Fluorescence dynamics and rate equation analysis in
Er’* and Yb®* doped double tungstates
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The fluorescence dynamics in Er®* and Yb** doped KGd(WO,), and KY(WO,), has been investigated.
Lifetimes have been measured for the Yb (2F5/2), Er (4113/2), and Er (483/2) levels around 1, 1.5, and
0.55 um, respectively. The Yb (*Fj,) lifetimes show a decreasing trend toward the limiting Er (‘I};,5)
lifetime with increasing Er-to-Yb concentration ratio, whereas the Er (“I;3/,) lifetimes are mostly unaf-
fected by the doping concentrations. A rate equation analysis has been performed to explain the observed
behavior and gain is calculated for a continuous-wave laser at 1.53 pm to find the optimum doping
concentrations for high gain. © 2006 Optical Society of America
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1. Introduction

Erbium-doped solid-state lasers are widely used for
generation of light in the eye-safe region around
1.5 pm. There are many applications including range
finding, remote sensing, optical fiber communication,
medicine, and meteorology. As erbium-doped crystals
have rather poor absorption at pump-diode wave-
lengths around 980 nm, the laser efficiency is re-
duced. For this reason, sensitizer ions such as
ytterbium are added to the material to increase the
pump absorption and, by means of excitation transfer
to erbium ions, improve the laser performance. So far,
the Er-Yb-doped phosphate glass'-3 has been the
most efficient laser host in the 1.53 pm wavelength
region with the optimum doping concentrations rather
well established. Naturally, this material can serve as
a benchmark for laser performance in this important
spectral range. Other materials that have shown
efficient laser operation recently are GdCa,O(BO;),
(GACOB)45 and YCa,O(BO;); (YCOB)s. However,
both phosphate glasses, GACOB and YCOB, are far
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from perfect laser materials. The main limitations
are low thermal conductivity, low threshold for ther-
mal stress-induced fracture as well as relatively low
absorption and stimulated-emission cross sections
for the Yb?" and Er®* ions, respectively. For compari-
son, Er—-Yb-doped double-tungstate crystals such as
KGd(WO,), (KGW)7 and KY(WO,), (KYW)39 offer
definite advantages with respect to all these param-
eters, particularly considering that the Yb?" absorp-
tion cross section is an order of magnitude larger and
that the Er** emission cross section is approximately
twice as large in double tungstates than in phosphate
glass, GACOB, or YCOB. On the other hand, the spec-
troscopic properties and the dynamics in the Er®* and
Yb®" system are substantially different in double-
tungstate crystals. This means that the optimum
doping concentrations and proportions, which are
critical for efficient laser action, are substantially dif-
ferent in double-tungstate crystals from those in
glass, GACOB, or YCOB.

Laser action around 1530 nm has been demon-
strated before in Er:Yb:KYW,? but the laser slope
efficiency was extremely low with only 1% in ab-
sorbed power, which compares unfavorably with
phosphate glass,:2 GACOB,45 or YCOB.6 Our objec-
tive here is to find the optimum doping concentra-
tions in double tungstates for eye-safe laser
applications. We achieve this objective by first inves-
tigating relevant spectroscopic and dynamic proper-
ties of the Er’" and Yb®" system in double-tungstate
hosts. This involves an experimental study of the
excitation dynamics in the crystals with a variety of
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Table 1. Unit Cell Parameters of KREW (RE = Gd, Y and Yb)

Host . . .
Crystal a (A) b (A) c (A B(°) Ref.
KGW 10.652(4) 10.374(6) 7.582(2)  130.80(2) 10
KYW 10.64 10.35 7.54 130.5(2) 11
KYbW  10.590(4) 10.290(6) 7.478(2) 130.70(2) 12

doping concentrations, which will allow deducing rel-
evant dynamic parameters for the theoretical rate
equation model. The modeling then allows mapping
of the expected fluorescence and gain versus doping
concentrations and will be used to predict optimum
concentrations. The influence of four different upcon-
version processes is also included in the analysis.
Throughout this study we compare the relevant spec-
troscopic parameters of the codoped double tung-
states with those experimentally determined in
phosphate glass and GdCOB.

2. Crystal Samples and Fabrication

The rare-earth potassium tungstates KREW (RE =
Gd, Y and Yb) crystallize in the monoclinic system
with space group C2/c. Their unit cell parameters
are reported in Table 1.1°-12 Er’**-doped and Er®*
and Yb?* codoped KGW, KYW, and KYbW crystals at
several dopant concentrations used in this research
were grown at Universitat Rovira i Virgili by means
of the top-seeded solution growth slow-cooling method
as described in Ref. 13. The solution consisted of
K,W,0; as the solvent and a solute:solvent = 11.5/
88.5 mol. % as the composition. The solutions used,
weighing approximately 195-200 g, were prepared in
a cylindrical Pt crucible. The temperature axial and

radial gradients in the solution were 0.1 K/mm and
the saturation temperatures were in the 1170-
1200 K range. The crystals grew by a seed parallel to
the b crystallographic direction, without inclusions or
any macroscopic defects. A cooling interval of 12 K
with a cooling rate of 0.1 K/h for the first 2 K and a
lower cooling rate of 0.05 K/h for the next 10 K (an
average of 0.055 K/h). During the growth, the seed
rotates at 60 rpm without pulling. The crystals were
removed slowly from the solution and cooled to room
temperature at 15 K/h after 8 days of growth. The
average growth rate was approximately 2 X 102
g/h. Inclusion-free crystals of approximately 5 g and
average dimensions of 10.5 mm X 6 mm X 14 mm
along the a* X b X ¢ crystallographic directions
were obtained with the described conditions. The Er
and Yb concentrations were measured by electron
probe microanalysis. The distribution coefficients for
Er and Yb were smaller but close to 1 for KGW and
KYW, and slightly larger than 1 for erbium doping in
KYDbW. A distribution coefficient similar to 1 ensures
a good doping homogeneity inside the crystal and an
efficient growth procedure. Some commercial Yb-
doped KGW and KYW crystals were also included in
the experiments. Table 2 lists all the crystals used
with their doping concentrations and the crystal
thickness in the crystallographic b direction, which
was used as the propagation direction for pump light.
To compare excitation dynamics in other hosts, an
Er:Yb:phosphate glass sample, an Yb:GdCOB crys-
tal, and an Er:Yb:GdCOB crystal were also studied.

3. Physical Background

Figure 1 shows the energy-level diagram for
Er:Yb:KGW and Er:Yb:KYW with relevant pro-

Table 2. Crystals Used in the Experiments with Doping Concentrations

Host Er Concentration Yb Concentration Er Concentration Yb Concentration Thickness
Crystal (mol. %) (mol. %) (10%° at./cm?®) (10%° at./cm?) (mm)
KGW 1 — 0.5 — 1.2

3 — 1.5 — 14
5 — 2.5 — 1.3
— 5 — 3 3.0
0.5 5 0.24 2.8 1.7
0.5 2.5 0.24 1.4 1.85
2.5 7.5 1.2 4.2 2.0
14 2.5 0.67 1.4 1.7
5 5 2.4 2.8 2.2
KYW 5 — — 2.1
— 5 — 3 3.0
0.5 5 0.24 2.8 1.3
0.5 2.5 0.24 14 2.05
1.5 2.5 0.72 1.4 4.9
KYbW 1 0.71 59.4 2.9
3 2.3 57.9 2.75
Glass 2.75 22 2.5 20 1.0
GdCOB — 10 — 4.2 1.3
2.5 28 1.0 12 1.5
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Fig. 1. Energy-level diagram of an Er-Yb double-tungstate
system.

cesses, including the pump at 0.94 pm (in our case),
Yb fluorescence around 1 pm, Er fluorescence around
1.5 wm, fluorescence at 0.55, 0.66, and 0.81 pm re-
sulting from four different upconversion processes
(UC,—-UC,), and excitation forward transfer (F'T) and
back transfer (BT) between the Yb and the Er sys-
tems. The indexed numbers of Yb (i) and Er (j)
are used according to the labeled energy levels in
Fig. 1. During the pumping stage in Yb, correspond-
ing to the °F;, - F;, absorption at 900-1040 nm,
the population inversion buildup in Er is mainly
dependent on the energy forward transfer Yb (°F 2)
Er (“Iy5) — Yb (*F;5) + Er (“I,),), followed by radi-
ative and nonradiative relaxation to the upper laser
level I, /2. A short nonradiative relaxation lifetime
of the “I;;), level is important, as the nonradiative
decay depopulates this level and makes the energy
back transfer Yb (°F;,,) + Er (‘I ;) — Yb (*F55) +
Er (I 15/2) less likely. The back transfer process, on
the other hand, wastes pump energy that is due to
predominantly radiative decay of the Yb (*F),) level.
At the same time, fast depopulation of the ‘I, ,, level
is essential for reducing both the cumulative upcon-
version (UC)Yb (*F55) + Er (*I110) — Yb CFyj) +
Er (4F7/2) and the cooperative upconversion (UC,)
Er (4111/2) + Er (4111/2) - Er (4F7/2) + Er (4115/2). These
processes divert the excitation from the lasing level,

thus reducing pumping efficiency. Upconverted Er®*
ions in the “F/, level experience a fast nonradiative
decay to the *S3, manifold. A large part of the up-
conversion 4S3/2 level population relaxes nonradia-
tively, generating excess heat in the laser crystal. The
remainder decays as “S3, — *Iy5, green emission at
550 nm. This green fluorescence was clearly observ-
able by the naked eye in all our Er:Yb:KGW and
Er:Yb:KYW samples pumped at 0.94 pm. Two other
possible upconversion processes are included in the
analysis, as they may decrease the upper laser
level “I5, directly: cumulative upconversion (UC;)
Yb CFs2) + Er (e — Yb(CFyn) + Er (‘Fop)
and cooperative upconversion (UC,) Er (*; )t
Er (4113/2) - Er (419/2) + Er (4115/2)-

The nonradiative relaxation of the Er (‘I /2) level
is determined by the phonon spectrum of the host
material, especially high-energy phonon modes that
give the fastest nonradiative relaxation in the mul-
tiphonon process. For example, the relaxation in
phosphate glass is determined by the high-density-
of-states phonon mode at 1200 cm *,14 in GACOB the
predominant phonon energy is around 943 and
1300 cm ',1516 in YCOB the maximum phonon en-
ergy available is around 1550 cm ' whereas the
phonons with the frequencies of 901 and 528 cm ™ in
KGW,7 530 cm ! in KYW and 908 and 534 cm ™!
modes in KYbW1!8 would contribute most. Conse-
quently, phosphate glass, GACOB, and YCOB should
have the fastest nonradiative relaxation, whereas the
relaxation in KGW and KYW should be rather slow,
leading to the requirement of careful optimization of
the doping concentrations in codoped crystals.

4. Measurements of Fluorescence Dynamics

To measure the decay rates of the Er (“S;/,) and the
Er (“I;;),) levels that are predominantly due to mul-
tiphonon relaxations, we used singly Er-doped crys-
tals, excited by a frequency-doubled pulsed Nd:YAG
laser at 532 nm. A beam with a 3 ns pulse length and
a 20 Hz repetition frequency was focused on Er:KGW
and Er:KYW crystals at a 200 pm diameter spot. The
fluorescence was collected perpendicular from the ex-
citation direction, passed through an imaging system
and appropriate bandpass and pump-rejection filters,
and was detected by a Si p-i-n diode. The temporal
signal was digitized with a 5 Gsample/s sampling
rate, by use of a 1-GHz analog bandwidth oscillo-
scope. We measured the dynamics of the 0.55 and
1 pm fluorescence for KGW crystals with Er doping
concentrations of 1%, 3%, and 5% and for a 5% Er-
doped KYW crystal. Because of noise in the fluores-
cence dynamics measurements, an error margin of
less than 5% is estimated for the lifetimes in our
system. The result for Er 1%:KGW is displayed as a
semilogarithmic scale in Fig. 2 and the deduced life-
times of the “S3, and “I;, levels are 26 and 148 ps,
respectively. Table 3 lists a summary of all the re-
sults together with values of the *I};, lifetime in
phosphate glass and GdCOB taken from the litera-
ture. Our results are in agreement with measure-

1 July 2006 / Vol. 45, No. 19 / APPLIED OPTICS 4717



10 = . -
/ AN — Aem.=0.55pm
~ — Aem.=1pum
I N
N
~
AN

| N
5 N t=148ps
s, I
2 N
% | | t=26ps Ny
= | N

~
| \
\
I ~
| N
.
I ~
“-
10’1 1 1 1 1 1 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Time [ms]

Fig. 2. Dynamics of the emission from the *Sj, (solid line) and
*I,1/» (dashed curve) levels in Er 1%:KGW.

ments by Pujol et al. (Er:KGW)° and Kuleshov et al.
(Er:KYW).? It is evident that the “I 11/2 lifetimes in
KGW (151 ps on average) and KYW (123 ws) are
much longer than those in glass (2.5 ps),2 GdACOB
(0.25 ps),rand YCOB (12.6 ws).6 This long lifetime in
KGW and KYW will cause significant back transfer
and green upconversion in codoped Er—Yb crystals, in
contrast to glass, GdACOB, and YCOB, which experi-
ence Yb—Er energy transfer followed by rapid relax-
ation from “Iy;,, to *I 5. Although there is strong
upconversion in KGW and KYW, the possibility to
realize an upconversion laser is limited, because the
lifetime of S, /2 is rather short due to the relatively
high phonon energy, compared to, e.g., less than
450 cm ! in Er:LiLuF,, leading to a lifetime of
400 ps.20

To measure the Er** and Yb** fluorescence dynam-
ics in the codoped samples, which can be used to
determine the rates of the energy exchange and re-
laxation processes, we used an experimental setup
employing a nanosecond optical parametric oscillator
that generated 3 ns pulses and was tunable between
800 and 1000 nm. The beam was focused in a 200 pm
diameter spot and the fluorescence was again col-

Table 3. Lifetimes of the *S; , and *I,,, Levels in Singly
Er-Doped Crystals

Host Er Concentration  *Sj, Lifetime T1je
Crystal (mol. %) (ps) Lifetime (ps)
KGW 1 26 148

3 23 153

5 19 151
KYW 5 14 123
Glass 0.9 2.5¢
GdCOB 2.5 0.25°
“Ref. 2.
®Ref. 4.
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lected perpendicular from the excitation direction
and was detected by Si and InGaAs p-i-n diodes. The
excitation wavelength was tuned to 935 nm where
only the Yb®" subsystem was excited, thus giving
direct access to the resonant energy transfer dynam-
ics. With this detection system, we could observe the
fluorescence dynamics of the Yb (*Fy), Er (“Iys),
and Er (*S, /2) levels. The temporal resolution of the
detection system was at least 100 ns, except for low-
power green upconversion fluorescence signals, for
which a 12 ps resolution was sometimes employed.
The resolution was determined by the adjustable
resistive—capacitive time constant of the detection
system. We could never measure any upconversion
fluorescence from the Er (*Fy;) and Er (‘Iy),) levels
with our detection system, indicating small popula-
tions of these levels, which can be due to their fast
multiphonon relaxation times (in KYW the relax-
ation times are 2 and 1 ps, respectively?) and that the
upconversion mechanisms (UC; and UC,) that popu-
late these levels directly are relatively weak. The
maximum density of the excited Yb®* ions constituted
only approximately 5% of the Yb?" concentration in
the KGW and KYW crystals and at these excitation
levels we can largely neglect absorption saturation
and stimulated emission. The results of the measured
rise times and lifetimes are listed in Table 4 and are
discussed below.

First, we measured the dynamics of Yb®' in
Yb:KGW and Er:Yb:KGW. It has been shown that
the Yb fluorescence is almost concentration indepen-
dent in Yb:KYW.21 Because of the presence of radia-
tion trapping22.23 for this quasi-three-level transition
around 1 pm the relaxation-time measurement re-
sults depend on the acceptance angle of the detecting
system.2! Usually, the measured lifetimes are too
long because of radiation trapping, but by use of ap-
ertures with different pinhole diameters and extrap-
olation of the lifetime data to zero diameter, efficient
elimination of radiation trapping was recently dem-
onstrated in Yb:KYW.21 A small pinhole reduction of
radiation trapping was seen when we measured Yb
lifetimes with different detectors: the measured re-
laxation time with an 0.8 mm? area detector was
from 6% to 21% smaller than with a 13 mm? detector,
with the smallest difference observed for samples
with a shorter relaxation time. Consequently, we
used the small-area detector for dynamics measure-
ments. Also, the fluorescence was selected as close as
possible to the crystal side surface and imaged onto
the detector to limit the influence of radiation trap-
ping. In Fig. 3 the fluorescence dynamics of the
Yb (°F5 ;2) level in Yb:KGW and some different
Er:Yb:KGW crystals is shown on a semilogarithmic
scale. The measured relaxation times show a decreas-
ing trend from 438 to 170 ws, and we can clearly see
that this trend is coupled to the increased Er-to-Yb
concentration ratio in the samples. The relaxation of
the Yb®" fluorescence in all investigated crystals is
determined by the resonant energy transfer, back
transfer, and relaxation rate of the Er (‘I ,) level. A



Table 4. Lifetimes and Rise Times of the Yb (2F5/2), Er (4S; /2), and Er (43 /o) Levels in Er-Yb-Doped Crystals

Host  Er Concentration Yb Concentration Yb (°F5,5) Er (*Ss,9) Er (*Sgs) Er (*I,5,5) Er (*I,3/5)
Crystal (mol. %) (mol. %) Lifetime (ws) Rise Time (us)  Lifetime (ws) Rise Time (pns) Lifetime (ms)
KGW — 5 438 — — — —

0.5 5 273 126 252 3.3
0.5 2.5 229 101 240 3.3
2.5 7.5 222 95 222 3.8
14 2.5 212 92 207 3.2
5 5 170 4 71 173 3.6
KYW — 5 440 — — — —
0.5 5 341 8.5 111
0.5 2.5 262 . 95
1.5 2.5 177 6 79 170 3.4
KYbW 1 (~490) (~115) 3.2
3 (~410) (~105) 3.8
Glass — 15.5 1200¢ — — — —
2.75 22 12 — — 8.5¢
GdCOB — 10 2300 — — — —
2.5 28 34 — — 35 1.16
“Ref. 2.

Note: the numbers within parentheses are the next estimated numbers from the measurements in the references.

similar trend was obtained in several Er:Yb:KYW
crystals with different doping ratios (see Table 4), and
this behavior is analyzed in more detail in Section 5.
The dynamics of the Yb fluorescence in stoichiometric
double-tungstate KYb,_,Er,(WO,), (Er:KYbW) was
also measured. Because of the high Yb®" excitation
and strong upconversion in these samples, the decay
was nonexponential. Still, a single-exponential fit can
be fitted to the measured data in the tail after 0.5 ms.
The resulting tail lifetimes are around 490 and
410 ps for Er 1%:KYbW and Er 3%:KYbW, respec-
tively. These lifetimes are, as expected, close to the
lifetimes of 438 and 440 s in singly doped Yb 5%:
KGW and Yb 5%:KYW, respectively, because of the
small Er-to-Yb concentration ratio in Er:KYbW.

— Yb 5%:KGW

W —  Er0.5%:Yb 5%:KGW
S - — Er0.5%:Yb 2.5%:KGW
Lo -+ - Er5%:Yb 5%:KGW

Intensity [a.u.]

—1

10

0 0.2 0.4 0.6 0.8 1
Time [ms]

Fig. 3. Fluorescence dynamics from the Yb (2F5/2) level around
1 pm in Yb:KGW and Er:Yb:KGW.

The green upconversion fluorescence originating
from the Er (*Ss),) level is much stronger in the co-
doped KGW samples than in Er:Yb:GdCOB or
Er:Yb:glass. In fact, for the latter materials the up-
conversion fluorescence was so weak that it was im-
possible to measure its dynamics with our setup.
There are two reasons for strong upconversion in
double tungstates: the relatively long lifetime of the
Er (“Iy),) level and the large efficiency of dipole—
dipole interaction between ions, resulting in large
coupling constants in the transfer processes. Fast re-
distribution of the excitation between Yb?* and Er®*
means that the relaxation dynamics of upconversion
to a large extent follows that of the long-lived
Yb?* subsystem. The lifetime increases from around
20 us in singly doped Er:KGW to 126 ps in
Er 0.5%:Yb 5%:KGW, as seen in Fig. 4. For some
samples, we could also measure the short rise times
of around 4-8 ps.

Finally, all the samples showed substantial fluo-
rescence in the 1.55 pm eye-safe spectral region. The
fluorescence lifetime measurements (two examples in
Fig. 5) showed that the relaxation time constants are
mostly unaffected by the doping concentrations in the
samples that were available to us. The fluorescence
lifetime of approximately 3.2—-3.8 ms in Er:Yb:KREW
is approximately three times longer than in
Er:Yb:GdCOB (1.16 ms) and more than two times
shorter than in Er:Yb:phosphate glass (8.5 ms). On
the whole, the fluorescence lifetime measurements
indicate good potential for the accumulation of exci-
tation energy and thus for an increase in pumping
efficiency. We could not see any nonlinear decrease of
the Er lifetime in samples with high Er concentra-
tion, which indicates that the cooperative upconver-
sion from the Er (*};,,) level (UC,) is limited. The rise
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Fig. 4. Dynamics of the green emission from the Er (“S,) level
at 0.55 pm in Er:-Yb:KGW.

time of the fluorescence in the 1.55 um spectral re-
gion originating from the Er (“I;5,5) — Er (*I;5,,) tran-
sition is important as it reflects the decay time of the
Er (“I;),) level. The measured rise times are approx-
imately the same as the Yb (*Fj) lifetimes, and
hence the decays of the Yb (°F;,) and Er (‘I;,) levels
are in balance.

5. Theoretical Modeling

To model the population levels in Yb and Er and
explain the dynamics measured in Section 4, we used
a set of rate equations (1)—(6).24-26 The model in-
cludes energy transfer from Yb (2F5/2) to Er (4111/2),
as well as back transfer, upconversion cumulative
(UC,) and upconversion cooperative (UC,) losses to
Er (*F;,), upconversion cumulative (UC;) losses to
Er (4F9/2), and upconversion cooperative (UC,) losses
to Er (“Iy),). As the *F; 5, *Hyy s, *Fy 9, and “Iy; levels in

10

— Er5%:Yb 5%KGW
I —  Er3%KYbW

Intensity [a.u.]

107

0 2 4 6 8 10
Time [ms]

Fig. 5. Dynamics from the Er (“I;5,,) level around 1.5 pm in
Er 5%:Yb 5%:KGW (solid curve) and in Er 3%:KYbW (dashed
curve).
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Er shown in Fig. 1 relax rapidly to the next lower-
lying level by multiphonon decay, these states have
been excluded in the rate equations:

dNyy, 5 Ny
—ar Ry — Tre kprNE:, 1Nyb2 + kprlNVy, 1 Ve 3
Yb

— ke 1Nwe 3Nyy 2 — ke o Ny 2 Nyp 2, (1)

dNEr,G NEr,G
a - Wxr6VEre — T + ke 1Ny 2 Ng 3
Er,6

+ Cup,lNEr,SZa (2)

dNEr,S

N Er,3
a3 - WNR,SN Er3 kBTNYb,lN Er,3

de¢
TEr,3

+ kprNEe 1Nyb2 — ke 1Ny 2NEx 3
- 2Cup,1N Er,32 + kc,zN Yb,zN Er,2 + Cup,zN EI‘,ZZ

NEr,G
+ WNR,GNEr,G + (Be5 + Bes + 863) Ea 3)

d]:;;:r,z = _]:[;j - kc,2N Yb,2N Er2 2Cup,2N Elr,z2
+ Wxr sNVees + 332],:3::) + Bszz,:[EE::, 4)
Ny, = Nyp1 + Ny g, (5)
Ny, = NEr,l +NEr,2 +NEr,3 +NEr,6- (6)

The population densities Ny,;-5 and Ng,;_¢ corre-
spond to the level numbers shown in Fig. 1. R is the
pump rate from Yb (1) to Yb (2); Ty, Trr2, Tres, and
T are the radiative lifetimes from the Yb (2), Er (2),
Er (3), and Er (6) levels, respectively; Wyg 3 and Wyg
are the nonradiative decay rates from the Er (3) and
Er (6) levels, respectively; kpy is the (forward) energy
transfer coefficient, kgr is the back transfer coeffi-
cient, k¢ 1, is the coefficient of the cumulative upcon-
version UC,, C,,; is the coefficient of the cooperative
upconversion UC,, k¢, is the coefficient of the cumu-
lative upconversion UC;, C, 5 is the coefficient of the
cooperative upconversion UC,, B; are the branching
ratios from the Er (i) to the Er (j) levels, and Ny, and
Ny, are, respectively, the total Yb?" and Er®* ion con-
centrations in the material.

To study the influence of forward transfer and back
transfer on the lifetimes of the Yb (2) and Er (3) lev-
els under short-pulse pumping, a system of simplified
rate equations that generates single-exponential de-
cays is derived from Eqs. (1) and (3), where low
excitation is assumed and therefore upconversion is
neglected. At low excitation, the ground-state popu-
lations in Er and Yb are left almost unchanged, so
that a transfer rate of Wer = kpplVg, and a back trans-
fer rate of Wy = kgplVyy, can be used. One could argue
that at least the forward transfer coefficient gy
should be concentration dependent because of the
energy migration among Yb ions. Both in glass,2?



GdCOB,* and YCOB,¢ kyr has been shown to depend
on the Yb concentration. However, in Yb:KYW the
energy migration is reduced because of the large
Yb—Yb distance R, as the energy transfer between Yb
ions scales with R °. Because of the slow energy mi-
gration, the Yb lifetime is nearly concentration inde-
pendent in KYW.21 Because of this evidence of low
migration in double tungstates and that the following
model agrees well with our experimental results in
the range of available doping concentrations, a
simplified analysis is made in which the transfer co-
efficients are assumed concentration independent.
Furthermore, the radiative decay from Er (6) and
Er (3) is neglected as these levels relax predomi-
nantly by nonradiative processes. With these as-
sumptions, Ny,, and Ng,3 can be solved from an
independent linear system:

dNyy, o
T = _(WYb + H/FT)NYb,Z + WBTNEr,37 (7)
dNg, 3
Tdr WerlNyp2 — (Wars + Waer)Nees, (8)

where Wy, = 1/1y,. Since the pump pulse is on a
nanosecond scale, compared with the other dynamic
processes that are on at least a microsecond scale, the
initial excitation Ny, »(0) is taken as constant. No
initial excitation of Er®" is assumed [Ng,3(0) = 0].
The solution to this linear system in Eqs. (7) and (8)
is then written as

Ny o(t) = Cyy exp(—Weggat) + Crp exp(— Wegot),
9

N, 3(t) = Co1 exp(— Wegit) + Cop exp(— Wegot),
(10)

where the effective rates that determine the popula-
tion evolutions are

Weser = 2 + D) [(Wer — Wgr

+ Wy, — Wyrs)? + AW Wper]V2, (11)
Weff,z = P ) [(WFT — War

+ Wy, — Wirs)? + AW Wper ]2, (12)

and the constants are given by

Wer + Wy, — Wegrs
Weff,l - Weff,Z ’

Cll :NYb,Z(O) (13)

Cip= NYb,z(O) —Cyy, (14)
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Fig. 6. Measured lifetimes in Er:Yb:KGW versus doping concen-

tration ratio [Er]/[Yb]: circles, Yb (*Fs,) level at 1 pum; triangles,

rise time of the Er (*I35,) level at 1.5 um; squares, Er (*Sj),) level

at 0.55 pm; solid curve, calculated lifetime of the Yb (2F5/2) level

with kpp/kpr = 4.2.

Wer + Wy, — Weff,l

Cy=Cny War »

(15)

022 = _CQI' (16)

Wer: can be seen as the effective decay (excitation
transfer) rate of Yb (2) and effective rise rate of Er (3)
at the initial time. At later times, the slower effective
decay rate W, is dominant, which leads to an equal
single-exponential decay from Yb (2) and Er (3) ac-
cording to this model. For our situation with Wy, and
Whxrs of the same order, a Taylor expansion around
Wyrs = Wy, gives the following approximation of
Wego from Eq. (12):

WNR,3 - WYb

Werz = W + 1+ (Wep/Wgp)~t"

17

From approximation (17) we can see that effective
lifetime 1/W.¢, depends on Wry/Wpgr and thus on the
[Er]/[Yb] concentration ratio. It is further seen that
Wesro —» Wyrs when Wep/Wpr — % and therefore the
nonradiative lifetime of the Er (*I;; s2) level limits the
effective lifetime and hence the transfer efficiency
that is possible to achieve by optimization of doping
concentrations.

Figure 6 displays the Yb (°F;,,) fluorescence relax-
ation time in circles as a function of the [Er]/[YDb]
concentration ratio in different KGW crystals. It
shows an initial fast decrease as Er®" is added to the
sample, but then tends to saturation toward the non-
radiative lifetime of 151 ps in Er:KGW as the Yb*"
and Er’®" concentrations become approximately equal
as predicted by approximation (17). Equation (12) can
be fitted by a least-squares approximation to the mea-
sured effective lifetimes with a kpr/kgr constant. The
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result is shown as a solid curve for kpp/kgr = 4.2. This
result shows that Eq. (12) and approximation (17)
explain the observed behavior in the lifetimes’ depen-
dence of doping concentration, at least in the range of
doping concentrations available to us. In Fig. 6 the
solid curve also corresponds well to the rise time of
the Er (“I;3/,) level (triangles), which is populated by
electrons that relax from the Er (“I};,,) level. The
green upconversion decay from Er (*Ss),) is expected
to follow exp(—2W,t), as this level is populated by
the terms £cNyy, 5N 3 and C,,Ng, s in Eq. (2), where
both Ny, and Ny, ;3 decay as exp(—Wof). In Fig. 6
the green upconversion relaxation time (squares) is
actually from 8% to 16% lower than the predicted
half-values of the Yb lifetimes. This can be explained
by the fact that ions excited by radiation trapping out-
side the pumped volume can contribute less to upcon-
version, as the average distance between excited ions
increases as the excitation fluency decreases. The
same calculations were done for Er:Yb:KYW and are
shown in Fig. 7. The results are slightly different as
the Er (*I, s2) lifetime is shorter in KYW (123 ps) and
the kpp/kgr ratio is calculated to 2.3.

It is difficult to distinguish unambiguously which
of the two green upconversion processes, the cumu-
lative (UC;) or the cooperative (UC,), is the most
efficient in the codoped samples. Because of the
close match in energy differences between the
Yb (4F 5/2)—Yb (4F 7/2) and the Er (41 11/2)—Er (4F 7/2)
transitions and the similarities between the cumula-
tive upconversion and the transfer processes, the
cumulative upconversion coefficient k¢ is approxi-
mated to be equal to the transfer coefficient kg in the
following calculations. The influence of the other up-
conversion processes will be studied below.

Knowing the transfer coefficient kyp is crucial for
proper optimization of the doping concentrations, es-
pecially in Er—Yb-doped tungstates in which the life-
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Fig. 8. Calculated single-pass gain including different upconver-
sion processes (UC,;—UC,) in Er:Yb:KYW crystals of 5% Yb con-
centration and 1 mm thickness at 2 W pump power versus Er
concentration. For all curves, (a)—(e) k¢; = 5 X 10 em® s7'; thin
solid curve, (b) Cyp; = 5 X 107 em? s7%; dashed curve, (c) k¢y =
1 % 107" em®s7; dash—dot curve, (d) Cppo = 1 X 10 ¥ cm®s™;
dotted curve, (e) Cypp = 1 X 10" em®s™.

time of the intermediate Er (‘I 11/2) level is relatively
long. A value of &gy can be estimated from the mea-
sured rise time in the Er (*S3,) fluorescence. For
the sample with the longest rise time of 8.5 ps
(Er 0.5%:Yb 5%:KYW), rate equations (1)—(6) were
solved numerically for different values of kzr and in
this way a fit of the transfer coefficient to appro-
ximately (5 + 2) X 107" cm?®s™' was achieved. It
should be noted that this value is approximately an
order of magnitude larger than the value measured
in Er:Yb:phosphate glass (4.1 X 10 cm?®s™") and
GdCOB (2.9 X 107 ¢cm® s7'). This efficient redistri-
bution of the excitation between Yb*" and Er®* sub-
systems suggests that the large difference in Er and
Yb doping concentrations usually found in glass is not
required in KGW and KYW.

As we are interested to find the optimum doping
concentrations for laser action in double tung-
states, we performed calculations of the gain for
the Er (*I;55 — “I15,) transition around 1.5 pm in
Er:Yb:KYW. The different upconversion processes
(UC,=UC,) are included and their influence is ana-
lyzed. For continuous-wave (cw) pumping with a
pump rate of Rp = Wp(Nyy,1 — Nypp), We solved the
rate equations numerically [Eqgs. (1)—(6)] at steady
state. Here, the pump transition probability is
Wp = opPp/(hvpmwp?), where op, Pp, hvp, and wp are
the absorption cross section, power, photon energy,
and beam radius of the pump, respectively.

Figure 8 shows the single-pass gain o(Ng —
Ng, 1)l at the emission peak versus Er concentration
for an Er:Yb:KYW crystal of length / = 1 mm,
pumped homogeneously with 2 W in a 100 pm diam-
eter top-hat pump spot at 981 nm. A narrowband
pump source such as a Ti:sapphire laser polarized in
the N,, principal optical direction is assumed. In this



direction, op = 11.7 X 10 % cm? and the maximum
stimulated emission cross section is ¢ = 2.7 X
10 2° cm? at 1534 nm.28 The Yb concentration is 5%
and the thick solid line (a) shows the calculated re-
sult, when the green cumulative upconversion (UC;)
only is included with k¢; = 5 X 107 cm® s~ '. This
calculation shows the possibility for high gain at this
power level with increasing Er concentration. For
curves (b)—(e), UC; is included and also the influence
of an additional upconversion mechanism UC,—UC,
is studied. In thin solid curve (b), strong green
cooperative upconversion (UC,) is included with
Cyp1 =5 X 107" em® 57!, and we can see that the gain
is slightly reduced at high Er concentrations.
Because of the weak fluorescence, we have not been
able to measure the influence of the other upconver-
sion processes UC4;—UC,, and it is therefore difficult
to know the strength of their coefficients k¢, and
C,p2, respectively. However, we can compare the en-
ergy differences of the levels involved in the relevant
emissions in Yb?" and Er®’, respectively, and the
relevant excited-state absorptions in Er’*, as the
microparameters for the upconversion processes
strongly depend on the overlap of the emission cross
section spectrum of Yb or Er and the excited-state
absorption cross section spectrum of Er.2930 We com-
pare the results of Er:Yb:KYW with Er:Yb:YCOB
used by Burns et al.¢ In YCOB, the energy dif-
ferences of the Er (“I;5,)-Er (“I;5,) transition are
6094/6394/6881 cm ™ ' (minimum energy difference
between Stark levels in upper and lower manifold/
zero-to-zero level transition/maximum energy dif-
ference between Stark levels in upper and lower
manifold) and the energy differences of the
Er (I,3/5)-Er (*l,),) transition are 5619/6106/
6221 cm !, which indicate a quite good overlap be-
tween these transitions, and the cooperative upcon-
version coefficient in YCOB has been measured to be
1.30 X 10 " cm?®s . In KYW,28 the energy differ-
ences of the Er (“I,3,)-Er (“I;5,) transition are
6210/6516/6732 cm ™! and the energy differences of
the Er (‘I 3,)-Er (‘Iy;,) transition are 5628/5844/
6041 cm !, which indicate a much worse overlap be-
tween these transitions. For this reason we should
expect a lower cooperative upconversion coefficient
Cyp2 in KYW compared to YCOB. In addition, the
energy differences of the Yb (*Fj {2)—Yb (*F, /o) transi-
tion are 9619/10187/10728 cm ' and the energy dif-
ferences of the Er (“I;3,)-Er (*Fy,) transition are
8461/8677/8852 cm ', which also indicate a poor
overlap between the transitions involved in this cu-
mulative upconversion. We should expect a rather
low cumulative upconversion coefficient 2, in KYW.
With these considerations in mind, we calculated
the gain with quite high upconversion coefficients of
key = 1 X 10" em®s™" in Fig. 8(c), Cppo = 1 X
10®em®s™ in (d), and Cpp = 1 X 1077 em® s in
(e). It is seen that these processes, especially the co-
operative upconversion (UC,), significantly reduce
the gain. For dotted curve (e), when C,,, is of the
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- (d) Er 2.5%:Yb 5%
=== (c) Phosphate glass
0.4 / =
£ / =
© —
o 0.3f / -
@ / e
T / s
2 o2} v
£
@]
ot S /e
0
I
—01 Ll

0 0.5 1 15 2
Pump power [W]

Fig. 9. Calculated single-pass gain in Er:Yb:KYW (a)-(d) and
Er 2.75%:Yb 22%:phosphate glass (e) of 1 mm thickness versus
pump power. Cumulative upconversion (UC;) included in
Er:Yb:KYW (2)~(d); k¢y; = 5 X 10 ' em® s 7. Cooperative upcon-
version (UC,) included in (c) Cypo = 1 X 10 ¥ em® s7! and in (d)
Cupz =1 X107 em?s™",

same order as in YCOB, the optimum Er concentra-
tion is 2.7% at this power level of 2 W.

Figure 9 shows the single-pass gain versus
pump power for 1 mm long Er:Yb:KYW crystals of
different doping concentrations (a)-(d) compared
with Er:Yb:phosphate glass with 2.75% Er and 22%
Yb (e). Cumulative upconversion (UC,) is included in
Er:-Yb:KYW (a)—(d), kc; = 5 X 107" ecm® s™". Thin
solid line (a) shows the gain of Er 0.5%:Yb 5%:KYW
used by Kuleshov et al.® The gain is rather low, lower
than in the Er:Yb:glass sample (e), making the laser
sensitive to parasitic losses. For higher Er doping,
higher gain is expected as in Er 5%:Yb 5%:KYW (b).
Even though the threshold increases, tungstate crys-
tals are more resistant to thermal fracture than phos-
phate glass, allowing for higher pump powers. Higher
gain allows for outcoupling mirrors with higher
transmission resulting in suppression of residual
losses and higher slope efficiency. Still, because of the
long Er (*I;,) lifetime, significant green upconver-
sion losses are expected, and the calculated gain is
also highly dependent on the possible cooperative up-
conversion from the upper laser level (UC,). In (c), the
gain is clearly reduced in this crystal when C,,, =
1 X 107 "® cm?® s7! is assumed. In (d), the coefficient is
set to Cypp = 1 X 107" cm® s7! and the Er concentra-
tion was chosen to be 2.5% (closer to the opti-
mum concentration in Fig. 8). Here the gain is
lower than in the phosphate glass (e), but still higher
gain is expected for high powers than for the
Er 0.5%:Yb 5%:KYW crystal (a). Our analysis shows
the important influence of the upconversion pro-
cesses in Er-Yb-doped double tungstates. In partic-
ular, the influence of the cooperative upconversion
from the upper laser level (UC,) has to be determined
in future work, since the value of C,,, greatly influ-
ences the optimum doping concentrations.

1 July 2006 / Vol. 45, No. 19 / APPLIED OPTICS 4723



6. Conclusions

We have investigated the fluorescence dynamics in
Er’" and Yb?*" doped KGW and KYW samples with a
variety of doping concentrations. Lifetimes were mea-
sured for the Yb (*F55), Er (*I;5/5), and Er (“Ss),) lev-
els around 1, 1.5, and 0.55 pm, respectively. Because
of the relatively long nonradiative lifetime of the
Er (*I;;),) level (around 150 ps in KGW and 120 ps in
KYW), strong green Er (“S;/,) upconversion fluores-
cence is observed and the Yb (2F5/2) lifetimes show a
decreasing trend toward the limiting Er (*I;, /2) life-
time with increasing Er-to-Yb concentration ratio,
whereas the Er (“I5,) lifetimes of around 3.5 ms are
mostly unaffected by the doping concentrations. A
rate equation analysis has been performed to explain
the observed behavior, and energy transfer and back
transfer coefficients have been estimated. With these
results, we calculated gain for an eye-safe cw laser at
1534 nm with KYW crystals of different doping con-
centrations to find the optimum concentrations for
high gain. Our results suggest that higher Er concen-
trations should be used for high gain than in the
previous Er 0.5%:Yb 5%:KYW crystal evaluated in
laser experiments,® but that the results are greatly
influenced by cooperative upconversion from the up-
per laser level in Er. We intend to determine the
value of this coefficient in the future. We have also
planned laser experiments with crystals of higher Er
concentrations, as predicted by our analysis.
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