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Lasing parameters of ytterbium-doped fibres doped

with P»,Os and Al,O3

M.A. Melkumov, 1.A. Bufetov, K.S. Kravtsov, A.V. Shubin, E.M. Dianov

Abstract.  Absorption and emission cross sections are
measured for the “Fs/, — *F;, transition in Yb’' ions in
silica fibres doped with Al,O3 and P>Os. The measurements
were performed by methods based on spectroscopic data and
by more direct methods based on laser-transition saturation.
Possible lasing ranges of ytterbium-doped double-clad fibre
lasers are calculated from the measured spectral dependences
of stimulated transition cross sections.

Keywords: stimulated transmission cross section, fibre laser, double-
clad fibre.

1. Introduction

Silica optical fibres are perfect media for doping with Yb>*
ions for fabrication of fibre lasers and amplifiers. At present
efficient ytterbium-doped fibre amplifiers and lasers with
output powers from a few watts to a few kilowatts have
been developed (see, for example, [1—-5] and references
therein). The development of such devices involves pre-
liminary numerical simulation and optimisation of their
parameters. However, information on laser transition cross
sections for ytterbium ions in silica glasses used for
fabrication of optical fibres available in the literature is
scarce so far. Thus, the spectral dependences of the
absorption and stimulated emission cross sections for
ytterbium ions in a germanosilicate glass were presented
only in papers [1, 2] (however, the glass composition was
not indicated). The composition of Yb>"-doped glasses
studied in [6—8] differs strongly from that of the core of
fibres studied in this paper. Since it has been shown in all
studies that transition cross sections strongly depend on the
glass composition, the data reported in the literature cannot
be used in most cases to simulate fibre lasers. In addition, a
comparison of results obtained for bulk samples and fibres
suggests that the measurements of stimulated emission cross
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sections measured for ytterbium ions in bulk samples may
be incorrect because of radiation reabsorption.

At present two types of ytterbium fibres are mainly used
in fibre lasers: silica fibres with the core doped with P,Os
[phosphosilicate (PS) fibres] or doped with Al,O3; and a
small amount of GeO, [alumosilicate (AS) fibres]. The
dopants P,Os, AlxO3, and GeO; are required to form an
appropriate profile of the refractive index of the fibre, to
provide homogeneous doping of the glass matrix with Yb,
to eliminate clustering, and to reduce optical losses in the
fibre.

In this paper, we studied a number of PS fibres with
mass content of phosphorus and ytterbium in the fibre core
in the range 4% —10% and 1% —8 %, respectively. The
mass content of aluminium and ytterbium was 1% -2 %
and 1% —3 %, respectively. The fibre preforms were fab-
ricated by the MCVD method. Ytterbium and aluminium
were doped into AS fibres and ytterbium was doped into PS
fibres using the solution technology (for some samples) or
from a gas phase (for other samples). Our measurements did
not reveal noticeable differences between transition cross
sections for fibres of each type (PS or AS), irrespective of
the concentration of dopants in the regions indicated above
and of the method of doping (from solution or gas phase).
However, PS and AS fibres had substantially different
characteristics. Therefore, below we will indicate only the
fibre type, omitting its parameters.

We measured the spectral dependences of absorption
and emission cross sections for the 2F5/2 — 2F7/2 transition of
Yb** ions doped to the core of PS and AS fibres. The
system of levels of ytterbium ions in glass can be treated as a
quasi-two-level one (despite the fact that each of the levels is
split into sublevels in a crystal field) if the thermodynami-
cally equilibrium distribution of populations over the
sublevels is established in each multiplet. However, due
to the description of this system as a two-level one, the
absorption cross section g, and the stimulated emission
cross section g, prove to be substantially different functions
of the wavelength [9], which in turn depend on the form of
the thermodynamic distribution of ions over sublevels, i.e.,
on temperature. In this paper, we consider in most cases the
functions o,(4) and ¢.(4) at room temperature (7 ~ 293 K),
if temperature is not indicated.

Based on the data obtained, we calculated spectral
ranges where lasing can be obtained in ytterbium-doped
double-clad AS and PS fibres using Bragg gratings of the
refractive index as mirrors.
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2. Measurement of stimulated transition cross
sections

Laser transition cross sections for rare-earth ions in glasses
and optical fibres can be measured by a variety of methods
(see, for example, [10]). Methods used for measuring cross
sections for rare-earth ions of a certain type (for example,
Er*") are often applicable for measuring cross sections for
other rare-earth ions. Compared to bulk samples, an
important factor in the measurements of cross sections in
fibres is the field inhomogeneity in the fibre core and, as a
rule, the inhomogeneous distribution of active ions over the
fibre radius. This circumstance complicates the measure-
ments of transition cross sections in fibres.

We measured stimulated transition cross sections in
ytterbium-doped single-mode AS and PS fibres with the
core diameter of 6—8 um and the second-mode cutoff
wavelength of ~ 1 um. The cross sections were measured
by several independent methods to improve the reliability of
the results. We measured the spectral dependences of the
absorption o,(4) and stimulated emission o.(1) cross sec-
tions in the wavelength range from 850 to 1200 nm and
compared the spectral dependence of the g.(1)/a,(1) ratio
with the theoretical dependence obtained by McCumber [9].
The methods of cross-section measurement are described in
detail in [11].

Absorption cross sections in fibres were measured by the
methods described, for example, in [10] and [12], which are
based on: (i) the small-signal absorption measuring in the
fibre (small-signal absorption method), which gives the
spectral dependence of the absorption cross section a,(4),
and (ii) observation of luminescence saturation with increas-
ing pump power (luminescence saturation method). The
second method allows one to measure the value of o,(1) at a
certain pump wavelength. The calibration of the absorption
spectrum relative to the value of g,(4) at a given point gives
the spectral dependence of the absorption cross section.

Different methods impose different requirements on the
type of needed measurements. Thus, the small-signal
absorption method requires the knowledge of the absolute
values of the distribution of concentration of Yb*' ions
over the fibre core radius and the profile of the radiation
intensity distribution over the mode cross section. The
luminescence saturation method requires the knowledge
of the radiation intensity distribution along the fibre radius,
the relative profile of the distribution of Yb*" ions over the
fibre cross section, the lifetime of ions at the upper laser
level, and the dependences of the relative luminescence
intensity on the pump power in the fibre. It is important
that the luminescence saturation method does not require
the knowledge of the absolute concentration of Yb>" ions,
which is measured with an X-ray spectrometer with an
insufficient accuracy in a number of cases.

The stimulated emission cross sections were obtained
from luminescence spectra and the lifetime of Yb>" ions at
the upper laser level using the relation [9]

)5
N A 1(2)
oel4) = 8men?c [ 21(A)dA°

where ¢ is the speed of light in vacuum; t is the lifetime of
the ion at the upper laser level; n is the refractive index of
the material; and (A1) is the luminescence intensity.
Integration is performed over the entire spectrum of the
line of the transition under study.

(D

To avoid the effect of reabsorption, we detected the
luminescence intensity and lifetime in the direction perpen-
dicular to the fibre axis. It is known that the observed
lifetime does not always coincide with the radiative lifetime
due to the possibility of nonradiative relaxation. However,
in our case, the possibility of nonradiative transitions is
virtually excluded because only one transition in Yb>" jons
is observed between the 2F5/2 and °F, /2 levels in the visible
range. In addition, the observation of luminescence in the
measurements of the lifetime of Yb>" ions at the upper laser
level showed that the luminescence decay after pulsed
excitation is described by a single exponential. The lifetimes
of Yb*" ions in PS and AS fibres were 1.45 and 0.83 ms,
respectively. The scatter in the values of lifetimes measured
in different fibres (AS and PS) of the same type (~4 %) lies
within the experimental error.

The energy sublevels (Fig. 1) of the ground E;; and
excited E,; states of Yb?* ions were determined from the
luminescence and absorption spectra of PS and AS fibres.
Their energies are presented in Table 1.
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Figure 1. Energy level diagram of Yb3*.

Table 1. Energies of the sublevels of Yb>* in AS and PS fibre cores.

Energy/cm™"
Level Sublevel (Fig. 1) PS fibre AS fibre
a 0 0
. b 260 400
7/2 c 440 760
d 740 1210
e 10260 10245
Fs) f 10520 10917
g 10930 10940

The ratio of absorption and stimulated emission cross
sections can be calculated from the sublevel energies as [9]

kT @

a.(1) = a,(A) exp <

where /1 is Planck’s constant; k is the Boltzmann constant;
and T is the temperature. The value of ¢ can be found from

the expression [9]
> exp[—Ey/(kT)]
& J

o0 (i7) - S expl—Ey /(KT

(©)
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We determined experimentally the spectral dependences
of stimulated transition cross sections in PS and AS fibres.
Their maximum values are: ¢,(974.5 nm) = 1.4 pm?,
6.(974.5 nm)=15 pm? in PS fibres and 0,(976
nm) = 2.7 pm?, ¢.(976 nm) = 3.0 pm? in AS fibres. The
wavelengths of maxima of the stimulated emission and
absorption cross sections virtually coincide (with the accu-
racy of 0.5 nm) for each of the glass types and are equal to
974.5 nm for the PS fibres and 976 nm for the AS fibres. The
experimental ratio o,(4)/0.(2) is in good agreement with (2),
confirming the applicability of theory [2] to the calculation
of transition cross sections for Yb>" ions.

Figures 2 and 3 show the spectra of stimulated transition
cross sections measured for PS and AS fibres, respectively.
For comparison, the inset in Fig. 3 shows the spectra of
transition cross sections for a germanosilicate glass obtained
in [2]. One can see that stimulated transition cross sections
for PS and AS fibres differ not only by their absolute values
at the maximum (almost twice) but also by their spectra.
Thus, the FWHM of the main peak of the absorption cross
section in AS fibres is 7.7 nm, which is substantially greater
than that in PS fibres (4.8 nm). As a result, the AS fibre
lasers are less sensitive to changes in the pump wavelength
(upon pumping to the main absorption peak) and, therefore,
are more promising from this point of view. On the other
hand, the absorption of AS fibres in the region from 930 to
970 nm is low, whereas PS fibres exhibit a plateau in this
spectral region, which makes them more convenient when
pumping is performed in this region. The difference in the
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Figure 2. Spectral dependences of stimulated transition cross sections for
Yb** in PS fibres.
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Figure 3. Same as in Fig. 2 for AS fibres. The inset shows the cross
sections in a germanosilicate glass [2].

absolute values of transition cross sections (the transition
cross section in AS fibres is almost twice as high as that in
PS fibres) can be more than compensated by the possibility
of doping PS fibres with Yb*' jons at concentrations
approximately three times higher compared to AS fibres
(owing to the doping methods developed at the Institute of
Chemistry of High-Purity Materials, RAS (Nizhnii Nov-
gorod) and Fiber Optics Research Center, A.M. Prokhorov
General Physics Institute, RAS).

When developing Yb**-doped fibre lasers, one should
bear in mind that the Yb*"-doped AS and PS fibres have
different spectral ranges of lasing because of different
spectral dependences of the laser transition cross sections.
This is especially manifested in the wavelength region (above
1100 nm), where the stimulated emission cross section in PS
fibres is much lower that than in AS fibres (see Figs 2 and 3).

Knowing the dependences o¢,(4) and o.(4), we can
calculate the lasing properties of fibre lasers. In particular,
we determined spectral regions where efficient generation of
double-clad Yb**-doped PS and AS fibre lasers can be
obtained.

3. Emission spectral regions of double-clad
Yb 3+-doped PS and AS fibre lasers

To obtain generation in the laser resonator at the wave-
length /, it is necessary to obtain the equality of the gain
G(A) and optical losses y(4) per round trip of radiation in
the resonator at a certain pump level, provided that such a
condition is not achieved for other wavelengths at lower
pump levels (it is assumed that an efficient resonator exists
for each wavelength).

Consider these conditions as applied to a standard
double-clad, single-mode fibre laser with refractive-index
fibre Bragg gratings (FBGs) as mirrors. The gain in the fibre
cross section with the longitudinal coordinate z has the form

8(4,2) = 0e(A)my(2) — aa(A)m (2), )

where 1 is the concentration of the ground-state Yb*" ions
per unit volume; and n, is the concentration of the excited
Yb** ions. Here, we neglect for simplicity the dependence
of the gain on transverse coordinates. The total concen-
tration of ytterbium ions per unit volume is #y.

By representing the fraction of active ions at the upper
level in the resonator as

JL ny(z)dz

R )

r= l’loL

where L is the resonator length, we obtain that the gain per
round trip in the resonator

G(2) = 2[oe(2) + 0a(A)]ungL — 20, (A)ne L (6)

at the lasing threshold should be equal to the radiation
losses at the lasing wavelength: G(4) = y(4). Therefore, the
fraction of ions at the upper level of the lasing threshold is

aa (W)L +7(4)/2
[Ge()“) + Ja(/l)]”oL'

wA) = @)
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By substituting into (7) the total losses per round trip in
the resonator at a nonresonant (not coinciding with the
Bragg wavelength) wavelength 4., we find the wavelength
7(Zpy) at which the function u(4,,.) has a minimum ™" (4,,).
Then, we substitute into (7) the losses at y(4,) at the resonant
wavelength and again find the dependence p(/,). It is
obvious that lasing can be produced in the wavelength
range where pu(d,) < u™(Ay). Therefore, knowing the
product nyL and losses y(/4;) and y(4,) at the resonant
and nonresonant wavelengths, we can find the emission
range of the laser.

One can see from (7) that the lasing range is determined
not only by losses per round trip in the resonator but also by
the product nyL. However, it is more convenient to calculate
the design of a double-clad fibre laser by using another
quantity, o (4,), which is equal to the absorption coefficient
for pump radiation from the first cladding over the entire
length of the active fibre and is proportional to nyL:

Olel ()“p) = Kaa(ip)noL» ¥

where 4, is the pump wavelength and K is the ratio of the
areas of the fibre core and the first cladding. This
expression is valid for fibres with the first cladding without
a cylindrical symmetry. In the case of fibres with the first
cladding in the form of a square with the 110-pm side and
the core diameter 7.2 pm, the area ratio is K ~ 1/300.

We used the method for determining the lasing range
considered above to estimate the possibilities of particular
AS and PS fibre lasers. To increase the pump power coupled
to the laser, we used GTWave fibres [13]. Fibres of this type
represent two or more silica fibres placed inside a common
reflecting polymer cladding with a low refractive index (see
inset in Fig. 4). One of the fibres (active) has a core doped
with ytterbium, while other silica fibres (passive) are in
optical contact over the entire length with the first fibre and
are used to couple pump radiation to the active fibre. The
length of coupling between the passive fibre and the first
cladding of the active fibre was measured to be ~0.5 m.

FBGs serving as resonator mirrors can be written at the
ends of the active fibre or on the pieces of a special fibre
spliced to the ends of the active fibre (Fig. 4).

The laser described here was based on a GTWave fibre
consisted of two passive and one active fibres (with the PS
core) placed inside a common reflecting cladding. From the

Figure 4. Scheme of the Yb-doped GTWave fibre laser: (/) active fibre;
(2) passive fibre for pump coupling; (3) pump radiation; (4) GTWave
fibre; (5) highly reflecting FBG; (6) FBG at the output end of the
resonator; (7) output laser radiation. The inset shows the cross section
of a double GTWave fibre: (8) reflecting polymer cladding; (9)
protective jacket.

point of view of absorption of pump radiation in the active
fibre core, such a structure is virtually equivalent to a usual
double-clad laser fibre, in which three cylindrical silica fibres
play the role of the first cladding, the active fibre touching
both passive fibres over the generatrix. This structure has no
cylindrical symmetry, and therefore no additional efforts
should be taken to provide efficient absorption of pump
radiation in the active fibre core [14]. Each of the fibres had
diameter 125 pm. The area ratio of the fibre core and first
cladding was K = 1/900.

In the laser design in Fig. 4, different resonators can
‘operate’ at different wavelengths. Thus, at the lasing
wavelength for which FBGs are calculated, the resonator
losses are mainly determined by the reflection coefficient of
the output FBG, which is usually chosen quite low (no more
than 10 %) to achieve a high lasing efficiency. Therefore,
losses at the wavelengths resonant for the FBG are ~10 dB.
For other wavelengths, the role of the resonator can be
performed, for example, by the fibre ends with the reflec-
tivity ~3.5% (losses per round trip in the resonator are
~29 dB). By using additional methods for feedback
suppression (a skew end face of the fibre, immersion of
the end face into a liquid with the refractive index close to
that of silica, splicing with a multimode fibre, formation of a
ball at the fibre end, etc.), one can further increase losses at
each of the ends by ~20 dB. However, such methods are
applicable only for the fibre end located behind the highly
reflecting mirror and are difficult to realise for the output
fibre end (except a skew end face) because in this case it is
difficult to preserve single-mode output radiation. In long
fibre lasers, backward scattering also plays an important
role, which enhances a feedback. Therefore, it seems that it
is difficult to obtain total losses per round trip in the
resonator exceeding 49— 50 dB at wavelengths near the laser
wavelength.

To estimate the emission ranges of Yb>*-doped PS and
AS fibre lasers, we chose two combinations of losses per
round trip of the resonant and nonresonant waves in the
resonator. The first combination corresponds to a fibre laser
whose resonator is formed by a highly reflecting FBG from
one side and a perpendicular cleaved fibre end from the
other side. There are no additional losses at the nonresonant
wavelengths. In this case, losses per round trip in the
resonator for the resonant wave are y(4,) = 14.5 dB and
for the nonresonant wave y(1,,) =29 dB. The second
combination of losses corresponds to a fibre laser with
the resonator formed by a highly reflecting FBG from one
side and an additional FBG, as well as by a perpendicular
cleaved fibre end from the other side, so that the losses per
round trip of the resonant wave in the resonator are
7(4;) = 10 dB. In addition, the introduced additional losses
at nonresonant wavelengths enhanced the total losses per
round trip in the resonator for A, up to y(4,) = 49 dB.

Based on the above values of K' = 1/300 (for a single
fibre) and K™ = 1/900 (for a triple fibre), we calculated the
admissible lasing ranges for these two combinations of
resonant and nonresonant losses as functions of total
absorption of pump radiation from the first cladding in
a single fibre («}) and a triple fibre (o)l'). The results of
calculations for PS and AS fibres are presented in Figs 5 and
6, respectively.

For comparison, the experimental point is presented in
both figures, which corresponds to a triple GTWave fibre
laser with the Yb-doped PS core. Absorption from the first
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Figure 5. Possible emission range of the Yb-doped AS fibre laser as a
function of the total absorption of the 976-nm pump radiation from the
first cladding for a single () and a triple fibre (2" for two combina-
tions of resonant and nonresonant losses: curves (/) and (2) are the
upper and lower boundaries of the emission range for the combination of
losses y(4,) =10 dB and 7y(4,,) =49 dB; curves (3) and (4) are the
upper and lower boundaries of the emission range for the combination of
losses y(4;) = 14 dB and y(4,,) =29 dB; (5) experimental point.
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Figure 6. Same as in Fig. 5 for the Yb-doped PS fibre laser

(Zp = 974.5 nm).

cladding at the entire resonator length of 28 m was
a'(974.5 nm) =26 dB. A rather high total absorption
was chosen because of the absence of thermal stabilisation
of the pump source, which resulted in the temperature shift
of the pump wavelength from 965 nm at a low power to
978 nm at the maximum power. In this case, the effective
absorption of pump radiation was less than 26 dB, being
within 25% of low-power absorption. The absorption
increased up to 65 % at the pump power equal to 3/4 of
the maximum power and again decreased down to 40 % at
the maximum power (taking into account the linewidth of
the pump source). When the fibre laser length was shorter
than 28 m, the lasing efficiency substantially decreased. This
laser was intended for pumping a SRS radiation converter
with the specified parameters, which required efficient lasing
at 1058 nm.

One can see from Fig. 5 that the ytterbium-doped AS
fibre laser can emit in the range from 1020 to 1155 nm, i.e.,
within a much broader wavelength range than ytterbium-
doped PS fibre lasers (between 1015 and 1105 nm, Fig. 6).
On the other hand, PS fibres make it possible to achieve
lasing at shorter wavelengths. Thus, for the above-men-
tioned 25-dB absorption of pump radiation from the first

doi>J8

cladding at 974.5 nm, it is impossible to obtain emission at
1058 nm in a triple AS fibre laser even for the combination
of losses y(4,) =10 dB and y(4,) =49 dB. At the same
time, under the same conditions, a triple PS fibre laser can
emit at this wavelength. In real experiments with PS fibre
lasers, emission at 1058 nm (for «}(974.5 nm) = 26 dB) was
obtained only by using a FBG at the resonator output and
by suppressing radiation at nonresonant wavelengths. If the
additional suppression of radiation is not used, then,
according to calculations presented in Fig. 6, lasing cannot
be obtained at a wavelength of 1058 nm. This is confirmed
by the experiment — lasing appears not on the FBG but on
fibre end faces at a wavelength of 1070 nm.

The dependences shown in Figs 5 and 6 were obtained in
the approximation of the homogeneously broadened tran-
sition line. In reality, however, the inhomogeneous line
broadening also exists, which can not only reduce the lasing
efficiency but also cause lasing at two and more wave-
lengths.

For comparison, we present here the results obtained in
paper [15], where the efficient lasing was obtained between
1049 and 1148 nm in ytterbium-doped AS fibres. The total
absorption of pump radiation from the first cladding was
al =22 —40 dB, and the fibre core diameter was ~6 pm.
Taking into account the difference between the area ratios
for the fibre core and first cladding (K = 1/300 in our paper
and K ~ 1/430 in [15]), the data [15] are in agreement with
the results presented in Fig. 5.

Note that by pumping directly to the fibre core or the
first cladding of a small diameter (~40 pm or smaller), or by
decreasing the resonator length (displacement to the coor-
dinate origin along the abscissa in Figs 5 and 6), lasing can
be obtained at shorter wavelengths, down to 980 nm. This
was performed, for example, in papers [16] and [17]. The
efficient lasing at longer wavelengths can be achieved by
heating the active fibre, thereby changing the laser transition
cross section. Thus, lasing at 1180 nm was obtained by
heating an ytterbium-doped fibre up to 70 °C [18].

4. Conclusions

We have measured the spectral dependences of cross
sections for the stimulated 2F5/2—2F7/2 transitions in
Yb*" ions in AS and PS fibres. The maximum cross
sections are ¢,(974.5 nm) =1.4 pm?, ¢.,(974.5 nm) = 1.5
pm? in PS fibres and 6,(976 nm)=2.7 pm? 0,976
nm) = 3.0 pm? in AS fibres. Based on the experimental
data obtained, we calculated the possible emission ranges
of Yb-doped double-clad PS and AS fibre lasers depending
on the total absorption of pump radiation from the first
cladding for different combinations of resonant and non-
resonant losses.
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