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Abstract

The absorption and emission properties of silica based ytterbium doped preforms, made by Modified Chemical Vapor Deposition,
and of the drawn fibers were investigated as a function of the atmosphere during the preform collapsing. Under increasingly reducing
conditions for the collapsing atmosphere, a strong UV/VIS absorption is built up, accompanied with an UV excited emission in the vis-

ible region, obviously induced by the formation of Yb>"

ions. Both the fluorescence lifetime of the Yb®* lasing level and the cooperative

fluorescence in the visible are remarkably diminished. Laser power experiments with the different fibers show a strong deterioration of the
laser efficiency parallel to the degree of reduction of the doped glasses.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Recently, the performance of rare earth doped high-
power silica fiber lasers has been dramatically increased with
output powers beyond 1 kW, high efficiency and excellent
beam quality [1,2]. This progress is due to new design con-
cepts as non-symmetrical double clads and large mode area
core structures [3,4]. Relatively little attention, however, has
been paid up to now to the influence of material composi-
tion, impurities and atomic defects [5], although the extreme
power load and complicated fiber structures make high
demands on material and preparation technology.

Yb** is the favorite lasing ion because of the long life-
time of the excited state, the simple energy-level scheme
and the small quantum defect between the pump and laser
wavelength. Silica glass and high silica glasses, made by gas
phase deposition processes, have the main importance as
host glass so far because of their unequalled properties
such as extremely low optical losses, high radiation hard-
ness and extraordinary mechanical strength, although silica
is in principle not very advantageous as host for rare-carths
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and as laser medium, and its properties must be improved
by suitable co-doping [5]. High-power laser fibers are
mostly prepared by modified chemical vapor deposition
(MCVD) and solution doping within a carrier tube, see
e.g. [6], but other preparation routes as outside vapor depo-
sition [7], direct nanoparticle deposition [8] and sintering/
melting techniques [9] are also under development.

The present work will contribute to the knowledge of
influences of material and preparation technology on the
efficiency of high-power laser fibers. Several samples were
prepared with nominally identical compositions and
according to the same preparation process, but under var-
iable atmosphere conditions during the last core glass prep-
aration step at high temperatures. The absorption and
emission properties of the bulk samples (preforms) and
the drawn optical fibers where investigated and character-
ized concerning the resulting lasing properties.

2. Experimental
2.1. Preparation of the specimen

The fiber preform samples have been prepared by
MCVD and solution doping according to the following
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route. At first, a flocculent deposit was formed from a gas-
eous mixture of SiCly, POCl; and O, on the inner surface
of quartz glass carrier tubes with outer and inner diameter
of 14 and 11.5 mm, respectively. This deposit was presin-
tered in a pure oxygen atmosphere at a temperature of
1330 °C in order to generate a defined relative density of
20% compared with a fully densified layer. This layer
was impregnated with an aqueous solution of YbCl; and
AICl;, dried in subsequent preparation steps at room tem-
perature and at about 1000 °C, again in a pure oxygen
atmosphere, and at 1400 °C under Cl,/O, atmosphere.
After a sintering step at 2000 °C with O,, a glassy layer
with a thickness of about 12 pm was built up on the inner
tube surface.

In order to complete the fiber preform, the tube was col-
lapsed by two burner passes at about 2250 °C to a solid rod
where the doped layers have formed the preform core with
a diameter of about 0.7 mm (outer preform diameter
8 mm). In the standard case, the collapsing has been
accomplished in a Cl,/O, atmosphere. (As usual in the
MCVD process, all steps have been performed with a mov-
ing oxy-hydrogen torch and a flowing gas atmosphere
inside the tube-disregarding the last collapsing step.) By
changing the gas atmosphere, as described in Table 1, the
properties of the core glass were modified.

The preform samples were characterized by nondestruc-
tive measurement of the refractive index profile, and by
X-ray microscopic analysis on thin preform slices. The
ytterbium content was 0.4 mol% YDb,Os3, codoped with
0.5 mol% P,Os and 4 mol% Al,O3. Preform samples have
also been used for fluorescence investigations.

From the preforms, fibers have been directly drawn with
a velocity of 10 m/min at a drawing tension of about 20p,

Table 1
Preform/fiber samples
Doping Collapsing Fiber loss Visual
atmosphere a (1200 nm)/cm™' appearance

a  Yb/AI/P 90% 0,/10% Cl, 0.00003 Homogeneous,
colorless

b  Yb/AI/P He 0.00009 Homogeneous,
light yellow

¢ Yb/AI/P 90% He/10% CO 0.00012 Homogeneous,
light yellow

d  Yb/AI/P 70% Ar/30% CO 0.00017 Homogeneous,
dark yellow

e YDb/AI/P CcO 0.01000 Inhomogeneous,
dark yellow

f  Yb/AI/P 95% Ar/5% H,  0.00032 Homogeneous,
dark yellow

¢  Yb/AlI/P/Ge He 0.00005 Homogeneous,
light yellow

h —/Al/P 90% 0,/10% Cl, 0.00001 Homogeneous,
colorless

k —/Al/P He 0.00001 Homogeneous,
colorless

1 -/Al/P 90% He/10% CO 0.00002 Homogeneous,
colorless

and characterized by attenuation measurements and spec-
trally and temporally resolved fluorescence investigation.
The fiber core and cladding diameters were about 10 and
125 pm.

For cladding-pumped laser experiments, some preforms
have been jacketed with a second quartz glass tube in order
to increase the cladding-core relation. Fibers from these
preforms had a core diameter of 10 pum and an outer diam-
eter of 400 pm. These fibers were coated with a silicon rub-
ber which had a refractive index lower than silica, leading
to a pump clad with a NA of 0.35.

The modifications of the preparation process are shown
in Table 1, together with the measured fiber background
attenuations in the NIR.

2.2. Optical characterization

For the absorption measurements on preforms, small
polished slices with a thickness d between 1 and 2 mm
(in dependence on the expected absorption effect) were
illuminated by the collimated beam of a combined halo-
gen/deuterium lamp. Immediately at the back of the sam-
ple, the transmitted light was introduced into a fiber probe
with core diameter of 600 um (transmission window from
200 to 1200 nm) and guided to the spectrometer. The
exponential absorption coefficients o were determined by
comparison of the signal intensity behind the preform
core, I, and the pure silica preform cladding, Iy, as o =
In(Zo/1)/d.

For the attenuation measurements on fibers, the focused
beam of the lamp was launched into the fiber core and
directly guided to the spectrometer. Absorption coefficients
were determined by the cut-back method, comparing the
output signal intensity of a long and a short fiber length.
The exponential absorption coefficients can be converted
into the common fiber loss unit dB/km or dB/m according
to o [dBm~']=434- o [em™'].

For the measurement of the spectral fluorescence, the
1 mm thick preform slices were arranged in parallel with
the collimated beam of a deuterium lamp (‘UV excited
fluorescence’) or the slightly focused monochromatic beam
of a cw diode laser system MOPA SDL 8630 (‘NIR excited
fluorescence’, pump wavelength /2, =976 nm). In both
cases, emitted light from the preform core was collected
and guided to the spectrometer by the above mentioned
probe fiber, adjusted perpendicularly to the optical axis
of the exciting beam. For the Yb*' emission around
1 um, fluorescence lifetimes have been determined by
time-resolved fluorescence measurements both on preform
and fiber samples in a similar kind as described above,
using a pulsed MOPA source at 976 nm wavelength with
a pulse width of 24 ms at 10 Hz and an InGaAs detector
with oscilloscope. Because at the preform sample with
thickness of 1 mm already remarkable re-absorption effects
disturb the temporal behaviour, here only the results on
fibers (with small cores) are presented. All measurements
have been done at room temperature.
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2.3. Laser experiments

The fibers with core diameter of 10 um and cladding
diameter of 400 um have been used to construct fiber
lasers, using a dielectric mirror at the entrance and the fiber
end face as laser mirror at the fiber output. The fiber was
cladding-pumped with a fiber coupled diode laser pump
system at 976 nm wavelength.

3. Results
3.1. Preform and fiber absorption

All Yb doped preform samples show the typical Yb>"
absorption in the wavelength region between 800 and
1100 nm with a broad peak at about 920 nm and a small
higher peak at 975 nm, an example is given in the insert
of Fig. 1. It is well known that both the spectral shape
and the absolute absorption cross sections of Yb>" show
a certain distinct dependence on the kind and concentra-
tion of co-doping elements [5]. Here however, the different
modifications of the preparation process result in no
remarkable change of the absorption coefficient, which is
about 4 cm™! in the maximum at 975 nm.

In contrast to the NIR absorption, important changes
are observed in the UV/VIS region (Fig. 1). The Yb related
UV edge shifts partially to longer wavelength and an addi-
tional band system builds up with increasingly reducing
conditions during the preform collapse, with maxima
which are located at about 300 nm, more distinctly at
326 nm, and virtually at about 400 nm. The tail of these
absorptions extends in the visible region and is responsible
for the increasing yellow colour of the preform cores. Not
shown here, that the tail extends till the NIR region
(beyond the Yb*>" absorption), which leads to a remarkable
increase of the fiber background loss. The values of the
fiber absorption coefficients, at 1200 nm wavelength, are
given in the Table 1. Obviously, the background absorp-
tion is still more than two orders of magnitude lower than

o/cm’
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400 500 600
Wavelength/nm

Fig. 1. Preform absorption spectra in UV/VIS and NIR (inset).

the Yb*" absorption, but the fiber attenuation increases
from about 10 dB/km (standard sample) to values higher
than 5000 dB/km for strongly reduced samples. Apart from
the sample treated with 100% CO, there is a very good cor-
relation between the absorption coefficients in the UV/VIS
and the excess absorption (in comparison to the standard
sample) in the NIR at 1200 nm, which confirms that the
background absorption is really caused by the tail of the
UV/VIS absorption bands. For the peaks at 326-400 nm,
respectively, and the absorption at 1200 nm, it holds

1g(2[326]) = lg(0texc[1200]) 4 5.31 & 0.07, (1)
1g([400]) = 1g(0texc[1200]) + 4.74 £ 0.07. 2)

The sample which was strongly treated with CO shows
inhomogeneous structure by coarse composition fluctua-
tions which gives rise to additional scattering losses. This
sample is not considered in the following.

3.2. Y’ near infrared fluorescence

With excitation at 976 nm, all investigated samples
show the typical emission spectrum between 900 and
1150 nm for the transition between the 2F5/2 multiplet
manifold and the 2F7/2 ground state [5]. The shape of the
spectrum is hardly affected by the modifications during
the preparation. In contrast to the invariable spectral
behaviour, the fluorescence lifetime is decreased in conse-
quence of the reducing treatment, and the decay kinetics,
which is purely exponential in the case of the standard
sample, must be described by two or more components,
see Table 2.

3.3. NIR excited visible fiber fluorescence

A typical feature of Yb doped materials is the visible
emission peaked near 500 nm wavelength, if the Yb*" is
excited in the absorption maximum at 976 nm. This emis-
sion is responsible for the intensive green shining of a lasing
fiber. It is explained as cooperative luminescence, where a
pair of excited Yb>* ions emits one photon with the double
energy of the absorption transition [10,11].

As shown in Fig. 2, the reducing conditions lead to a
strong decrease of the cooperative luminescence.

Table 2
Yb®" near infrared fluorescence lifetimes (°Fsj, — 2Fq, excitation
976 nm)

7 (100-37%)/ps T (Al)/us 7 (A2)/us
a 850 850 (100%) -
b 800 800 (100%) -
c 760 801 (92%) 384 (8%)
d 770 812 (92%) 403 (8%)
e 600 680 (83%) 300 (17%)
f 620 684 (86%) 298 (14%)
¢ 830 878 (79%) 665 (21%)
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3.4. UV excited fiber fluorescence

The standard sample, excited with deuterium lamp,
shows no measurable emission in the UV and visible
region between 200 and 800 nm wavelength. As shown
in Fig. 3, the reducing treatment leads in all cases to an
emission. The samples without Yb show a peak at
400 nm, obviously in consequence of the oxygen-defi-
ciency absorption at 240 nm (Fig. 1), which is extremely
strong in the Ge co-doped material (not shown in Figs.
1 and 3). In the Yb doped samples, this peak seems also
to exist, but a stronger emission around 520 nm is succes-
sively built up.

3.5. Laser experiments

With three fiber samples, laser experiments have been
carried out. As shown in Fig. 4, the reducing treatment
leads to a surprisingly strong decrease of the laser effi-
ciency.
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Fig. 2. NIR excited visible emission spectra (excitation 976 nm).
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Fig. 3. UV excited visible emission spectra (excitation deuterium lamp).
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Fig. 4. Fiber laser characteristic curves (pump wavelength 976 nm).

4. Discussion

It is well known, that the atmosphere during collapsing
of MCVD layers can influence the properties of the pre-
form and fiber core material despite of the fact that a fully
vitrified layer has been formed already before the collapse
step [12]. This is owing to the small layer thickness of about
10 um in combination with the high processing tempera-
tures of about 2200 °C which enhance in- and out-diffusion
of volatile species and solid state reactions. It can be
estimated from the spatial and temporal conditions of col-
lapsing, that species with a diffusion coefficient of
>10"%cm?s™! can significantly diffuse in the core layers.
This is true for molecular hydrogen [13], but also for
molecular oxygen [14] and probably for CO and other mol-
ecules with similar size.

The different atmospheres used here give rise to an oxy-
gen deficient glass state, increasing in the order He—-CO-
H,, as shown from the absorption spectra (Fig. 1) and
the emission spectra with UV excitation (Fig. 3) [15]. Much
more important, however, are the Yb related phenomena,
characterized by an absorption band system between 300
and 400 nm, accompanied with the UV excited emission
at about 500 nm. Probably, these effects are connected with
the increasing formation of Yb?" ions in the chemically
reduced glass matrix, compare e.g. [16,17]. The conse-
quence of this reduced state is on the one hand an increased
background loss of the laser fiber, which is remarkably but
nevertheless assumed to be without important influence on
the lasing effect because the Yb*" gain is high and the used
fibers are only some tens of meters long. On the other hand,
however, the increasingly reduced state influences directly
the lasing level, as seen from the fluorescence lifetimes
(Table 2) and the vanishing cooperative luminescence
(Fig. 2). In the result, the laser efficiency is drastically
impaired (Fig. 4).

The effect of germanium doping is still not investigated
in detail (sample g). First results indicate that the Ge dop-
ing can mitigate to a certain extent the deterioration of the
laser properties in the reduced samples. Worthy to note



J. Kirchhof et al. | Journal of Non-Crystalline Solids 352 (2006) 2399-2403 2403

that a reducing treatment in the same manner as practiced
here, in the case of neodymium doping (which is also of
interest for high-power fiber lasers) leads to diminished
background losses in strong contrast to the behavior of
ytterbium [5].

5. Conclusion

A reducing treatment of ytterbium doped silica based
glasses impairs their laser properties. This phenomenon
can be avoided in the MCVD preparation. It must be care-
fully considered, however, if other routes are used for the
fabrication of high-power laser fibers.
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