Comparison of YAG:Er and YAIO,:Er laser crystals emitting near 2.9 um

8. Wiithrich, W. Lithy, and H. P. Weber

Instituie of Applied Physics, University of Bern, Sidlerstrasse 5, CH-3012 Bern, Switzerland
(Received 26 April 1990; accepted for publication 2 August 1990)

Four different erbium laser crystals, two YAG:Er (40 at. %) and two YAIO,:Er (30 at. %
and 50 at. %), have been compared with respect to their laser thresholds and slope
efficiencies. The performance of these laser crystals was farther compared with a
YSGG:CrEr (Y;8¢,Ga,0;) (3.6 at. % Cr’ ™ and 4 at. % Er’ 7). The experimental results
are explained with up-conversion processes in the crystals.

i INTRODUCTION

Erbium lasers emitting near 2.9 um are investigated
mainly because of their potential applications in laser sur-
gery. Familiar host crystals are YAG (Y;A1,0,,), YAIO;,
YLF (LiYF,), or more recently GSGG (Gd;8¢,Ga0y;)
or YSGG (Y,8¢,Ga;Qy,).! The performances of the dif-
feremt laser crystals were described in the literature.'™
They cannot, however, be compared directly with each
other due to large differences in the efficiency of the indi-
vidual pumping arrangements that were used. For this rea-
son we have compared with respect to their thresholds and
their slope efficiencies four different erbium doped laser
rods operated in identical laser arrangements. In the
present paper we report our experimental results and ex-
plain them with crystal internal processes.

For our investigations we had at disposal two YAG:Er
rods with 40 at. % Er’™ concentration, one YAIO;Er
with 30 at. % and one YAIQ,:Er with 50 at. % Er’*. In
addition we included a YSGG:Cr:Er with 3.6 at. % Cr° ©
and 4 at. % Er’* in our measurements. The properties of
the investigated laser crystals are summarized in Tabie L

il. EXPERIMENTAL SETUP

The laser rods were pumped with a pair of linear xenon
flashiamps (ILC Model 1.4232) in a water-cooled diffusely
refiecting pump cavity. To prevent the generation of color
centers in the crystals, NaN3, (0.2 molar} was added to
the coolant water to absorb pump radiation at wavelengths
below 400 nm. Pump energies from threshold up to 92 J
were used at a constant repetition rate of 4 Hz. The pulse
duration was about 200 us. The pump energy was varied
by adjusting the flashlamp voltage. The 40-cm long laser
resonator consisted of a flat mirror of 99.8% reflectivity
and flat outcoupling mirrors with various reflectivities. Dif-
fraction losses which normally have to be expected in res-
onators with flat mirrors were avoided due to the thermal
lensing of the laser erystal.® The shape of the laser pulses
was monitored with an InAs photodiode and a storage
oscilloscope, the output energy with a pyroelectrical energy
meter {Laser Precision RJ 7100). The pumplight was
blocked with an edge filter (Corion RL-2000-F). Mono-
mode emission was achieved with an aperture of 2.5 mm
diam placed near the outcoupling mirror. The threshold
and the cutput power were measured with various mirror
reflectivities for each crystal. Other parameters, such as
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MNalNQ, concentration, resonator configuration, laser cav-
ity, repetition rate, flashiamps, and load capacitance re-
mained unchanged.

fif. THEGRY

In erbium doped crystals the erbium ion has an energy
scheme with nuinerous states lying almost equidistant. De-
pending on the host crystal these states have slightly but
influential different energy levels. We can therefore not
predict the laser properties from the energy pumped into
the upper laser states without considering for the respec-
tive crystals internal processes which either compete with
or support the lasing process. In Table i, pairs of energy
ievels are tabulated that have similar energy differences as
the *1;5,—*5, transition and hence may lead to resonant
near-field pair interactions. From these processes only
those are refevant for lasing that start from a highly pop-
ulated level with a lifetime r that is comparable to the
duration of the excitation flashlamp pulse (7~ 100 us).
Bue to the UV absorbing coolant, starting levels higher
than 25 000 cm ~ ! are not populated. The three most im-
portant processes are shown in Fig. 1. The 2.9-um lasing
transition takes place between the *Iy\,, and %I, , state, the
transition between the *I,,, and the *f,; , state is a fast (7
~ 1 ps} radiationless multiphonon transition.” A very im-
portant process labeled W, in Fig. 1 is the energy exchange
between neighboring ions in the *J|;,, state with the reac-
tion *f;;,,— %5/, and simuitaneously *I;;,,— *I /- result-
ing in 2 depopulation of the lower laser state ‘1, ,2 and a
population of the upper *I, 2 laser level via the rapid
*Iy;,—"I, multiphonon transition. This up-conversion
therefore supports in a twofold manner the population in-
version essential for the lasing process. The probability rate

TABLE 1. Properties of the investigated laser crystals with the pumped
length L, the diameter in mm and the emission cross section o in em?,
The given reference refers to the cross section o.

Crystal Dopant cone. Lp Diam. led Ref.
YAG:ErNo. 1 40at % 55 635 26x10°% $
YAG:Er No. 2 40at % 35 6.35  26x10™% 8
YAIQ.:Er 30 at. % 55 5.25
YAIOQ:Er 50 at. % 55 4.90
YSGG:Cr:Er 3.6at 9% Cr 61 4.30

4.0 at. % Er
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TABLE II. Possible cross-relaxation and up-conversion processes leading
to a relaxation of the lower laser level to ground state Er'*t (%I,
—*I15/2). The data are for YAIOyEr. £, gives the highest level from the
manifold of the starting level as taken from Ref. 1. AK gives the spectral
overlap between the manifolds of the indicated tramsition and *F;,,
~*Iis. It is a qualitative value for the resonance condition. The given
reference refers to the fluorescence lifetime 7 of the starting level.

Er} +

Cone. T Eoon AE
‘Transition at. % {us) (em ™) (nm) Ref.
S n— 1 Hy 15 1 18 487 70 13
o2 Hy 1 12732 110 9
P SN 26 526 145
M APRER) A 15 4000 6868 12
B DR 15 8 15 481 13 i3
By = Gy 20 685 44
AE Ky 20 685 33
2y 2Py 1.25 800 24 765 40 14
4Gy n—Gy 27670 130
Rispn— Gy 28 065 148
G, =Gy 28077 82
T8 1 I 12732 2 9

for the process is proportional to the up-conversion coeffi-
cient W, and depends quadratically on the population #, in
the *I, , state. Therefore highly doped crystals are neces-
sary for efficient 3 ym laser operation. In YAG:Er the
up-conversion coefficient has been determined.'®!! Tts
value is about 2.5x 10~ ecm®s ! for 15 at. % erbium
concentration. For YAIQ;:Er with 10 at. % erbium con-
centration the up-conversion coefficient is with 7.5 x 10~ !¢
cm®s ™! (Ref. 12) more than three times smaller than in
YAG:Er. kt can be assumed that the coefficient depends on
the spectral overlap of *I;3,, %15/, and 5 4Ly, tran-
sitions. In Table II also the spectral overlap between the
manifolds of the involved transitions is given. This overlap
is a qualitative measure for the resonance condition and the
probability of these processes. Figure 2 shows the calcu-
lated positions of the lines in the *7};,, -5/, Stark sub-
level manifold compared with the %73, »*I;,, manifold for
YAG:Er and YAIO:Er. The spectral data are taken from
Ref. 1. From the figure it can be seen that the range of
spectral overlap (marked by arrows) in the case of
YAG:Er is much larger than for YAIO;:Er and that there
are also more coincidences. The up-conversion process
therefore is more probable in the YAG:Er crystal than in
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FIG. 1. Possible cross-relaxation (W, and #,) and up-conversion { #5}
processes involving the *J,; 7,5, lasing transition.

YAIO;:Er. The other processes shown in Fig. 1, the cross-
correlation processes Wy (2H,, ,,—*I, > with 47, 2 -4 /)
and W,(°H, ,~"I3, with *I5,—%,,) have nearly
identical spectral overlaps. They populate the upper as well
as the lower laser state. Due to the lifetimes of the different
states they contribute to the population inversion but their
probability is similar for YAG:Er and for YAIO;:Er and
they are therefore not thought to be responsible for the
differences in efficiency.

V. EXPERIMENTAL RESULTS

For the various crystals the dependencies of laser out-
put vs input were measured in the described laser arrange-
ment. The resuits for multimode emission are shown in
Figs. 3(a)-3(e). Threshelds and slope efficiencies 4, for
multimode emission are summarized in Table III

The lowest threshold of 17 J with a 92.5% mirror was
measured with the YSGG:Cr:Er crystal. Since the pump
energy was limited to 92 J, the threshold was not reached
in YAG:Er and YAIO;:Er crystals with the 50% and the
65% outcoupling mirrors. The highest output of 400 mJ
was measured with the YAG:Er No. 2 crystal and a 92.5%
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outcoupling mirror. Whereas for YAG:Er No. 1 and
YAG:Er No. 2 the results correspond within 20%, the
output energy of YAIO:Er (30 at. %) is four times lower.
Values comparable with YAIO:Er (30 at. %) can be

TABLE III. Threshold energies £, (J) and slope efficiencies 1y, (%)
for the measured laser crystals and various reflectivities of the outcoupling
mirrors for multimode operation.

Qutcoupling mirrors

Crystals 50% 65% 90% 92.5%
YAD,:Er 30% Ey, 42 38
YAIO;Er 30% %, 0.19 0.24
YAIO,Er 50% E, 51 49
YAIOyEr 50% 7y 0.09 0.13
YAG:Er No. 1 B, 38 36
YAGEr No. 1 g, 0.68 0.86
YAG:Er No. 2 &, 40 38
YAG:Er No. 2 9., 0.80 1.10
YSGG:CrEr B, 46 kY 21 17
YSGG:CriEr gy, 0.14 0.16 0.08 0.12
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FIG. 3. Multimode laser output energy as a function of pump energy for
various reflectivities R of the outcoupling mirror. The indicated percent-
age values give the reflectivity of the respective outcocupling mirror. {a)
YAIOyEr (30 at. %), (b} YAIOEr (50 at. %), (¢} YAG:Er No. 1 (40
at. %}, (d) YAG:Er No. 2 (40 at. %}, and (&) YSGG:CrEr,

reached with YSGG:Cr:Er whereas YAIQ,:Er (50 at. %)
is clearly inferior. With the exception of YSGG:Cr:Er that
delivers highest output with a 65% outcoupling mirror, the
other crystals showed best performance with the 92.5%
outcoupling mirror. The highest slope efficiency of 1.1%
was reached with the YAG:Er No. 2 crystal. The lowest
threshold we measured for all crystals with the 92.5% out-
coupling mirror.

The results of the measurements performed with single
transverse mode emission are given in Figs. 4(a)—4(d) and
Table IV. Again, the lowest threshold resulted from the
YSGG:Cr:Er crystal operated with a 92.5% mirror. In this
configuration the highest cutput of 33 mJ was measured.
The YAG:Er crystals reached nearly the same value. The
highest value of the slope of single-mode efficiency 7, was
with 0.17% still reached with the YAG:Er No. 2 crystal,
although the ratio 7,/ ., Was clearly worse in the case of
the YAG:Er crystals. For the YSGG:Cr:Er crystal we
measured singie-mode slope efficiencies 7, similar to the
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FIG. 4. Monomode laser output energy as a function of pump energy for various reflectivities R of the outcoupling mirror. The indicated percentage
values give the reflectivity of the respective outcoupling mirror. (a) YAIO:Er (30 at. %), (b} YAIOQ,:Er (50 at. %), {¢) YAG:Er No. 2 (40 at. %),

and (d} YSGG:Cr:Er.

values of 7,,, The reason for the various ratios between
N 208 %, lies in the different size of the crystals. Un-
fortunately, laser crystals with identical geometrical
dimensions were not available. For multimode emission,
the modifications introduced by this lack are however
smaller than the significant differences of the multimode
siope efficiency %, In the case of single-mode emission,

TABLE 1V. Threshold energies E,,, (§} and slope efficiencies v, (%) for
the measured laser crystals and various reflectivities of the outcoupling
mirrors for single-mode operation. %,/ %, gives the ratio of slope effi-
clencies in multimode operation 7, to that of single-mode operation .
These values are correlated with the ratio of pumped volume V), to mode
volume ¥,

Sutcoupling mirrors T ¥,

Crystals 50% 65% 92.35% M Vi
YAIQ;:Er 30% E, 53

YAIOEr 30% 1, 0.08 3 4.4
YAIO;:Er 50% E,;, 56

YAIGQ,:Er 50% v, 0.07 1.9 3.8
YAG:Er No. 2 B, 49

YAG:Er No. 2 3, 0.17 6.5 6.5
YSGG:Cr:Er By 72 49 20

YSGG:Cr:Er 9, 0.15 C.13 0.09 1.3 30
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the differences in the rod diameters have to be taken into
account. The reduction of the single-mode siope efficiency
T With respect to M, can partly be explained by the
ratio between the small single-mode volume ¥, and the
pumped volume ¥, of the crystal. Values of 9,./%, and
Vo/ Vm are also given in Table IV. From Table 1V it can be
seen that the ratio My, /M, is correlated with the ratio
Vo/ Vime

For YAIO:Er 9, or %, are 4-12 times lower than
for YAG:Er. We make the radiationless energy transfer
processes between the Er'* ions responsible for such a
large reduction.

The measured threshold energies are comparabie for
YAG:Er and YAIO5:Er. The lowest value of 17 J however,
has been measured with YSGG:Cr:Er. Due to codoping
with chromium this threshold is lower by a factor of two
with respect to YAG:Er or YAIO;:Er. Cr’ ¥ has broad
absorption bands in the blue-green wavelength region well
matched with the spectrum of the flashlamp. The efficient
absorption of pumplight together with an energy transfer
from Cr** to Er’* results in a low threshold and high
gain. In addition the high gain allows to use the
YSGG:Cr:Er in Q-switch mode. The low efficiency of
YSGG:Cr:Er on the other hand can be explained by its low
dopant concentration.
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V. CONCLUSION

We have compared four different erbium crystals—iwo
YAG:Er (40 at. %) and two YAIO;Er (30 and 50
at. % )—with respect to their laser threshold and slope ef-
ficiency. The performance of these laser crystals was fur-
ther compared with a YSGG:Cr:Er (3.6 at. % Cr’ " and 4
at. % Br’ ). The highest slope efficiency was found in
YAG:Br, whereas the values for YAIO;Er and
YSGG:Cr:Er were about three times lower. The difference
in efficiency between Y AG:Er and YAIO;:Er is assigned to
a lower up-conversion coefficient in the YAIO,:Er due to
the smaller spectral overlap of the resonances. The low
efficiency of YSGG:Cr:Er can be explained by its low dop-
ant concentration. The lowest threshold was measured
with YSGG:Cr:Er due to co-doping with chromium which
leads to an efficient absorption and subseguent transfer of
pumplight to the erbium.
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