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upper laser level of SI,Ho‘-‘*

level 3H4Tm3+

. becomes even more comphcated

The appearance of powerful diode lasers has pro-
moted further investigations and development of new
“types of lasers employing diode pumping, including
lasers with a two-micron spectrum band. Generation at
the transition 5T, — 5I; of the ions Ho?* " (Agen=2.1 pm)
for diode pumping was obtained in the crystals
YAG : Cr*, Ho*, Tm* and YSGG : Cr**, Ho*, Tm*
[1 - 3]. In these crystals the formation of inverse popu- |
lation in Ho** ions involves several different schemes
of interaction of additive particles, such as energy
 transfer from Cr** ions to Tm** ions, cross-relaxation
excitation exchange in Tm3* ions, energy migration
over Tm?* ions, energy transfer from Tm3* ions to Ho**
~ ions and in reverse order, and finally pairwise interac-
- tion of excited additive ions. As was found in Ref. [4],
- at operating values of concentration of excited particles
~.and pumping density which really occur (especially at
laser excitation), the main channel of excitation losses
from the upper laser level S[;Ho** in the crystal
'YSGG : Cr*, Ho*, Tm?3* is the processes of interaction
of excited ions Ho3+ with excited ions Tm3* (PH, —
- 3H¢Tm?, 5T, — 5, SI;Ho*"). Then, due to a fast process
~ of intracentral relaxation, 5I; — 5IgHo*, nonradiative
transfer SIgHo3* — 3H,Tm>* and intracentral relaxation
Hy > 3H Tm3*, the excitation quantum returns to the

‘Usually all attempts to develop a quantitative
“description of such a system involve the application of
kinetic equations with constant probabilities for energy
transfer between the subsystems of Tm3* and Ho®* ion.
Occasionally, however, the validity of this approach is
not clear (specifically, if the probability dispersion of
- pairwise interaction of different particles is observed).
Atlarge pumping densities and, therefore, at high prob- -
ability of the processes of up-conversion the situation

Abstract — The processes of the population and relaxation of excited states of the Ho* and Tm?* ions in

YSGG : Cr*, Tm?*, Ho** laser crystals are investigated for the excitation modes which simulate real laser - .
- pumping. The conditions are stated under which the interaction of excited ions affects the ratio of the popula--

tions for the levels 5I,Ho?** and 3H,Tm?*, resultmg in a considerable relative decrease of the populatlon of the -

‘The aim of the present work is to experimentally .

study the dynamics of population and relaxation of the
upper laser level S[;Ho>* and the level *H,Tm3* in

YSGG : Cr*, Ho*, Tm3+ crystal, including the case of
interaction of excited Ho** and Tm? ions at various
- durations and powers of exciting light pulses simulat-

ing both lamp and diode laser pumping. .
The following samples of YSGG : Cr3+, Ho3*, Tm3*

crystals (which were polished plates about 1.5 mm
~thick) have been investigated: ne, = 2.5 X 102 cm™3,
Ny, = 1% 10" ecm, ng, = 8 X 10% cm™. By means of

a shutter, the crystals were excited by square pulses
of radiation generated by.a continuous wave Kr laser

(A= 647.1 nm) (its radiation was focused on a spot with -

a diameter of 100 um). The duration of pumping pulses

was varied in the range from one to 15 ms, and their =

power — from 0.15 up to 3.4 W. The excitation of crys-
tals corresponded to the absorption band of Cr3* ions at

the transition *A, — *T,, 2E with further fast energy

transfer *T,, 2E (Cr**) — 3F (Tm3*) and cross-relaxation

exchange ’F, — *H,, *H¢ — 3H, [5]. In the experiments,

the kinetics of luminescence of Ho* ions at the transi-

tion 51, — 5I; (A = 1.99 um) and Tm?3* ions at the tran-

sition *Hy — 3Hg (A = 1.7 um) was detected.
The results of conducted experiments argue that the

~ dependence of the populations of the levels SI;Ho** and -

3H,Tm** on the power density of excmng radiation is
not nonlinear (Fig. 1) and efficient decay time of lumi-

nescence from these levels decreases with a growth in-

the density of excitation (this is consistent with the

results of Refs.[4, 6]). Both phenomena described
- above are associated with the interaction of excited
Tm3* and Ho* ions. It was also shown that the effi-
ciency of these processes in the crystal with larger ion
concentration Ho** (n, = 5 X 102 cm™3) is higher than

in the crystal with a lower ion concentration (ny =

1% 10‘9 cm). This fact agrees with quantitative esti-
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Fig. 1a. The dependence of luminescence intensity from
the level °ILHo** on pump power density in the crystal
YSGG: Cr’+, Tm**, Ho** (ng, = 2.5 x 102 em™, ng,, =
8x10%cm™>, ny, = 5 x 10 em™3 (1), (3) and ny, =
110" cm™3(2), (4)). Pumping pulse durations are 1 ms
(3).(4), 15ms (1), (2).
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Fig. 1b. The dependence of luminescence intensity from
the level SH,Tm?* on pump power density in the crystal
YSGG: Cr3*, Tm’*, Ho** (ncy = 2.5 x 10%° em™3, ng,, =
8x10% cm, ng, = 5 x 10°° ecm=3 (3), (4) and ng, =
1 x10" cm3 (1), (2)). Pump pulse durations are 3 ms (2),
(4), 15ms (1), (3).

mates made using the rate constants for mentioned
“nonlinear” interactions of Tm3* and Ho** ions mea-
sured in Ref. [4]. At the same time, for the values of
excitation densities implemented in this experiment
(which are specific for real lasers), luminescence inten-
sity of Ho* ions is always higher for the crystals with
larger ion concentrations (g, = 5 X 10! cm3) than for
those with the lower (ny, = 1 X 10'° cm™3).

An analysis of obtained results allows us to con-
clude that at excitation densities (= 10* W-cm™3) typical
for real laser systems, interactions between excited
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activator ions produces an essential effect on a forma-
tion of populations of metastable laser levels.

It was experimentally established: that at realized
densities of exciting radiation and long pumping pulses
(T = 15 ms), the ratio of maximum values of the popu-
lations at the levels I, (Ho3*) and *H, (Tm3*) is constant
in the entire range of variation of pumping power
(Fig. 3a) and equal to its value for weak stationary exci-
tation. At the same time for more short pumping pulses
the ratio of maximum values of the populations for
Ho3* and Tm3* ions declines as pumping power grows
(Fig. 3b). In addition, in the case of short pulses excita-
tion energy decreases and the total population of the
levels I;Ho** and 3H,Tm?* is lower than that for long
pulses.

Therefore, it is found experimentally that, at qua-
si-stationary pumping with realized values of power
density, the processes of excitation ‘“exchange”
between the levels 3;Ho* and 3H,Tm>** advance, on
average, the processes of interaction of excited thulium
and holmium ions (*H, — 3H¢Tm?*, 5T, — 51, SI¢Ho*;
55 ~ SIgHo; 51 — SIHo, 3Hg — 3H,Tm*; 3Hg ~
3H,Tm?*). Finally, the ratio of excited particles corre-
sponds to its stationary value for weak pumping. But, at
the same time, at short pumping pulse the interactions
of excited ions dominate; in this case the ratio of
excited particles (Ho** and Tm?3*) does not achieve its
stationary value and depends on power density of excit-
ing radiation.

Deviation of the ratio of maximum populations for
excited Ho* and Tm3* ions from its stationary value
results in abnormal dependence of maximum values of
luminescence intensity both for Ho** and Tm?* ions on
duration of exciting pulse, if its energy (3 mJ) is fixed
(for specified energy and weak pumping the efficiency
of nonlinear interactions was sufficiently high and com-
?arable with the relaxation rate for metastable levels

I,Ho** and 3H,Tm?*). As one can see from Fig. 3, if the
duration of the exciting pulse is decreased less than 6
ms the maximum value of luminescence intensity of
Ho3* ions in the crystal with ion concentration equal to
5 % 10" cm™3 does not increase, as one may expect, but
remains constant (taking into account that the time
7= 6 ms is commensurate to the effective lifetime for
the levels SI;Ho** and 3H,Tm3*).

The circumstance established here that maximum
values of the populations of Ho3* and Tm3* ions are not
equal to their stationary values leads to the fact that the
time needed for the population of Ho** ions to reach its
maximum value depends not only on pumping pulse
duration, but also on its power. For example, if YSGG
crystal (ng, = 2 X 10% cm3, ng, = 8 X 109 cm3, ny, =
5 x 10" cm3) is excited by light pulse of 1 ms duration
and 1 W power, luminescence of Ho** ions adopts its
approximate maximum value in Af ~ 1 ms after switch-
ing off the pumping pulse. But, if the same crystal is
excited by small power pulses and the duration is 1 ms,
the magnitude Ar is 0.5 ms [4]. Apparently, this phe-
nomenon (i.e., a shift of luminescence maximum of
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Fig. 2. The dependence of the ratio for maximum values of
the populations at the levels °IHo’* and H,Tm’*+ on the
power of exciting light in the crystal YSGG : Cr¥*, Tm’*,
H** (ne, = 2.5 X 10%° em™5, ng,,, = 8 x 10%° em™, ny, =
5 x 10" em™3): exciting pulse duration is T = 15 ms (a);
exciting pulse duration is T= 3 ms (b).
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Fig. 3. The dependence of maximum value of luminescence
from the level *I,Ho’* on pump pulse duration at
E, =3 mJ in the crystal YSGG : Cr**, Tm**, Ho** (nc, =
2.5 x10% em™, ng,,, = 8 X 10%° cm3, nygy, = 5 x 1019 em™3).

Ho3* ions with a growth of pumping power density)
should be taken into account at optimization of operat-
ing modes of Ho lasers, including the case when opti-
mum shutter exposure time at Q-modulation mode is to
be obtained.

Distinctive behavior of the ratio of the populations
for excited Ho** and Tm?* ions at long and short pump-
ing pulses (in particular, the equality of the ratio of
mentioned populations to its stationary value at long
pumping pulse and relative decrease of the fraction of
excited Ho** ions at short pulses which depends on
pumping power density) can be interpreted in the fol-
lowing manner. In accordance with Ref. [4], a strong
dispersion of probability for energy transfer to both
non-excited and excited ions takes place in studied
crystals. It should be pointed out that at different pump-
ing durations and intensities these or othier Tm3* and
Ho3* ion subsystems which contribute to either “initial”
fast or “far” slow stages of energy transfer can be pop-
ulated in different time moments relative to each other.
Accordingly, at various pumping modes these or
another subsystems of interacting ions can deliver a
dominating contribution to the processes of population

and depopulation of the levels S[;Ho** and 3H,Tm?*
(additionally, in principle, the cases of energy transfer
to non-excited and excited ions imply different sub-
systems of interacting particles). Thus, in general,
depending on particular conditions of excitation, either
the processes of energy transfer from excited ions to
non-excited ones CH, — 3H Tm?*, 5I; — 5I;Ho*" and
5T, — 3I;Ho, 3Hg — 3H,Tm?3*) or the processes of pair-
wise interaction of excited ions (CH, — 3H¢Tm?,
51, — 31, 51 Ho**) can be more efficient.

Another possible reason which ensures a non-pro-
portionately slow increase of the population of Ho**
ions with a growth of the power of short (= 1 ms)
pumping pulses is that the populations of the levels
’H,Tm?** and 5I;Ho** are approximately equal during
this time interval. It appears evident that, at the same
total population of levels of 3I,Ho** and 3H,Tm?3*, the
interaction rate of excited ions is higher in the case
where the populations of excited ions Tm?* and Ho*
are equal than in the case where these populations are
significantly different (according to Ref.[4] in
YSGG : Cr**, Tm?, Ho?* crystal np, = 8 X 10 cm3,
nyo = 5 X 10" cm3, the ratio of the stationary popula-
tions of Ho3* and Tm3* is about 2.5).

Therefore, the processes of populating and relax-
ation of excited states of the ions Ho** and Tm?3* in laser
crystals YSGG : Cr**, Tm?*, Ho** are investigated in
this work for the excitation modes, which simulate real
laser pumping.

It is shown that in crystals YSGG : Cr?*, Tm3*, Ho**
(n1m = 8 X 102 cm™3) interaction of excited ions Tm3*
and Ho**, which decreases the population of the upper
laser level 3I;Ho3*, becomes more intensive at larger
concentrations of the ions Ho** (ny, = 5 X 101° cm™)
rather than at lower values of this concentration (ny, =
1 % 10'° cm™3). Nevertheless, for all pumping durations
and intensities experimentally studied, an application
of the crystals with higher concentrations of the ions
Ho** in the lasers is more efficient with respect to the
formation of inverse populations at the transition °I; —
SI;Ho.

The conditions are stated at which interaction of
excited ions affect the ratio of the populations for the
levels I;Ho* and 3H,Tm?* resulting in considerable
relative decrease of the population of the upper laser
level SI;Ho*. In particular, a non-proportionately
strong influence of non-linear processes on the maxi-
mum population of the level 3I;Ho** at short pumping
pulses (about 1 ms), rather than at long ones (about
15 ms), is established.

Simple kinetic equations usually applied cannot
provide an adequate description of the host of experi-
mental results obtained. This is associated with the fact
that, in the system we studied, a probability dispersion
for energy transfer to both non-excited and excited ions
takes place.

The results yielded can be relevant in optimizing
operating modes for particular Ho lasers, using both
lamp and diode pumping.

LASERPHYSICS Vol.2 No.2 1992




INTERACTION OF Ho* AND Tm?* IONS IN YSGG ; 141

‘REFERENC‘ES 4. Noginov, M.A. et al., 1991, Advanced Solid State

, , E , Lasers, Technical Digest Series (Washington: Optical
1. Huber, G., Duczynski, E.W., and Petermann, K., 1988, Society of America), p. 127; Kvantovaya Elektronika,
- IEEE J. Quantum Electron., QE-24, 920. ; to be published.
" 2. Fan, T.Y,, Huber, G, Byer, R.L., and Mitzscherlich, P, 5. ﬁx;mkov E.V. et al., 1986, Kvantovaya Elektromka 16
198, IEEE ). Quantum Electron. » QE-24, 924. 6. Zubenko, D.A., Noginov, M.A,, Smirnov, V.A., and
3. Garbuzov, D.Z. et al., Proc. VIII National .S‘emmar Shcherbakov, 1.A., 1990, Zh. Prikl. Spektrosk., 52, 598.
- “Spectroscopy of Laser Crystals”, 1991, Krasnodar, 7. Noginov, M.A. et al., 1986, Preprint IOFAN, no. 193 (in
Russia, p. 7. ‘ Russian).

" LASERPHYSICS Vol.2 No.2 1992




