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Measurements are reported of the spectroscopic properties (absorption and emission spectra, stimulated-
emission cross section, and radiative lifetime) of (Yb,Y;_,)3Al;0;, for nominal x values of 0.025, 0.05, 0.1, 0.2
and 0.3 at temperatures of 15-300 K. The emission cross sections of Yb:YAG with different Yb®" concentra-
tions were determined by use of the Fuchtbauer—Ladenburg formula and the reciprocity method. At low tem-
peratures, the product (o7) of the effective stimulated-emission cross section and the radiative lifetime is

greater than at room temperature for all concentrations.
These results will aid in the design of high-power thin disk lasers by use of

tration at a given temperature.

Product o7 is nearly independent of Yb®* concen-

highly doped Yb:YAG. © 2003 Optical Society of America

OCIS codes: 140.3580, 300.6280.

1. INTRODUCTION

The rapid development of InGaAs laser diodes emitting
from 0.9 to 1.0 um (Refs. 1 and 2) has made high-average-
power lasers based on Yb:YAG crystals feasible. InGaAs
diodes permit direct pumping of the 941-nm absorption
band of Yb:YAG. End-, face- and side-pumped Yb:YAG
lasers have been demonstrated with high efficiencies and
high average output power.>® The advantages of the
Yb?* ion as a lasant ion derive from its simple electronic
structure. There are only two energy-level manifolds,
the ground 2F . state and an excited 2Fy, state, which
are separated by approximately 10,000 cm . Effects
such as excited-state absorption, cross relaxation, upcon-
version, and concentration quenching are absent from
this lasant. These processes are present in other rare-
earth ions used as lasant ions and can lead to reduced la-
ser efficiencies because alternative paths exist to deplete
the excited-state population. The Yb®' ion, lasing at
~1.03 wum, also has a small quantum defect that results
in a small amount of pump power’s being deposited as
heat in the gain medium. Further, the host Y3Al;0,
(YAG) is optically isotropic, has high thermal conductiv-
ity, and is mechanically robust. Together these features
make Yb:YAG an attractive candidate for high-average-
power applications.

An additional attractive advantage of Yb?* dopant ions
is that they can be incorporated into YAG at high concen-
trations. Certain laser architectures, such as thin disk
and waveguide designs, can benefit from highly doped
solid-state laser materials because highly doped materi-
als can absorb pump light in thin gain media. For in-
stance, in thin disk lasers the fracture limit scales as the
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inverse of the thickness of the gain medium. Therefore
keeping the gain medium thin while maintaining suffi-
cient rare-earth ion density to absorb the pump light fa-
cilitates higher absorbed pump power density, higher ef-
ficiencies, and improved thermal management. Another
advantage that Yb:YAG offers is that its wide absorption
band centered at 941 nm (~18-nm FWHM) is more ac-
cepting of pump diode laser wavelength variations? than
is Nd-doped YAG pumped at 808 nm.

The main disadvantage of Yb-doped hosts is their
quasi-three-level nature caused by the thermal popula-
tion of the higher levels of the *F, lower lasing level at
~612 cm ™! above the ground level. This thermal popu-
lation has deleterious effects on the resonant reabsorption
of laser emission by the thermally populated lower-laser-
level Stark state, which contains ~5% of the *F,, popu-
lation at room temperature. Therefore it is difficult to
obtain population inversion at room temperature; the las-
ing threshold is high and the lasing efficiency is conse-
quently low. One achieves efficient population inversion
by either pumping at high pump power intensities at 300
K (1.5-10 kW/cm?) (Ref. 10) or by depopulation of the
highest Stark components of the ground state. The lat-
ter option is achieved by cooling of the system to tempera-
tures at which only the lowest Stark levels are thermally
populated.

The effective stimulated-emission cross section ( o) and
radiative lifetime (7) are two important parameters for
the assessment of a laser crystal. Knowledge of both o
and 7is essential in evaluating laser system performance
parameters such as saturation intensity and threshold
pump power. For example, the threshold pump power is
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inversely proportional to the product of the effective emis-
sion cross section and the radiative lifetime of the lasing
crystal.!  Knowledge of the stimulated-emission cross
section and the radiative lifetime of Yb in YAG crystals
with different concentrations at different temperatures is
essential to the selection of the proper material for use in
laser systems. Unfortunately, there have been to our
knowledge no systematic measurements of these param-
eters. Patel et al.'? reported lifetime measurements of
Yb:YAG crystals with various concentrations at room
temperature and considered reabsorption and radiative
trapping. However, they did not measure the emission
cross section. Sumida and Fan'® reported emission
cross-section and lifetime measurements of 5.5 at. %
Yh:YAG as a function of temperature in the range 80—400
K, but they did not consider the variation of emission
cross section and lifetime with different Yb®" concentra-
tions. In this paper we report experimental measure-
ments of the emission cross section, 1.03-um linewidth,
peak wavelength, and the 1.03-um radiative lifetime for
several Yb®" concentrations of Yb:YAG over a tempera-
ture range appropriate for many potential laser applica-
tions. The effect of Yb?" concentration and temperature
on these parameters is evaluated. The product of the
emission cross section and the radiative lifetime, o7, is
found experimentally to be nearly independent of concen-
tration, though it varies with temperature. These data
allow the laser designer more flexibility in choosing the
concentration of Yb:YAG for use in a laser. For example,
in a high-power thin disk laser a high-concentration gain
medium might be desirable because it will absorb pump
light incident through the disk’s face more effectively
than will a lower-concentration material.

2. EXPERIMENTS

Yh:YAG crystals doped with 2.5, 5, 10, 20, and 30 at. %
Yb?" were grown by the Czochralski method. Inasmuch
as the radius of Yb®* ions (0.0985 nm) is nearly the same
as that of Y2" jons (0.1019 nm), the Yb®* distribution co-
efficient for YAG crystal growth is nearly unity, so the
concentrations of Yb?" in the YAG crystals listed are the
concentrations of Yb®" in the melt. This assumption is
supported by the relative strengths of the measured ab-
sorption spectra of the various Yb:YAG crystals.
Samples for spectroscopic and lifetime measurements of
10mm X 10mm X 2 mm were cut out of the boules with
the largest the surfaces oriented normal to the (111)
growth axis. These surfaces were polished, whereas the
10mm X 2 mm surfaces were fine ground.
Room-temperature absorption spectra were measured
with a Cary 500 Scan UV-Vis-NIR spectrophotometer.
Emission spectra were measured at 950—-1100 nm with a
fiber-coupled diode laser operating at 943 nm as the pump
source. The pump light was focused into one of the
ground surfaces of the sample close to the polished sur-
face through which the emitted fluorescence was to be ob-
served. As a result the fluorescent light detected was
generated close to the surface from which it exited the
sample, such that it experienced minimal radiation trap-
ping. The excitation signal was monitored during the ex-
periment with a silicon detector. An indium gallium ar-

Dong et al.

senide (InGaAs) detector located at the output slit of a
25-cm focal-length Jarrell-Ash monochromator was used
to detect the fluorescence emission spectral intensity.
With 50-um slits the resolution of this detection system
was ~0.4 nm. Before their use in calculating the
stimulated-emission cross section, the recorded spectra
were corrected for the spectral response of the detector
and of the monochromator grating. Calibration of the de-
tection system was achieved by recording of its response
to light from a tungsten—iodine white-light source that
had been calibrated at the National Institute for Stan-
dards and Testing.

The excitation source for emission lifetime measure-
ments was a single-frequency (linewidth, 0.2 em™1), tun-
able optical parametric oscillator (Quanta Ray MOPO-SL)
tuned to 943 nm. Its pulse duration was ~5ns. The en-
ergy of the idler pulse delivered by the optical parametric
oscillator at 941 nm is <2 mJ. Fluorescence from the
Yb:YAG samples was collected with an f = 5 cm lens and
dispersed with the 25-cm focal-length Jarrell-Ash mono-
chromator. An InGaAs photodiode connected to a pre-
amplifier was used to detect the intensity of the fluores-
cence emission. Decay curves were recorded with a
Tektronix 2440 500-Ms/s digital oscilloscope and a
computer-controlled data acquisition system. The emis-
sion spectra and lifetime measurements were carried out
at temperatures of 15-300 K in a temperature-controlled
compressed helium cryostat.

3. RESULTS AND DISCUSSION

Absorption spectra of Yb:YAG for five Yb® " concentrations
at room temperature are shown in Fig. 1. The maximum
absorption in the 850-1070-nm wavelength range is at
941 nm, at which commercial Al-free InGaAs laser diodes
are available as pump sources. With increasing Yb®"
concentration, the absorption coefficient at 941 nm in-
creases from 2.78 cm ™! for a 2.5-at. % Yb®" concentration
to 31 cm ™! for 30 at.%. There is self-absorption at the
lasing wavelength of 1.03 um in the Yb:YAG crystals at
room temperature.

Representative emission spectra of 10-at. % Yb:YAG at
room temperature and at 70 K are shown in Fig. 2. At 77
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Fig. 1. Absorption spectra of Yb:YAG with five Yb concentra-
tions at room temperature.
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Fig. 2. Emission spectra of 10-at. % Yb:YAG at 70 K and at room
temperature (293 K).
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Fig. 3. Measured room-temperature fluorescent lifetime of Yb3*
ions in YAG as a function of concentration. The solid curve is
the functional form for this dependence that is due to radiation
trapping as given in Ref. 15 with 969-nm branching ratio
B=0.366 and geometric scaling factor y=0.203 used as fitting pa-
rameters.

K the emission strength is greater and the line shape of
the emission line shape becomes narrower.

The main disadvantage of Yb:YAG as a laser is that it
is a quasi-three-level system and consequently experi-
ences reabsorption loss as a result of the significant popu-
lation in the lower laser level at room temperature. For
such systems radiation trapping by single centers or pairs
takes place and can lead to a considerable increase in the
measured fluorescence lifetime.!* In fact, as shown in
Fig. 3, we fitted our measured fluorescence lifetime data
at room temperature as a function of concentration to the
model given in Ref. 15. Although the fitting process re-
quired adjustment of two parameters and is thus not com-
pletely satisfying, it did indicate the presence of radiation
trapping. We note that there is good agreement between
our measured fluorescence lifetimes and the model from
Ref. 15 that uses as fitting parameters the 969-nm
branching ratio 8 (=0.366) and the geometric scaling fac-
tor y(=0.203). As indicated in the description of the ex-
periments, the geometry of the sample and the detection
scheme were chosen to minimize radiation trapping.
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We must keep radiation trapping in mind when we try
to determine the radiative lifetime of the Yb3" ions be-
cause, according to the Fuchtbauer—Ladenburg (F-L) for-
mula, the effective emission cross section is inversely pro-
portional to the radiative lifetime. The fluorescence-
lifetime data for all samples at all temperatures were
characterized by a single exponential decay function.
Figure 4 shows the relationship of the measured fluores-
cence lifetime of Yb:YAG crystals to temperature. At
higher temperatures (above 200 K), the fluorescence life-
time increases as the Yb?* concentration increases in the
YAG host because of radiative trapping and reabsorption
effects. The measured lifetime is longer than the radia-
tive lifetime in these cases. At lower temperatures (be-
low 80 K), the measured fluorescence lifetime of Yb in
YAG is nearly the same for each concentration, similar to
the results reported by Patel et al.,'? except for the 30-
at. % Yb:YAG crystal. The measured 77-K lifetime of the
several Yb:YAG crystals is the radiative lifetime that we
use in evaluating the stimulated-emission cross section
by using the F-L formula. The decreased lifetime ob-
served for the 30-at. % crystal at the lowest temperatures
may be due to the presence of more impurities in the
highly doped crystal, which cause significant fluorescence
quenching. These impurities can be other rare-earth
ions that are hard to eliminate from the Yb starting ma-
terial.

The ytterbium emission from YAG is not polarization
dependent, so one could use the emission spectra obtained
to calculate the effective stimulated emission cross sec-
tion of an Yb?" ion from the manifold 2Fyy — 2F,, tran-
sitions in Yb:YAG by applying the F-L formula. The fun-
damental relationship between spontaneous-emission
distribution E ), = I(N)/[ I(N)dN (integrating over all
2Fy — 2F 5 transitions) and stimulated emission cross
section distribution o.,(\) is

1 AP I(N)

87 n2er [
mn CTJ'I(A))\dx

Tem(N) = ; 1)

where 7is the radiative lifetime of the upper laser level, ¢
is the velocity of light in vacuum, and n is the refractive
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Fig. 4. Measured lifetimes of Yb:YAG crystals as a function of
temperature.
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Fig. 5. (a) Measured product o7 of Yb:YAG crystals for (a) five
Yb?" ion concentrations as a function of temperature and (b) six
temperatures as a function of the concentration of Yb®" ions.

index at the emission wavelength (at 1030 nm, n is
~1.82), and I(\) is the corrected emission spectral inten-
sity of emission of the Yb®" ions.

From Eq. (1) we can calculate the product o7 at the
peak lasing wavelength as determined by the measured
emission spectra of the differently doped Yb:YAG crystals
at different temperatures without knowing the actual ra-
diative lifetime. That product oris given by

1 2\ IN)

oT =

e
Tne f](x)xdx

at the peak lasing wavelength of 1.03 um. The measured
products o7 at peak lasing wavelength of the several con-
centrations of Yb:YAG crystals are shown as functions of
temperature in Fig. 5(a). Figure 5(b) shows clearly that
product o7 is nearly independent of Yb concentration at
each temperature. Our data also show that o7 increases
as the temperature decreases from 2.4 X 10"2° cm? ms at
room temperature to 10 X 10°2° cm? ms at 70 K.

These data benefit the design of thin disk lasers chosen
to minimize thermal-gradient-induced stresses. Lasing
properties are determined by product o7, and the ability
to select concentration without sacrificing lasing perfor-
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mance may enable pump thin disk Yb:YAG lasers to ab-
sorb pump power efficiently. Higher-concentration mate-
rial has higher absorption, so pump light can be deposited
in the two passes through a coated thin disk without the
need to use complex multiple reflecting mirrors. The
most interesting thing about these lasers is that o7 is
large at liquid-nitrogen temperature, which is approxi-
mately five times room temperature. Thus, if the thin
disk laser is operated at liquid-nitrogen temperature, the
threshold pump power will be significantly reduced and
the saturation intensity lowered, so power can be ex-
tracted efficiently.

Using the measured lifetime at the lowest temperature
as the radiative lifetime of different concentrations of
Yb:YAG crystals, we calculated the effective emission
cross section of Yb:YAG crystals from the F-L formula
[Eq. (1)]. Figure 6 shows the dependence of the effective
emission cross section of these Yb:YAG crystals on tem-
perature. The emission cross section increases as the
temperature decreases. We also calculated the emission
cross section by using the reciprocity method according to
the measured absorption spectra at room temperature.
The calculated emission cross section for various Yb:YAG
crystals at room temperature measured by the reciprocity
method is approximately 2.3 X 10~ 2° cm? and is in a good
agreement with the emission cross section obtained with
the F-L formula. We note that the difference between
our room-temperature cross section and that given in Ref.
14 may be due to our use of the measured 77-K lifetime
for the radiative lifetime of the transition. This lifetime
is smaller than that measured at room temperature, and
the resultant cross section that we found is larger.

The dependence on temperature of the peak linewidth
(FWHM) near 1030 nm and of the peak emission wave-
length are shown in Figs. 7 and 8, respectively. For all
samples, as the temperature increases from 70 K to room
temperature the peak linewidth (FWHM) and the peak
wavelength increase. The peak wavelength shifts by
~ 0.6 nm. The peak linewidth (FWHM) near 1030 nm
depends strongly on temperature, decreasing to ~1.5 nm
at liquid-nitrogen temperature compared with its room-
temperature value of ~10 nm.
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Fig. 6. Emission cross sections of Yb:YAG as a function of tem-
perature for five concentrations of Yb. The indicated polynomial
fits were obtained by the least-squares method.
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Yb.
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Fig. 8. Peak lasing wavelengths of Yb:YAG as a function of tem-
perature for five concentrations of Yb.

4. CONCLUSIONS

We obtained products o7 of Yb:YAG crystals doped with
various Yb concentrations by using the Fuchtbauer—
Ladenburg formula over a temperature range from liquid-
nitrogen temperature to room temperature. We found
that products o7 of Yb:YAG crystals are nearly indepen-
dent of Yb concentration. This result suggests the use of
highly doped Yb:YAG thin disks to absorb pump power ef-
fectively without sacrificing lasing performance. The
products o7 of Yb:YAG crystals increase with decreasing
temperature, benefitting Yb:YAG laser operation at
liquid-nitrogen temperature. The fluorescence-lifetime
measurements show that the effect of reabsorption and
radiative trapping is significant for a quasi-three-level
Yh:YAG system and leads to an underestimation of the
emission cross section, especially for highly doped Yb:YAG
crystals (>20 at. %).
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