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Abstract.  We have obtained the spectral dependences of the absorp-
tion cross sections for the Ho3+ 5I8 ® 5I6 and 5I8 ® 5I7 transitions in 
Ho3+-doped aluminosilicate fibres and the spectral dependence of 
the stimulated emission cross section for the Ho3+ 5I7 ® 5I8 laser 
transition in Ho3+-doped aluminosilicate fibre preforms. The life-
time of the Ho3+ 5I7 upper laser level in the preforms has been deter-
mined.

Keywords: Ho3+ ions, aluminosilicate glass, optical fibres, lumines-
cence, stimulated emission cross section.

1. Introduction

In the last decade, considerable research effort has focused on 
holmium-doped fibre lasers and amplifiers. Interest in these 
devices is aroused by the fact that their emission spectrum lies 
at wavelengths above 2 mm, which offers the possibility of 
using them in medical applications. Moreover, the range 
2.1 – 2.2 mm contains a local atmospheric window, suggesting 
that such lasers might be used in atmospheric optical com-
munication, radar systems etc. To date, lasing in the range 
2 – 2.21 mm has been demonstrated [1, 2], with the possibility 
of tuning the frequency [3]. The highest output power of a 
two-micron fibre laser has been 140 W [4], and the highest 
quantum efficiency has been 0.81 [5]. Chamorovskiy et al. 
[6, 7] reported a fibre laser operating on the Ho3+ 5I7 ® 5I8 
transition and generating subpicosecond and femtosecond 
pulses. In addition, Antipov et al. [8] and Kamynin et al. [9] 
demonstrated efficient amplification of pulses of various 
powers.

Even though optically active silica fibres have been used 
to date to produce a variety of two-micron fibre lasers operat-
ing on the Ho3+ 5I7 ® 5I8 transition, the main spectroscopic 
characteristics of Ho3+ in silica glass (spectral dependence of 
the absorption cross section for the Ho3+ transition used for 
pumping two-micron emission, that of the stimulated emis-
sion cross section for the 5I7 ® 5I8 laser transition, and the 

lifetime of the Ho3+ 5I7 upper laser level) have not yet been 
determined. Watekar et al. [10] made an attempt to determine 
them, but their results on the luminescence properties of Ho3+ 
ions in silica glass appear doubtful, because they found an 
absorption band around 1.75 mm and attributed it to the hol-
mium ion, which has no appropriate optical transition in this 
spectral region. In view of this, it is of great current interest to 
determine the main spectroscopic characteristics of the hol-
mium ion, especially for the 5I7 ® 5I8 laser transition of Ho3+ 
in silica glass, because this would allow one to construct ade-
quate models for amplifiers and lasers with the aim of opti-
mising their parameters.

In this paper, we report absorption and luminescence 
measurements for holmium ions in Ho3+-doped aluminosili-
cate fibres and preforms. We obtained spectral dependences 
of the absorption cross sections for the 5I8 ® 5I6 and5I8 ® 5I7 
transitions and the stimulated emission cross section for the 
5I7 ® 5I8 transition and determined the Ho3+ lifetime at the 5I7 
metastable level.

2. Materials and experimental procedure

In this study, we used silica preforms and optical fibres doped 
with holmium ions and alumina. They were fabricated by a 
standard chemical vapour deposition process (MCVD) and 
were solution-doped. The holmium concentration in the sam-
ples thus prepared ranged from 4.1 ´ 1019 to 1.2 ´ 1020 cm–3. 
The Ho3+concentration was determined by X-ray fluores-
cence analysis.

Figure 1 shows a partial energy level diagram of the Ho3+ 
ion. In optically active Ho3+-doped fibres, the gain and lasing 
in the range 2.0 – 2.1 mm are due to the Ho3+ 5I7 ® 5I8 transi-
tion. Pumping is performed either to the 5I6 level, and is then 
followed by nonradiative relaxation to the 5I7 level, or directly 
to the 5I7 level. To assess the spectral characteristics of these 
transitions, we measured the absorption spectra for the Ho3+ 
5I8 ® 5I6 and 5I8 ® 5I7 transitions in Ho3+-doped active fibre 
samples, assessed the holmium distribution across a preform, 
obtained the luminescence spectrum for the 5I7 ® 5I8 transi-
tion, and evaluated the decay kinetics of this luminescence in 
an aluminosilicate fibre preform.

The absorption spectra were obtained by the cut-back 
technique, using fibre pieces a few to tens of centimetres in 
length, differing in active ion concentration. The absorption 
spectrum was taken using an MDR-2 monochromator, a hal-
ogen lamp as a light source and an InGaAs photodetector, 
with an accuracy of 10 % or better.

The Ho3+ distribution in the Ho3+-doped active fibre pre-
forms was assessed by X-ray fluorescence microanalysis.
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Ho3+ luminescence spectra of the aluminosilicate fibre 
preforms under cw laser excitation at l = 532 nm were mea-
sured using an MDR-23 monochromator and a PbS-based 
photoresistor as a detector. The luminescence signal was syn-
chronously detected by an SR-810 amplifier. The lumines-
cence spectrum for the Ho3+ 5I7 ® 5I8 transition was corrected 
for the spectral response of the system.

Ho3+ 5I7 luminescence decay kinetics in the aluminosili-
cate fibre preform were assessed during excitation of the Ho3+ 
5S2 level by a frequency-doubled Nd : YAG laser at a pulse 
duration of ~10 ns. The luminescence was detected by a PbS-
based photoresistor with a time resolution of ~30 ms. 
Luminescence decay kinetics were followed using a GDS-
720C digital oscilloscope.

3. Experimental results

Figure 2 shows the absorption spectrum of an aluminosili-
cate fibre doped with Ho3+ ions to a concentration of 4.1 ´ 
1019 cm–3. It is seen that the absorption peaks arising from the 
Ho3+ 5I8 ® 5I6 and 5I8 ® 5I7 transitions are located at wave-
lengths of 1.15 and 1.95 mm. Figure 3 shows a typical radial 
holmium distribution across a Ho3+-doped active fibre pre-
form. The measurements were made on five samples with a 
maximum active-ion concentration from 4.1 ´ 1019 to 1.2 ´ 
1020 cm–3.

In evaluating the absorption cross section, we took into 
account the convolution of the radial distributions of the 

probe beam power and holmium concentration. From the 
spectral dependences of the absorption cross section, we 
obtained the following cross sections at the maxima of the 
absorption bands for the Ho3+ 5I8 ® 5I6 and 5I8 ® 5I7 transi-
tions: sabs(1.15 mm) = 1.4 ´ 10–21 cm2 and sabs(1.95 mm) = 
8.5  ´ 10–21 cm2. The absorption cross sections of the fibres 
differing in Ho3+ concentration differed by no more than 10 %.

Figure 4 illustrates the luminescence decay kinetics for the 
Ho3+ 5I7 ® 5I8 transition during excitation to the 5S2 level. The 
active-impurity concentration was 8 ´ 1019 cm–3. The lifetime 
of the 5I7 level, determined from a decrease in luminescence 
intensity I by a factor of e, was 7 ms.

Given that the probability of the nonradiative relaxation 
of the 5I7 level is rather low, we also determined its lifetime 
from the calculated probability A of the 5I7 ® 5I8 radiative 
transition:

tr = 1/A.	 (1)

The probability A was determined as
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Figure 1.  Partial energy level diagram of the Ho3+ ion in silica glass.
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Figure 2.  Absorption spectrum of an optical fibre doped with Ho3+ 
ions to a concentration of 4.1 ´ 1019 cm–3.
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Figure 3.  Radial Ho3+ distribution in an active fibre preform.

0 0.005 0.010 0.015 0.0250.020 t/s

0.04979

0.13534

0.36788

1.00000

I/I0

tr = 7 ms

0.01832

Figure 4.  Luminescence decay kinetics for the Ho3+ 5I7 ® 5I8  transition in a 
Ho3+-doped aluminosilicate fibre preform. The straight line represents a fit.
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where k(l) is the absorption coefficient; J l and J are the total 
angular momenta of the 4f electrons in the ground and excited 
states (8 and 7, respectively); N is the Ho3+ concentration; 
nl = 1.46 is the refractive index of the medium; and l is the 
wavelength of the transition.

Using Eqn (2), the lifetime of the Ho3+ 5I7 level in the 
Ho3+-doped aluminosilicate fibre was determined to be 6.7 ms, 
which agrees well with the lifetime tr = 7 ms evaluated from 
the luminescence decay kinetic curve.

Figure 5 shows the spectral dependence of the stimulated 
emission cross section obtained for the Ho3+ 5I7 ® 5I8 laser 
transition in the Ho3+-doped aluminosilicate fibre preforms 
using the Fuechtbauer – Ladenburg formula:
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It is worth noting that formula (3) is often used to deter-
mine the stimulated emission cross section for a laser transi-
tion of the rare-earth ion in rare-earth-doped crystals. For 
example, it was used by Borik et al. [11] in studies of the lumi-
nescence properties of a ZrO2 – Y2O3 – Но2O3 crystal.

4. Conclusions

We have determined the main absorption and luminescence 
characteristics of the Ho3+ 5I7 « 5I8 transitions in Ho3+-doped 
aluminosilicate preforms and fibres and obtained spectral 
dependences of the absorption cross section for the Ho3+ 
5I8 ® 5I6 and 5I8 ® 5I7 transitions in the aluminosilicate fibres. 
We have measured the lifetime of the 5I7 upper laser level and 
found the spectral dependence of stimulated emission cross 
section for the Ho3+ 5I7 ® 5I8 laser transition. The present 
results can be used to optimise holmium-doped fibre lasers 
and amplifiers.
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Figure 5.  Spectral dependence of the stimulated emission cross section 
obtained for the Ho3+ 5I7 ® 5I8 laser transition in a Ho3+-doped alumi-
nosilicate fibre preform.


