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ABSTRACT The temperature dependent lifetimes, absorption,
and emission spectra of an Er3+:YAG at 300–550 K are inves-
tigated and compared to the expected evolution using a the-
oretical description of the spectra. Population and linewidth
dependent changes in the spectra can be separated, allowing
conclusions on pump and laser efficiency at elevated tempera-
tures. The temperature sensitivity of Er3+:YAG is for instance
much less than that of Yb3+:YAG.

PACS 42.55.Rz; 78.00.00; 78.47.-p; 42.70.Hj

1 Introduction

Er3+:YAG is an interesting laser material for eye-
safe emission at wavelengths of 1617 and 1645 nm which can
be resonantly diode-pumped into the upper laser manifold
at 1475 and 1532 nm [1, 2]. Due to the low quantum defect
high slope efficiencies of > 80% have been achieved with
direct fiber laser pumping [3]. Recent research has focused
on cryogenic cooling of Er3+:YAG to enhance spectroscopic
emission cross-section and thermal conductivity [4] for high
energy laser applications. However, the desired spectral nar-
rowing of the emission lines at cryogenic temperatures also
narrows the absorption lines and has therefore a detrimen-
tal effect on pump absorption. Here, a spectroscopic analysis
of Er3+:YAG at elevated temperatures of 300–550 K is pre-
sented, that are easily reached in several laser architectures.
In order to gain a deeper insight into the processes govern-
ing the temperature dependence of the spectra, the absorption
and emission spectra relating to the 4I15/2 ↔ 4I13/2 transi-
tions were analyzed using a theory based on the spectroscopic
Debye temperature. With these simulated spectra the tem-
perature influence on the laser performance is numerically in-
vestigated and the results indicate that efficient lasing should
be possible even above 500 K.

� Fax: +33-389-69-5077, E-mail: Marc.Eichhorn@isl.eu

2 Spectral theory

The spectral theory described here is based on
a decomposition of the measured spectra into the different
transition lines. Each line is then treated as temperature de-
pendent using a simple approach derived from the interaction
between the erbium ions and the crystal field.

The greatest influence of temperature on the spectra is due
to the thermal population of the different levels. But also the
lineshapes and line-positions will change with temperature.
To model this adequately, the Boltzmann occupation of the
levels is included into the total spectroscopic cross-sections
for absorption (σa(λ)) and emission σe(λ). They are related to
the intrinsic atomic cross-sections σij(λ) by [5],

σa(λ) =
∑

ij

di
e
− Eg,i

kBT

Zg
σij(λ)dj , (1)

σe(λ) =
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− Eu, j
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Therein, Eg,i and Eu, j are the energies of the levels in the
lower and upper manifold, respectively, di and dj their degen-
eracies and Zg and Zu the corresponding partition functions.

The measured absorption and emission cross-sections at
temperature T0 can be decomposed into a sum of Lorentzian
lines
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∑
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being the corresponding Lorentzian functions. Therein
Aa/e

ij (T0) is the line area, given by

Aa/e
ij (T0) =

∫
σa/e,ij(λ, T0)dλ , (7)

where wij(T0) the full width at half maximum and λij(T0) the
peak position. It will be later demonstrated that the line area
depends only on the thermal population of the level while the
width and peak positions are temperature dependent due to
the ion-host interactions and can be described by simple func-
tions. By comparing (1) and (2) with (3) and (4), the intrinsic
atomic cross-sections can be unambiguously related to the
different measured lines and then the spectroscopic absorp-
tion cross-section

σa(λ, T ) =
∑

ij

fg,i(T )

fg,i(T0)
σa,ij(λ−λa

ij(T ),wa
ij(T ), Aa

ij(T0)) (8)

can be determined for all temperatures T in the range of
300–550 K and beyond. As can be shown, there is also an
equivalent expression for the emission cross-section

σe(λ, T ) =
∑

ij

fu, j(T )

fu, j(T0)
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in which

fg,i(T ) = di
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e
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kB T , (10)
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e
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kBT , (11)

are the Boltzmann occupation factors of the Stark levels.
The temperature dependence of the linewidths for T >

180 K is dominated by two-phonon Raman scattering [6],
which is a homogeneous process. This explains why the cross-
sections could accurately be fitted by Lorentzian lines. In
general the width of a level can be described by [6–10]

∆ν(T ) = ∆ν0 +∆νD(T )+∆νR(T ) , (12)

wherein ∆ν0 takes account for the temperature independent
processes as e.g. statistical strain distributions. ∆νD(T ) cor-
responds to the direct emission or absorption of a phonon and
∆νR(T ) represents the two-phonon Raman scattering. The
direct process can be neglected here as it only contributes at
low temperatures. To model the linewidths, the Raman pro-
cess can be described by

∆νR(T ) = a1 fR(T ) , (13)

with

fR(T ) =
(

T

ΘS

)7
ΘS
T∫

0

x6ex

(ex −1)2
dx (14)

and a transition dependent parameter a1 [7]. ΘS is the spectro-
scopic Debye temperature, which was measured in low-doped

Er3+:YAG as ΘS = 405 K [6]. The spectroscopic Debye tem-
perature is not identical to the Debye temperature describing
heat capacity as not all phonons couple to the ionic levels.

The level positions are treated equivalently, calculated
from the temperature-dependent level shift. This level shift is
caused by the interaction of the ion with the crystal field of
the host, which itself depends on the local strain in the crystal.
This level shift can be written as [6–10]

∆E(T ) = ∆E0 +∆ED(T )+∆ER(T ) . (15)

The direct process ∆ED(T ) can often be neglected as usu-
ally the levels are well separated and so no coupling occurs
between them. Therefore, the level shift is dominated by the
Raman process, which is given by

∆ER(T ) = a2gR(T ) , (16)

with

gR(T ) =
(

T
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)4
ΘS
T∫

0

x3

ex −1
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and a2 is a transition dependent parameter [7]. In this way
the different energy levels needed, e.g., to calculate the tem-
perature dependent partition functions of the 4I15/2 and 4I13/2

manifolds can be derived using

Ei(T ) = Ei,0 + (Ei(T0)− Ei,0)
gR(T )

gR(T0)
(18)

and the line positions are calculated by

1
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As the widths of the levels involved in a transition sim-
ply add for homogeneous broadening, the linewidth wij(T )

of the transition can be described accurately for temperatures
T > 180 K by

wij(T ) = wij,0 + (wij(T0)−wij,0)
fR(T )

fR(T0)
. (20)

The temperature dependence of the factors fR(T ) and gR(T )

is depicted in Fig. 1. In the presented theory, it is important
that the Lorentzian functions used in the (5) and (6) have con-
stant integrals, independent of wij(T ). Thus the normalization
generates the correct peak values of the lines.

3 Spectroscopic measurements and results

3.1 Lifetimes

Fluorescence lifetimes were measured using
a pulsed optical-parametric oscillator exciting an 0.5%
Er3+:YAG sample at 963 nm. The fluorescence was then
filtered through a 0.5 m monochromator and detected by
a photomultiplier. The monochromator wavelength (detected
fluorescence) was 1532 and 1006 nm for the 4I13/2 and 4I11/2

manifold, respectively.
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FIGURE 1 Raman scaling factors for linewidth and line positions

For the 4I13/2 manifold the measured fluorescence life-
times are nearly temperature independent, plotted in Fig. 2.
Using the radiative transition lifetime of the 4I13/2 manifold
of τsp = 8.25 ms [11], the expected multiphonon relaxation in-
fluence agrees reasonably with the values found in the range
300–500 K. The fluorescence lifetime τf can be derived from
the radiative lifetime τsp and the multiphonon relaxation life-
time τr as [12]

1

τf
= 1

τsp
+ 1

τr
= 1

τsp
+ W0(

1 − e
− EP

kBT

)nP
. (21)

FIGURE 2 Measured lifetimes and
expected multiphonon relaxation for
the 4I13/2 manifold

FIGURE 3 Measured lifetimes and
derived multiphonon relaxation for
the 4I11/2 manifold

Therein W0 = 8.198 s−1 and τr(300 K) = 103 ms were deter-
mined by taking the difference between τf(300 K) = 7.64 ms
and τsp at 300 K, using an effective phonon energy of EP =
782 cm−1 and an effective phonon number of nP = 8 [12]. Re-
garding this large effective phonon number as well as the fact
that the predicted multiphonon relaxation curve in Fig. 2 does
not exactly fit to the data points in terms of curvature, it seems
possible that the temperature dependence of the lifetime of
the 4I13/2 manifold may not be dominated by multiphonon re-
laxation and that another effect is responsible for the drop in
lifetime. This effect may be related to temperature dependent
changes in the crystal field.

The fluorescence lifetime of the 4I13/2 manifold corres-
ponds to a quantum yield of 92.5% at room temperature and
leads to two important conclusions: First the multiphonon
relaxation of the 4I13/2 manifold is weak even at elevated
temperatures, conserving the high quantum yield of the laser.
Second the spontaneous lifetime of the 4I13/2 manifold is
temperature independent. Since spontaneous lifetime and in-
tegrated emission cross-section is coupled by

τsp = 1

8πn2c
∫

σe(λ)

λ4 dλ
, (22)

and the different lines in the spectra are narrow compared
to their absolute line position, the integral over the emission
cross-section of a line is a constant. As emission and ab-
sorption are connected by reciprocity, a constant line area
also follows for an absorption line. This makes the detailed
theoretical description of the temperature-dependent cross-
sections in Sect. 2 possible.
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FIGURE 4 Measured (left) and
simulated (right) absorption cross-
section

The fluorescence lifetime of the 4I11/2 manifold changes
from 97 µs at 300 K approximately linearly to 50 µs at
550 K. A fit of (21) to the measured data in Fig. 3 shows
that the multiphonon transition rate of the 4I11/2 manifold
can be described by EP = 712 cm−1, an effective phonon
number of nP = 4.85 and a spontaneous transition rate
of W0 = 8615 s−1.

3.2 Cross-sections

The spectroscopic measurements were performed
on a 5 mm cube of uncoated 0.5% Er3+:YAG placed in a re-
sistive oven for temperature control. A 1 m grating spectrom-
eter and cooled InGaAs photodiodes were used to record the
spectra, resulting in a resolution of 0.32 nm. Absorption was
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FIGURE 5 Measured (left) and
simulated (right) emission cross-
section

measured with a broadband halogen lamp and emission via
excitation to the 4I11/2 manifold using a Ti:sapphire laser at
963.3 nm.

4 Discussion

The measured absorption and emission spectra in
the range 300–550 K could be accurately reproduced using

the corresponding measured 300 K spectrum and the spec-
tral theory described in Sect. 2. As can be seen in Figs.
4 and 5 the calculated spectra agree well with the experi-
mental data for individual lines that do not overlap much
with others, as well as for the wavelengths where many
different lines overlap, i.e. where it is difficult to sepa-
rate the temperature dependent evolution for the different
lines.
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FIGURE 6 Level diagram of Er3+:YAG and its most important lines (wave-
length in nm at 300 K)

4.1 Absorption

The absorption lines of greatest interest for direct
diode pumping are those at around 1475 nm and 1532 nm,
as can be seen in Fig. 4. All these lines start from the first
four Stark levels in the ground state manifold at 0, 18, 58
and 75 cm−1, building a sub-manifold, see Fig. 6. Due to their
close energetic positions and the fact that the other four lev-
els of the ground state manifold, the second sub-manifold, are
at least separated by 340 cm−1 from the lower sub-manifold,
thermodynamic calculations using (10) and (11) demonstrate
that between 300 and 600 K 86%–78% of the total population
of the 4I15/2 manifold occupy the lowest four energy levels.
Thus thermal depopulation of the absorption levels is no sig-
nificant process in Er3+:YAG.

4.1.1 Pumping around 1475 nm. High power laser diodes are
available at this wavelength. As these diodes show broad
emission linewidths of up to 15 nm, they are optimally suited
for pumping this broad absorption band. The only drawback
of this approach is the increased crystal heat load of 10.3%
compared to 6.9% for 1532 nm pumping.

4.1.2 Pumping around 1532 nm. The absorption band for
pumping around 1532 nm minimizes the crystal heat load by
direct pumping into the emission relevant Stark levels of the
4I13/2 manifold. Since this band with a width of 6 nm is nar-
rower than the 1475 nm band, high power laser diodes emit-

ting at that wavelength with line widths of 10–13 nm have
reduced absorption efficiencies. This lack of absorption in the
wings of the diode emission cannot be changed by the use of
longer crystals. Thus fiber laser pumping of this band [3] is
better suited for high absorption efficiency.

For pump absorption one can conclude that the intensity
drop in the absorption cross-section is mainly due to the tem-
perature induced broadening of the lines. The integral absorp-
tion stays nearly constant for broadband pump sources like
diodes whenever the pump spectrum is narrower than the ab-
sorption band. Then the absorption length can be chosen to be
large enough to achieve high absorption efficiencies even at
elevated temperatures.

4.2 Emission

From the possible emission lines shown in Fig. 5,
only the 1617 nm and the 1645 nm emission can be used
for efficient laser action, since all emission lines at wave-
lengths shorter than 1600 nm have strong reabsorption. and
from those at wavelengths longer than 1600 nm, the 1617 nm
and the 1645 nm emission are the only ones not affected by
excited-state absorption to the 4I9/2 manifold [13, 14].

A situation equivalent to the ground state manifold is
present for the emission lines. The 4I13/2 manifold can also
be seen as consisting of two sub-manifolds, that are separated
by 176 cm−1. Thus the same effect providing enough popu-
lation for pumping into the 4I15/2 manifold is present here,
keeping the population of the emission levels high even at ele-
vated temperatures. But the effect is weaker due to the lower
separation of the two sub-manifolds compared to that in the
ground state manifold. The result is that 43%–37% of the total
4I13/2 population is in the starting levels for the emission lines
at 300–600 K, respectively.

In the temperature range between 300 and 550 K, a 1.5
and 2 fold decrease in emission cross-section can be seen
for the 1617 nm and the 1645 nm emissions, respectively,
which is mainly due to increasing linewidths. Re-absorption
only increases by about 33% and 66% for these two emis-
sion bands in the same temperature range, respectively.
But as the terminating levels for the 1617 nm emission are
closer to the ground state than the terminating level for
the 1645 nm emission, the absolute reabsorption is much
higher in the first case and a laser will work more effi-
ciently on the 1645 nm emission lines. It has to be noted
that the same sub-manifold effect giving high pump popu-
lation also reduces the reabsorption for the emission lines,
as it ties the center of population to the lower sub-manifold
of the 4I15/2 manifold. The fact that in the upper sub-
manifold of the 4I15/2 manifold the terminating level of
the 1645 nm emission has three other levels sharing the
sub-manifold population, i.e. the partition function is high,
also helps in reducing the reabsorption on that terminating
level. This results in an increase of thermal population of
the lower laser level from only 2% to 6% in the range of
300–600 K.

Concerning laser emission one can conclude that the in-
tensity drop in emission cross-section is also mainly due to the
temperature induced broadening of the lines, and since reab-
sorption is low for the 1645 nm emission, high efficiency laser
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action is still possible even at elevated temperatures of around
550 K.

It is interesting to compare the sub-manifold effect in
Er3+:YAG with another well known efficient three-level laser
medium, Yb3+:YAG. In Yb3+:YAG the ground state manifold
has only four levels (0, 565, 612 and 785 cm−1) and no lower
sub-manifold can be formed. As the most important 941 nm
pump line can only interact with the lowest level, a thermal
depopulation of this level from 87% of the total ground state
manifold population to 60% at 300–600 K directly affects the
pump absorption efficiency. Since there are only four levels
in the ground state manifold, i.e. the partition function is low,
thermal population of the terminating laser level (612 cm−1 in
Yb3+:YAG) is higher than in Er3+:YAG at 524 cm−1. The ter-
minating laser level in Yb3+:YAG is thermally populated by
4% at 300 K rising to 14% at 600 K.

4.3 Predictions on laser efficiency

Using the simulated cross-sections it was possible
to realize a realistic numerical simulation for Er3+:YAG lasers
at elevated temperatures [15]. To validate this simulation, the
experiments of [2] and [3] were simulated with the parame-
ters given in these references. As can be seen in Fig. 7, the
results could be accurately reproduced. In Fig. 8 the optical-
to-optical efficiencies for an Er3+:YAG laser equivalent to [3]
were calculated for three different setups and various tem-
peratures. The first setup is identical to [3], i.e. especially with
a crystal length of 29 mm. The second setup is the same as
the first with the output coupler (OC) reflectivity changed to
60%, and the third setup is equivalent to the second, but with
a crystal of length 130 mm at 60% OC reflectivity. These high
values of outcoupling were chosen to minimize reabsorption.
This can be explained by the fact that a laser with high out-
coupling will need higher population inversion to increase the
round-trip gain compensating the cavity losses above thresh-
old. Thus the population of the lower laser level, i.e. the
ground state here, is consequently much lower, which results
in lower reabsorption. As a larger outcoupling factor also de-
creases the intra-cavity field intensity, less laser power will be
absorbed by the ground state population.

FIGURE 7 Experimental data from [2, 3] and simulation results [15]. Pump
power corresponds to the absorbed pump power in [2], and the incident pump
power in [3]

FIGURE 8 Simulated optical-to-optical efficiencies for three different se-
tups [15]

It can be seen that the crystal with 29 mm length has high
efficiency at room temperature, that decreases with increasing
crystal temperature. This is mainly due to the increasing trans-
parency of the crystal. This setup was optimized with respect
to outcoupling, so lowering the OC reflectivity by a factor
of 1.5 to 60% causes a decrease in efficiency at 300 K as
well as a dramatic decrease in efficiency for higher tempera-
tures according to the numerical calculation. By increasing
the crystal length instead, the thermal bleaching in absorp-
tion could be minimized and the lower OC reflectivity could
be effectively utilized to minimize the increased reabsorption
loss due to a lower intra-cavity intensity. For a 130 mm crys-
tal the optical-to-optical efficiency then reaches 84% at 300 K
and stays higher than the 300 K efficiency which was reached
in the first setup, even at temperatures as high as 520 K. It
should be noted that such long crystals would need a pump
light guiding structure to allow pumping of the whole crystal
with optimum pump intensity.

5 Conclusion

Our investigation of the spectroscopic properties
of Er3+:YAG at elevated temperatures shows that efficient
laser operation of this laser medium is connected to its spe-
cial energetic level structure. This influence on the spectra,
together with the thermal broadening of the spectral lines,
conserves efficient laser operation even at elevated tempera-
tures and even outperforms Yb3+:YAG in terms of pump level
population and reabsorption, despite the three-level nature of
Er3+:YAG. Thus, less temperature sensitive Er3+:YAG lasers
should be possible by specially designing the active medium
and cavity, resulting in easier cooling and an increased beam
quality with laser architectures in which the active medium
may show elevated temperatures.
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