduces the emission from 
3
H4 level which can also be observed in the case of 

Tm
3+

-Ho
3+

 doping, but with increased depopulation rate. 

 

 



 

3.3 Fluorescence lifetimes of level 
3
H4 

The lifetimes of level 
3
H4 (Group I) were calculated from the decay curves obtained by 

exciting at 793 nm and collecting the luminescence at 1475 nm. The decays show nonlinear 

time dependence in a semilogarithmic scale for all monitored samples (Fig. 4). 

The decay curves show that the 
3
H4 lifetimes of Tm

3+
 are reduced in the presence of 

Ho
3+

 for the same sensitizer concentration. This effect has been previously observed in 

tellurite glasses and attributed to the Tm
3+

:
3
H4 → Ho

3+
:
5
I7 energy transfer [12]. In this process 

Tm
3+

 ions are transferred from 
3
H4 to 

3
H5, and then relaxe to 

3
F4 through multiphonon 

relaxation. Tm
3+

 ions in the 
3
F4 state transfer their energy to 

5
I7 (Ho

3+
) state. 

The average lifetime values reported in Table 2 are calculated by utilizing the 

expression [13]: 
 

)0( 



tI

dttI
 . 

Quantum efficiency   = τSA/τ0, of the 
3
H4 level decreases with the increase of Ho

3+
 

content. Radiative lifetime of 
3
H4 level is taken as 347 μs from the previous study [7]. 

Energy transfer probability (W) and ET efficiency ( d)
) can be calculated by 

measuring the sensitizer lifetime with ( SA ) and without ( S ) activators presence. Their 

values increase with Ho
3+

 concentration. In the heavily doped glasses sensitizer ions are 

closer to the activator, and therefore the ET is more probable. Energy transfer parameter ‘K’ 

slightly decreases its value with increasing activator concentration. 

In the case of groups II and III, the emission from level 
3
H4 is practically quenched 

due to cross-relaxation processes. 

 

The sensitizer fluorescence decays in the single doped samples showed the existence 

of energy migration among Tm
3+ 

ions [7] which can be described by the diffusion or hopping 



model. The best agreement between experimental data and theoretical fit is obtained with the 

expression corresponding to the Yokota-Tanimoto model in the case of dipole-dipole 

interaction [18]: 

 









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 4/3
2
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)
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5.1587.101
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3
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x
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tCNet SAA
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where τ0 is radiative lifetime, NA is the acceptor concentration, x= 0.5 (
3

4
)
4/3

 CSS 3/1

SAC  N
4/3

 

t
2/3

, CSA and CSS are ET microparameters for SA and SS interactions respectively. For the 

calculations, the following parameterization can be used: A=
3

4
π

3/2
NA

2/1

SAC , B= 0.5 (
3

4
)
4/3

 

CSS 3/1

SAC  N
4/3

. Value of parameter ‘B’ can be also expressed as B = DC
-1/3

 with ‘D’ as a 

diffusion coefficient [17]. 

 

 The obtained values for parameters A and B, energy transfer microparameter CSA, and diffusion 

coefficient are displayed in Tab. 3 for the samples of group I. This table also shows the values for 

the critical radius R0, which is defined as the distance at which the probability of the energy transfer 

process becomes equal to the intrinsic decay rate of the metastable level and can be calculated in 

terms of CSA and R from 
SARCR 6

0
.  

 

The ET microparameter CSA increases as Ho
3+

 concentration increases. Parameters 

taken from Tab. 3 and Tab. 4 can be inserted into the equations suggested in literature [18]: 

KD = 1/τSA-1/τ0 also defined by KD ~ 4πDNA(CSA/D)
1/4

 (where NA is activator concentration), 

respectively. Comparison shows the same order of magnitude for KD obtained from lifetime 

measurements and Yokota – Tanimoto fit for all three samples. 



3.4 Fluorescence of levels 
3
F4 and 

5
I7 

The lifetimes of levels 
3
F4 and 

5
I7 were calculated from the decay curves obtained 

under excitation at 793 nm and by collecting the luminescence at 1680 nm and 2050 nm, 

respectively.  

The decays can be described by a single exponential function to a good approximation 

for all samples (Fig. 4, 5). 

 

Table 4 shows the lifetime values obtained by fitting the experimental decays to a 

single exponential function together with the corresponding quantum efficiencies. 

 

Radiative lifetime values can be calculated from equation: 

 






d

g

g
cn abs

upper

lower

rad

4

.2 )(
8

1  [19] without including any uncertainty of J-O parameters. The 

value obtained for the 
5
I7 → 

5
I8 transition was τ0(

5
I7) = 6.57 ms  

Groups II and III include highly sensitized glasses where S-S diffusion is much faster 

than S-A transfer rate. Consequently, excitations among Tm
3+

 spread very quickly, creating a 

uniform local distribution in excited manifolds [20].  

As shown in Tab. 4, whereas the lifetimes of level 
3
F4 in the single doped samples 

decrease as Tm
3+

 concentration increases, these lifetimes are approximately the same as those 

of level 
5
I7 in the codoped glasses. The expected shortening of the 

3
F4 lifetime in the codoped 

samples, due to the additional probability for relaxation by nonradiative energy transfer to 

Ho
3+

 ions, is not observed in these glasses which indicate that the energy transfer between 

ions is very fast compared with their upper state lifetimes and the two excited states are in 

quasi-thermal equilibrium. In this case, it is not possible to evaluate the energy transfer 

efficiency from Tm
3+

 (
3
F4) to Ho

3+
 (

5
I7) ions by using the lifetime values of Tm

3+
 in the single 



and codoped samples. A similar behaviour was found by Zou and Toratani in fluoride glasses 

[21]. 

 

3.5 Fluorescence characteristics of compared samples 

In the subsection 3.2, McCumber theory has been used for Ho
3+

 ions emission cross 

section calculation. In the present subsection, the alternative Fuchtbauer – Ladenburg (FL) 

equation will be used for calulating Tm
3+

 and Ho
3+

 emission cross section: 

σe=
4

p β/(8πn
2
cτ0Δλeff.), where λp is the peak fluorescence wavelength, β is the branching 

ratio, n the refractive index, c is the light velocity, τ0 is the radiative lifetime and ∆λeff is the 

effective linewidth calculated by using the relation: Δλeff.=  dII ./)( max  [21, 22, 23]. 

The probability of energy transfer between sensitizer (‘S’, Tm
3+

) and activator (‘A’, 

Ho
3+

) depends on the spectral overlapping between ‘S’ emission and ‘A’ absorption [24]. The 

increase of S or A concentration will decrease mutual distance, which changes the ET rate 

[25], enhances the Ho
3+

 ↔ Tm
3+

 back-transfer and enables energy diffusion among S or A 

ions. 

 

To evaluate the extent of each energy transfer we have calculated the critical radii 

from the spectral overlap between the emission cross-section of sensitizers and absorption 

cross-section of activators [26]: 
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abs
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6

)2(

6
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where ‘gA’ or ‘gS’ is the degeneracy of acceptor or sensitizer, respectively; ‘n’ is the refractive 

index, and ‘c’ is the light speed.  

Absorption and emission cross-sections of sample T1H3 used to evaluate the 

overlapping integral are shown on Fig. 6 a, b, c. McCumber calculations for Tm
3+

 and Ho
3+

 

ions are used following the literature [10, 27] together with FL equation. 

 

Discrepancy between McCumber and FL comes from error in λZL and τ0 

determination. Radiative lifetime can be over-extimated because of self - trapping or under-

extimated due to nonradiative processes. 

 

The values of the Tm
3+

(
3
F4)  Tm

3+
(
3
F4), Tm

3+
(
3
F4)  Ho

3+
(
5
I7), and Ho

3+
(
5
I7)  

Tm
3+

(
3
F4), energy transfer microparameters are displayed in Tab. 5 for samples T1H3 and 

T5H4. 

 

Reported ET microparameters in TeO2–ZnO–Li2O–Bi2O3–CsCl (TZLBC) host [26] 

are: 1.821 10
-50

 (m
6
/s) (Tm

3+
 – Tm

3+
), 1.872 10

-52
 (m

6
/s) (Tm

3+
 – Ho

3+
), 6.473 10

-54
 (m

6
/s) 

(Ho
3+ 

–Tm
3+

). A review of T1H3 and T5H4 spectroscopic characteristics is given in Tab. 6. 

 

The absorption and emission cross sections of Ho
3+

 in these glasses are higher than 

those reported by Zou and Toratani in fluorozircoaluminate glasses [21] but lower than in 

oxyfluoride tellurite glass [28]. 



As can be seen in Tab. 6, the laser parameter σemissτ is higher for the T1H3 glass which 

indicates that activator emission could be maximized by keeping the thulium content lower 

than holmium.  

The ET microparameters ratio shows that forward energy transfer is much faster than 

backward and only 2-3% of thulium ions are settled at level 
3
F4 due to back – energy transfer. 

 

4. Conclusions 

 

This work reports thermal and spectroscopic properties of low and highly Ho
3+

- doped 

tellurite glasses sensitized with Tm
3+

. 

Obtained values of the radiative lifetimes of levels 
3
F4 (Tm

3+
) and 

5
I7 (Ho

3+
) are 2.06 

and 6.57 ms, respectively. The longest Ho
3+

 fluorescence lifetime of 5.58 ms corresponds to a 

Ho
3+

 concentration of 1.6 10
20

 cm
-3

. Decrease of Ho
3+

 lifetime by S or A concentration 

increase is observed for all glass groups. 

Fluorescence spectroscopy showed strong depletion of thulium 
3
H4 and 

3
F4 levels in 

the presence of Ho
3+

 ions which indicates high efficient energy transfer towards activator 

ions. The Ho
3+

 emission from level 
5
I7 shifts to longer wavelengths and its intensity decreases 

as Ho
3+

 content increases. 

The fluorescence decays of level 
3
H4 can be described by a dipole-dipole energy 

transfer process assisted by energy migration. The energy transfer microparameters and 

critical radius increase with increasing Ho
3+

 content.  

Energy transfer microparameters regarding level 
3
F4 are calculated by using the 

integral overlap of S-A spectra. Obtained values are 1.17 10
-50

 m
6
s

-1
 (Tm

3+
 → Tm

3+
), 5.65 10

-

51
 m

6
s

-1
 (Tm

3+
 → Ho

3+
), and 1.15 10

-52
 m

6
s

-1
 (Ho

3+
 → Tm

3+
). Parameter σemiss.τ(Ho

3+
) showed 

great advantages of T1H3 vs. T5H4 glasses.  



In order to obtain optimum energy storage of the lasing ion, low activator and high 

sensitizer glasses should be considered. Quantum efficiency drops abruptly with activator 

concentration increase. Moreover, attention should be payed to reabsorption and upconversion 

processes which may occur for high activator concentrations in optical fiber geometry, and 

thus increase laser threshold. 
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Tables 

 

 

Table 1. Tm
3+

-Ho
3+

 doped tellurite glasses prepared for the present study: Tm
3+

 and Ho
3+

 ion 

content in cm
-3

, glass transition (Tg), crystallization temperature (Tx) and refractive index 

values are reported. The experimental error for Tg and Tx is ±3 °C.  

Group Sample name 

Tm
3+

 

10
20

(cm
-3

) 

Ho
3+

 

10
20

(cm
-3

) 

Tg 

(°C) 

Tx-Tg 

(°C) 

n 

(1533 nm)
 

I 

T1H0 2.28 - 313 134 1.9918 

T1H0.7 2.28 1.6 315 139 1.9882 

T1H1 2.3 2.8 316 147 1.9860 

T1H3 2.26 6.79 325 167 1.9822 

II 

T4H0 9.06 - 321 152 1.9833 

T4H2 8.92 4.46 329 152 1.9738 

T4H4 8.89 8.89 331 143 1.9654 

T4H5 8.87 11.08 336 117 1.9633 

III 

T5H0 11.3 - 320 149 1.9792 

T5H2 11.07 4.43 334 141 1.9717 

T5H4 11.06 8.85 340 121 1.9624 

T5H5 11.05 11.05 341 102 1.9605 

* T measuring error is ±0.0001 

**n deviation throughout the same sample is ±0.0003 

 

 

 

Table 2. J-O parameters comparison with literature. 

Author Sample composition Ω2 Ω4 Ω6 

[16] 80TeO2:10ZnO:10Na2O – Tm
3+

, Ho
3+

 5.11 1.17 1.08 

[17] 60TeO2:15Na2O:25WO3 – Ho
3+

 5.70 4.0 1.0 

[18] 79TeO2: 20Li2CO3 – Ho
3+

 4.98 0.99 2.96 

[19] 70TeO2:10ZnO:10ZnF2:2.5Na2O:2.5K2O:5La2O3– Tm
3+

, Ho
3+

 4.20 2.80 1.10 

[20] 70TeO2:20WO3:10ZnO – Ho
3+

 5.26 2.28 2.18 

This 

study 
75TeO2:20ZnO:5Na2O – Tm

3+
, Ho

3+
 4.94 2.15 1.62 

* Ω [10
-20

 cm
2
] 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Table 3. Transition rates, radiative lifetimes and branching ratios for Tm
3+

 obtained from J – 

O analysis. 

Transition  (nm) AJ'J (s
-1

) τ0 (ms) β 
1
G4→

3
H6 480 2952.72 

0.17 

0.51483 
1
G4→

3
F4 650 433.68 0.07561 

1
G4→

3
H5 790 1638.92 0.28576 

1
G4→

3
H4 1145 577.84 0.10075 

1
G4→

3
F3 1478 132.20 0.02305 

3
F3→

3
H6 686 5468.30 

0.16 

0.84905 
3
F3→

3
F4 1138 155.88 0.02420 

3
F3→

3
H5 1558 808.91 0.12560 

3
F3→

3
H4

 
5552 7.40 0.00115 

3
H4→

3
H6

 
792 3111.05 

0.29 

0.91279 
3
H4→

3
F4

 
1474 242.07 0.07102 

3
H4→

3
H5

 
2307 55.16 0.01618 

3
H5→

3
H6

 
1225 13.79ED +110.24MD 

1.47 
0.97748 

3
H5→

3
F4

 
4226 649.97 0.02221 

3
F4→

3
H6

 1820 484.98 2.06 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Table 4. Transition rates, radiative lifetimes and branching ratios for Ho
3+

 obtained from J – O 

analysis 

Transition  (nm) AJ'J (s
-1

) τ0 (ms) β 
5
F4 → 

5
S2 67656 8 10

-5
 

0.11 

8 10
-9

 
5
F4 → 

5
F5 3173 21.71 0.00239 

5
F4 → 

5
I4 1887 41.69 0.00460 

5
F4 → 

5
I5 1327 269.79 0.02974 

5
F4 → 

5
I6 986 535.62 0.05905 

5
F4 → 

5
I7 738 759.92 0.08378 

5
F4 → 

5
I8 536 7441.94 0.82044 

5
S2 → 

5
F5 3330 0.85 

0.19 

1.6 10
-4

 
5
S2 → 

5
I4 1942 76.03 0.01463 

5
S2 → 

5
I5 1354 79.20 0.01524 

5
S2 → 

5
I6 1000 324.73 0.06248 

5
S2 → 

5
I7 746 1827.8 0.35168 

5
S2 → 

5
I8 540 2888.80 0.55581 

5
F5 → 

5
I4 4658 0.09 

0.21 

1.9E-5 
5
F5 → 

5
I5 2282 14.68 0.00311 

5
F5 → 

5
I6 1430 188.43  0.03991 

5
F5 → 

5
I7 961 851.45  0.18033 

5
F5 → 

5
I8 645 3667.00  0.77663 

5
I4 → 

5
I5 4472 12.51  

5.05 

0.06319 
5
I4→ 

5
I6 2064 77.63  0.39197 

5
I4 → 

5
I7 1211 89.06  0.44970 

5
I4 → 

5
I8 749 18.84  0.09514 

5
I5 → 

5
I6 3831 13.00 

3.4 

0.04426 
5
I5 → 

5
I7 1662 160.06 0.54483 

5
I5 → 

5
I8 899 120.72 0.41091 

5
I6 → 

5
I7 2934 31.71 

2.83 
0.08960 

5
I6 → 

5
I8 1175 322.17 0.91040 

5
I7 → 

5
I8 2100 111ED+41.17MD 6.57 1 

  *AMD (
5
I7) = 41.17 s

-1
 [16] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Table 5. Lifetime values of level 
3
H4 in single and codoped samples, quantum efficiencies (η), 

transfer rate (W), ET efficiencies and energy transfer parameter (K).  

Group Sample name 

τSA(
3
H4) 

(μs) 

η
a)

 

(%) 

W
b)

 

10
3
 (s

-1
) 

η
c)

 

(%) 

K
d)

 

(m
6
s

-1
) 

I 

T1H0 147 42.4 0 0 - 

T1H0.7 110 31.7 2.288 25.17 6.27 10
-50

 

T1H1 95 27.4 3.724 35.37 5.78 10
-50

 

T1H3 62 17.9 9.326 57.8 6.08 10
-50

 

a)   = τSA/τ0, τ0 = 347 μs, efficiency of the 
3
H4 level refereeing lifetime of the single ion [27].  

    τSA corresponds to the Tm
3+

 lifetime in the presence of Ho
3+

 ions. 

b) 

SSA

W


11
 , energy transfer (Tm

3+
- Ho

3+
) probability [28] 

c) 

S

SA




 1  = WτSA, non - radiative transfer efficiency (Tm

3+
- Ho

3+
) [9] 

d) AS

SSA

NKNW 


11
, [29] 

 

 

 

Table 6. Yokota Tanimoto fit parameters for 
3
H4 level of group I. 

3
H4 level 

A 

(s
-1/2

) 

B 

(s
-2/3

) 

R
2 

(%) 

CSA 

10
-51

 (m
6
/s) 

D 

10
-15

 (m
2
/s) 

R0 

Å 

T1H0 119±1 92±3 99.65 4.93 1.57 10.9 

T1H0.7 142.8±0.4 70±1 99.85 7.13 1.35 11.6 

T1H1 160.1±0.6 104±2 99.82 8.80 2.15 12 

T1H3 224.6±0.6 134±2 99.79 17.94 3.51 13.6 
    *R

2
 is the square of the correlation coefficient 

 

 

Table 7. Lifetime values of 
3
F4 and 

5
I7 levels and quantum efficiency η(

5
I7). 

Group Sample name 

τ(
3
F4) 

(ms)
 

τ (
5
I7) 

(ms) 

η(
5
I7) 

(%)
 

I 

T1H0 2.42 - - 

T1H0.7 5.49 5.58 84.93 

T1H1 N.A. N.A. - 

T1H3 4.64 4.85 73.82 

II 

T4H0 0.42 - - 

T4H2 2.1 2.59 39.42 

T4H4 2.22 2.42 36.83 

T4H5 1.31 1.68 25.57 

III 

T5H0 0.32 - - 

T5H2 2.1 1.87 28.46 

T5H4 2.1 1.8 27.40 

T5H5 1.7 1.67 25.42 

*used:   = τm/τ0, τ0(Ho
3+

) = 6.57 ms 



 

 

 

Table 8. Microscopic parameters of the energy transfer processes observed in TZN – Tm
3+

, 

Ho
3+

 glasses considering dd electric interaction. 

Sample S-A τ0 (ms) R (Å) C (m
6
/s) 

T1H3 

Tm
3+

 – Tm
3+

 

Tm
3+

 – Ho
3+

 

Ho
3+ 

–Tm
3+

 

3.1 

3.1 

6.57 

18.2 

16.1 

9.5 

1.17 10
-50

 

5.65 10
-51

 

1.15 10
-52

 

T5H4 

Tm
3+

 – Tm
3+

 

Tm
3+

 – Ho
3+

 

Ho
3+ 

–Tm
3+

 

3.1 

3.1 

6.57 

18.7 

16.2 

10.4 

1.38 10
-50

 

5.73 10
-51

 

1.88 10
-52

 

 

 

 

Table 9. Spectroscopic characteristics of the 
5
I7

5
I8 transition of Ho

3+ 
 in T1H3 and T5H4 

samples. 

Parameters T1H3 T5H4 

σabs. (Ho
3+

)  10
-25

 (m
2
) 

σemiss (Ho
3+

) 10
-25

 (m
2
) 

τ(Ho
3+

) (ms) 

σemiss.τ(Ho
3+

) 10
-28

 (m
2
 s) 

CAS/CSA 

5.90 

5.54 

4.85 

26.87 

0.0204 

5.92 

5.81 

1.8 

10.46 

0.0328 
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