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Optimization of Er, Yb:YCOB for
CW Laser Operation
Phillip A. Burns, Member, IEEE, Judith M. Dawes, Peter Dekker, James A. Piper, Huaidong Jiang, and Jiyang Wang

Abstract—The erbium and ytterbium ion concentrations in the
host yttrium calcium oxaborate have been optimized for diode
pumped continuous-wave (CW) laser operation using spectroscopic measurements, modeling of energy transfer and population
rate equation analysis, resulting in 270 mW of CW output from a
diode-pumped Er,Yb:YCOB laser.
Index Terms—Diode-pumped solid-state laser, quasi-three-level
laser.

I. INTRODUCTION

E

RBIUM-DOPED laser materials are widely used for the
generation of near infrared light at 1.5- m with potential
applications including laser-range-finding, remote sensing,
medicine, and detection of atmospheric phenomena. However,
erbium-doped crystals suffer reduced efficiency from poor
pump absorption and excited state absorption. Sensitizer ions
such as ytterbium are added to the crystal to offer improved
pump absorption, and hence, laser operation, via energy transfer
to the erbium ions [3]–[8].
doped
Here, energy-transfer mechanisms in Yb –Er
(YCOB) laser crystals are investigated. Energy
YCa O BO
transfer rates in various hosts are compared and a rate-equation analysis is undertaken to determine optimum parameters
for Er,Yb:YCOB. Efficient continuous-wave (CW)
laser operation on the 1.5- m (
) transition of
Er,Yb:YCOB with over 250 mW of output from a hemispherical laser cavity, and 150 mW of output from a plane-plane
cavity with power variation of 1%, are demonstrated.
II. MICROSCOPIC ANALYSIS OF ENERGY TRANSFER
Pioneering work by Förster [9] and Dexter [10] developed
the theory of resonant energy transfer between two allowed
transitions. The Er activator can luminesce after energy transfer
from the absorbing Yb sensitizer. The resonant energy transfer
rate via dipole–dipole interactions is strongly dependent on
. The ion interaction strength can
the interaction distance
be determined from experimental measurements of oscillator
strengths, absorption coefficients and decay times. The rate of
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for dipole–dipole coupling between ions
energy transfer
[10] independent of the ion concentrations is given by
(1)
(2)
is the radiative transition rate of the sensiwhere
is the integrated absorption cross section defined
tizer and
as
.
is the microscopic interaction parameter
which characterizes the strength of the interaction between the
and the absorption of the acemission of the sensitizer
. The integrals of
and
have units of
tivator
cm s
giving
units of cm s .
A. Migration-Enhanced Energy Transfer
The above theory should be modified to include effects due
to a high concentration of sensitizer ions in the host material.
As the distance between the ions decreases, the probability that
the energy residing on an excited ion migrates among its neighbors increases. The energy is then trapped on the activator for
example, because the activator ion exhibits a secondary energy
level close to the transfer level. The electron decays quickly
to this secondary level via phonon relaxation, thus reducing
the possibility of a back-transfer interaction. There are two approaches to analyze energy migration, one based on a random
walk model (the hopping model [11]), and the other based on a
diffusion approach. Migration via the hopping model generally
occurs over large distances (tens of angstroms), i.e., in weakly
doped host materials. With diffusion, the excitation can transfer
to the activator more efficiently by diffusing through the lattice
to interact at shorter distances, rather than directly over a large
distance.
The diffusion of energy among excited sensitizers was modeled by Bloembergen [12]. If the diffusion rate is faster than the
sensitizer-activator transfer rate, then the sensitizer-activator interaction occurs over roughly the same distance across the entire ensemble of impurity ions. Taking this into consideration,
Tkachuk [13] derived the energy-transfer rate in this “migration-limited” regime
(3)
and
are the concentrations of the sensitizer and
where
the activator impurity ions,
is the microscopic interaction
is the migration interaction parameter.
parameter, and
is found using (2) by considering the sensitizer ion to be both
.
sensitizer and activator, assuming that
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Fig. 1. Spectral overlap between the emission of the Yb
F (), and the absorption of the Er activator ions, f ().

sensitizer ions,

III. ENERGY-TRANSFER PARAMETERS OF ER,YB:YCOB
Energy-transfer from the Yb to the Er ions in the YCOB
host is strongly favored. There is a good overlap between the
Yb emission and the Er absorption at about 1 m, which
is essential for efficient resonant energy transfer. (Fig. 1 shows
an overlay of the two normalized spectra.) The phonon energy distribution of the YCOB host also supports efficient
energy transfer. Raman spectra of the YCOB crystal show the
1550 cm . This is
maximum phonon energy available is
significantly higher than the effective phonon energy for other
erbium/ytterbium hosts [14], [15]. Deactivation of the Er
excitation to the upper laser level is, thus, rapid (12.6 s) and
manifold
is much quicker than the decay of the Yb
(2.6 ms), ensuring the efficiency of the Yb to Er energy
transfer.
Other favorable aspects of the YCOB host for laser operation
are the large crystal-field splitting and the large emission bandwidth greater than 75 nm. The effect of thelarge crystal field
splitting is to reduce the Boltzmann population in the upper energy levels of the manifold and increase the efficiency of the
three-level laser transition. This property, along with good mechanical (e.g, hygroscopicity) and thermal (e.g., thermal conductivity and expansion) properties contributes to the effectiveness of the crystal as a laser host.
To determine the energy-transfer parameters of the
Er,Yb:YCOB crystal, a sample crystal was grown by the
Czochralski method with 20 at.% Yb ions and 2 at.% Er
impurity ions [16]. Since this Yb concentration is quite high,
we assumed the diffusion model of energy migration among
Yb ions and (3) was used to calculate the energy-transfer
rate.
Spectroscopic analysis of the Er,Yb:YCOB crystal [17] enabled the relevant energy-transfer parameters to be calculated
as listed in Table I for YCOB and other Er /Yb laser host
materials. The assumed dopant concentrations in Er,Yb:YCOB
2 at. % and
2 at. %. The
were
micro-parameter for migration between Yb ions was calculated from the overlap between the absorption and emission of

the Yb ions using (2). The other parameters used were the in1.7601 10
cm, and
tegrated absorption coefficient
396.2 s . For the Yb -Er
the radiative transition rate
micro-parameter calculation, the normalized absorption and
emission spectra (shown in Fig. 1) were integrated to give
3.8409 10
cm and
2.7 10
cm s .
The energy-transfer rate from (3) is significantly higher than
that for hosts such as Er,Yb:YAG and Er,Yb:YLF. The critical
for YCOB crystals was calculated as 7.7 Å, which
radius
is about half the value for phosphate glass listed in Table I [1].
Since no significant back-transfer of energy occurs in the
YCOB host, we assume that upconversion from the upper
in Er) is the main loss channel
state laser manifold (
for ions once they reach this manifold. The upconversion
parameter has been calculated by fitting the decay from this
manifold to (A4) given in the Appendix. The upconversion
was varied to match the decay data from
parameter
experimental measurements. (See Fig. 2 for a crystal with
2 at.% Er .) The upconversion parameter was calculated to be
s .
Since the energy-transfer rate is highly dependent on the rareearth concentrations, and particularly on the ratio of the Yb
to Er ions, a concentration-independent parameter (after [4])
can be used to compare host materials directly. Table I shows
that the concentration-independent energy-transfer rate in the
YCOB host is much greater than that for other hosts.
We checked the validity of the diffusion model for our case.
Yokota and Tanimoto [18] have developed a time-dependent solution of the diffusion (4) that can be used to fit the decay of the
Yb sensitizer ion to an equation of the form

(4)
where

is the excitation population at time , and
.
Fig. 3 shows that the fit of the 1- m Yb fluorescence to (6)
1.0 10
cm s, offers excellent agreement
assuming
with the experimental data. In contrast, the hopping model [11]
predicts that the sensitizer decays with the form given in [1]
(5)

where

and
(6)

and exhibits a characteristic nonexponential decay (see Fig. 3).
The diffusion model predicts the decay more accurately.
A. Transfer Efficiency
The energy-transfer efficiency between the sensitizer and the
activator ions can be calculated by considering the lifetime for
the energy manifold of the sensitizer involved in the transfer
process. In a singly doped host material such as Yb:YCOB, the
only de-excitation channels are radiative fluorescence or nonradiative decay to the ground state. In the codoped Er,Yb:YCOB
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TABLE I
COMPARISON OF ENERGY TRANSFER PARAMETERS IN ER, Yb

Fig. 2. Fit of the I
population decay in 2 at.% Er:YCOB to (A4) with
= 1:30 10
s . The dotted lines
upconversion parameters of W
indicate 0:4 10
s uncertainty margins.

6 2

2

CODOPED LASER HOSTS

Fig. 3. Fits of the fluorescence decay of the Yb
F
manifold in the
Er,Yb:YCOB crystal to the characteristic decay of the diffusion and hopping
models.

host, however, resonant energy transfer further reduces the radiative lifetime of the sensitizer. Fig. 4 shows that the lifetime
of the Yb ions is reduced from 2.65 ms in the singly doped
crystal to only 110 s in the codoped crystal.
This transfer efficiency can be quantified by
(7)
where is the lifetime of the sensitizer in the codoped material
and is the lifetime in the singly doped host. For the 2 at.% Er,
20 at.% Yb YCOB crystal, the transfer is extremely efficient
. This compares well with other host materials.
at
IV. RATE-EQUATION ANALYSIS
The steady-state characteristics of the laser have been modeled using rate equations describing the rate of change with time
of the populations of each electronic manifold involved in the
laser system. Fig. 5 shows the energy level diagram of an Er,Yb
) and upconversion
system including key energy-transfer (
) channels. These two concentration-dependent processes
(
are critical to the performance of the laser.

manifold of the Yb
Fig. 4. Comparison between the lifetimes of the F
sensitizer ions in the singly doped Yb:YCOB, and the codoped Er,Yb:YCOB.

An increase in the Yb concentration results in an increased
absorption coefficient, which gives a larger population in the
manifold ( ) and, hence, an increased possibility of energy transfer. An increase in the Er concentration also increases the energy transfer since more ions are available to be
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and
manifolds can approach zero population as a result
of large pump rates. This allows the opportunity to determine
the level populations at realistic pump levels of a watt or more.
and the
The emission rates of the Yb:
transitions are given by
Er:
(9)

Fig. 5. Level assignment diagram and relevant processes for rate equation
analysis of the Er,Yb:YCOB laser material.

excited. Conversely, increasing the Er concentration also increases losses from the upper laser level due to nonradiative
upconversion.
A. Er

, Yb

-Doped System

To model the population dynamics of the codoped Er,Yb
system we use the set of rate equations shown in (8) and solve
for steady-state conditions (CW pumping) with depletion of the
Er ground state included in the model. The Appendix gives
the model for the crystal doped only with Er

(8a)

(8b)
(8c)
(8d)
(8e)
(8f)
(8g)
,
, and
are shown in
The levels designated by
Fig. 5. The parameters are the lifetimes of the -levels and the
are the branching ratios for transitions from the
parameters
th to th levels.
is the upconversion rate and
is the
is the pump rate to the Yb
level
back-transfer rate.
from the Yb
ground state. The corresponding absorption
from the Er ground state is neglected since the Yb concentration is an order of magnitude higher. The Er pumping is
due to energy transfer from Yb to Er via the process described by
Yb

The ratio
can be determined experimentally
by comparing the fluorescence spectra for the Er:YCOB and the
Yb:YCOB at 1 m [3]. The emission rates are calculated by integrating the respective emission spectra, and is an indication
of the amount of overlap between the two. For the 2 at.% Er ,
2- at.% Yb :YCOB crystal, the ratio of the emission rates was
. The uncertainty arises from infound to be
herent uncertainties in the fluorescence collection method, and
the weak Er fluorescence in this region. This value of the
overlap is higher than that for the Er , Yb :YLF crystal, [3].
Using the emission ratios in (9), the transfer parameters from
(8a), (8b), and (8d) are eliminated, to yield a closed, analytical
system for the population densities for the manifolds considered
under steady-state pumping conditions.
If we consider a pump beam of 1.5 W incident onto
the crystal with an Yb-ion absorption coefficient of
cm , and a spot size of 50 m to give a pumping
ions cm s and with an upconrate
version rate of
cm s, steady-state
population densities of the 2 at.% Er , 20 at.% Yb :YCOB
crystal are given in (10).
The analytical model was checked with the results of [3] using
the stated constants for the YLF crystal host, and gave excellent
agreement
cm
cm
cm
cm
cm

cm
cm
cm
(10)

B. Population Inversion Characteristics of Er,Yb:YCOB
The simplest requirement for the operation of a laser is a population inversion between the upper and lower laser levels. The
ability to maintain this population inversion under steady-state
conditions at or near room temperature is a requirement for continuous-wave operation of the laser. However, the upper-lying
Stark-split energy levels in each manifold have a finite population, described by the relation
(11)

Er
Yb

Er

The model can be simplified by noting that the back-transfer
corresponding to Yb
parameter
Yb
Er
is negligible due to the rapid depopulation of the resonant level Er
Er
. Bleaching
of the ground state manifolds is included in this model in that the

is the energy difference between the level of interest
where
and the lowest level of the manifold, is the Boltzmann constant, is the temperature of the crystal, and is the partition
function of the manifold given by
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TABLE II
STARK ENERGY LEVELS OF ER,YB:YCOB

where is the number of distinct energy levels
in the manifold of interest and is the degeneracy of the th level.
To accurately determine the population inversion, we must
consider the Stark levels involved in the stimulated emission
process which have been determined by low-temperature absorption and emission experiments and the energy levels are
given in Table II. The low-temperature emission spectrum of
the erbium ion in YCOB shows a peak transition at a wavelength of 1555 nm between the lowest Stark level in the
manifold, to about three closely spaced and thermally broadened levels 30–80 cm above the ground level. Using (11) and
(12), the fraction of the total number of atoms in a manifold
that reside in the Stark level of interest can be determined. For
the upper laser level, the fraction is calculated to be
0.476 (or 41.6%) and the combination of lower laser levels to
be
0.476 at room temperature ( 20 C).
The population inversion characteristics of the erbium system
between the upper laser level (the Er
manifold) and
the ground state level (the Er
manifold) were modeled
as a function of the Er concentration on the crystal. Note that
a population inversion does exist between these two levels for
the 2 at.% Er , 20 at.% Yb :YCOB crystal for the pump rate
used, sufficient for efficient laser operation.
C. Optimization of Concentration Ratios
To find the optimal Er –Yb dopant concentrations, the
rate equation model of the codoped system was used to predict
the expected population inversion for a range of Er and Yb
concentrations. This removes the need for many samples to be
grown with varying dopant concentrations and ratios.
Some approximations must be made. The decay rate of
the Yb
ions caused by energy transfer to the Er
ions
is approximated by an exponential fall-off with respect to
the Er concentration after the analysis of Philipps [1] for
fluoride phosphate glasses. The relation was determined by
fitting an exponential curve between the lifetime of the singly
doped Yb:YCOB sample and the codoped sample. The upconcentration, and this
conversion rate increases with Er
was approximated by a linear function after the analysis of
Er,Yb-doped phosphate glasses by Hwang [2] who found
that the upconversion rate was constant with respect to the

N

Fig. 6. Population inversion densities (
of Yb concentrations. The optimum Er
inversion) is marked.

0N

) in Er for a range
concentration (ie. at the maximum

Yb concentration. [19] studied the dynamics of Er,Yb-doped
lithium niobate (LiNbO ) crystals and found that the lifetime
manifold was not affected by the Yb
of the Er
concentration and so remains as a constant in the analysis.
manifold
They also found that the lifetime of the Yb
increased slightly with increasing Yb concentration, but this
has been neglected here.
The Boltzmann population of the upper and lower Stark
laser levels were calculated from the fractional populations of
the total manifold populations. A population inversion (i.e.,
) exists up to an Er concentration of
approximately 2 at.%. The optimum Er concentrations for
the Yb concentrations evaluated are shown in Fig. 6. The
pump rate for all these figures has been calculated assuming
1.5 W, resulting in a rate of
an incident pump power of
3.05 10 photons/s. Using the results from Fig. 6, crystals
with the desired dopant concentrations were grown resulting in
crystals with Yb concentration of 30 at.% and Er concentration of 1.4 at.%, verified by inductively coupled-plasma mass
spectroscopy (ICPMS) analysis. Further, the upconversion coefficient and the lifetime of the Yb ions were calculated in the
same way as before, and compared well with the experimental
values. While the new laser crystal dopant concentrations were
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not quite optimum, we should expect greatly improved laser
operation.
V. CW LASER OUTPUT
A. Experimental Details
The crystal used was a Y-cut 2-mm-long Er,Yb:YCOB with
99%) between
one face coated for high-reflection (HR) (
92%) at 975 nm.
1.4 and 1.6 m and high transmission (
0.5%) beThe output face was anti-reflection (AR) coated (
tween 1.4–1.6 m. The pump source was an optical fiber coupled laser diode with a 50- m diameter core and a numerical
aperture N.A. = 0.22. The maximum output power was 2.8 W at
factor of 17.9 and a brightness at the face
975 nm, giving an
of the fiber of 1280 kW/cm . Output from the fiber was first
collimated and then refocussed into the laser crystal by moulded
glass aspheric lenses.
The focused pump spot size was 115 m diameter. About
90% of the maximum output from the pump fiber was incident
on the laser crystal. The absorption coefficient at 976 nm due to
12 cm , resulting in 91% absorption
the Yb ions was
of the pump light in the crystal.
The disadvantage of this pump source was that the output
spectrum had a fluctuating bandwidth of 6–8 nm. Since the
bandwidth of the Yb:YCOB absorption feature at 976 nm is
only approximately 4 nm, only 65% of the available pump
radiation was absorbed in the crystal. The crystal was mounted
carefully with indium foil to maintain thermal conduction.
The laser crystal was set up in both a hemispherical cavity
with a 200-mm radius of curvature output (RoC) coupler, and a
flat-flat cavity. The output coupling in both cases was 1%.

Fig. 7. Er,Yb:YCOB laser output using the 2.8 W fiber coupled diode pump
laser. The maximum output was 250 mW of CW radiation.



B. Laser Output
The output characteristics of the laser are shown in Fig. 7.
255 mW of CW laser radiation at 1.55 m was obtained in the
hemispherical cavity and 164 mW CW with the flat-flat cavity
configuration. This is a significant improvement of 2.5 times
over previous results, due to the fact that more power is available, at sufficient brightness to achieve population inversion.
The slope efficiencies were 26.8% and 21.5% for the hemispherical and flat-flat cavities, respectively. The threshold of the
hemispherical cavity laser 800 mW compares favorably with
predictions based on standard laser models [20], [21] and described in detail in [22]. This result shows that Er,Yb:YCOB
lasers are comparable to the most efficient laser output attained
with the Er,Yb-doped phosphate bulk glass laser hosts, namely
CW multimode 1.55- m laser output of 320 mW with a slope
efficiency of 27% [23]. Note that the phosphate glass laser hosts
have been pursued as the laser host of choice for the past ten
years or more, whereas the YCOB host has been under development for less than three years.
C. Output Spectra
The free-running emission spectrum of the 1.55- m output in
the flat-flat cavity can be seen in Fig. 8, which is an accumulation of seven individual scans. Coupled-cavity effects [24] are
evident in the spectrum with closely spaced longitudinal modes
separated into mode groups approximately 1.8 nm apart.

Fig. 8. Free-running output spectrum of the Er,Yb:YCOB laser in the
flat-flat cavity configuration. Spectrum is the accumulation of seven individual
wavelength scans.

D. Amplitude and Temperature Stability
The stability of the laser output is demonstrated in Fig. 9. The
long-term stability at 110 mW was measured by detecting the
output with a p-i-n photodiode over 10 min. The power amplitude variation is described by twice the standard deviation ( )
divided by the average power and is found to be 1.2%. The
variation of the output power with respect to crystal mount temperature (Fig. 10) is found to be only 0.3 mW/ C indicating
that the laser is operating as a quasi-four-level laser.
VI. CONCLUSION
Optimum dopant concentrations have been calculated and efficient laser operation of an Er,Yb-doped YCOB crystal has
been demonstrated. Multilongitudinal-mode output of 250 mW
has been obtained with a slope efficiency of 27%, which is
comparable to the best CW result to date achieved in the phosphate glass host. 150 mW of output has also been achieved with
a plano/plano cavity. Significant improvement is expected in the
hemispherical cavity with OCs of shorter RoC ( 25 mm) which
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assumption, the rate of change of the populations has been set to
zero. See main text for a definition of the parameters. It is clear
from (A1b) that upconversion is a significant loss mechanism
since each event removes two excited ions from the upper laser
level, and the probability is proportional to the square of pop.
is the pump rate to the
level assuming a
ulation
pump wavelength of 980 nm. This is calculated from
(A2)

Fig. 9. Amplitude stability of 1.55-m laser output at maximum power (1%
200 mm OC).

where
is the pump wavelength, is Planck’s constant,
is the length of the crystal, is the radius of the pump spot
in the crystal,
is the absorption coefficient at the pump
is the pump power incident on the crystal.
wavelength, and
and
Because of the small energy gaps between the
levels, and between the
and
levels, in comparison with the large phonon energy of the YCOB host, decay
and
levels is dominated by fast nonrafrom the
diative transitions. These transition rates are many orders of
magnitude faster than the pump rate , hence, the populations
and
, respectively, in these levels are negligible. This is
confirmed by calculation of the steady-state populations with a
known pump rate and measured decay parameters. The maxand
levels are
imum populations observed in the
of the total Er concentration,
less than 0.15% and 10
even for large pump powers (up to 1.5 W). Taking this into account, the rate equations can be simplified to
(A3a)
(A3b)

Fig. 10. Temperature dependence of laser output (1% 200 mm OC).
The degradation of output power with temperature is 0.3 mW/ C.

0

will improve the pump-to-laser mode matching efficiency. Good
long-term amplitude stability and relative insensitivity to temperature variations of the crystal mount have been established
at power levels of greater than 100 mW.

Er

APPENDIX
-DOPED SYSTEM

The rate equations for a singly doped Er
be written as

laser system can
(A1a)
(A1b)
(A1c)
(A1d)
(A1e)

where
(
) are the populations in each of the energy
manifolds defined in Fig. 5, and
is the concentration of
Er in the crystal in units of ions/cm . Using the steady-state

When the lifetime is measured under weak excitation, the
population
is small and the quadratic upconversion term can
be neglected. The decay of the excited level then becomes a
single exponential with lifetime . When the pump power is
increased, the upconversion needs to be considered and can be
solved from (A3) as
(A4)
is the steady-state population at
(when the
where
pump is switched off), and depends on the pump power. The
, which can be found by fitting
only unknown parameter is
the luminescence decay curves with (A4). This is demonstrated
for Er:YCOB above. The upconversion coefficient in Er samples cosensitised with Yb is assumed consistent with that observed in an Er -doped sample with the same Er concentration [2].
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