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Abstract. This paper analyses the upconversion avalanche mechanism under excitation around
750 nm and around 800-830 nm in the Ho*, Yb*:YLF system. Based on a rate equation model, a
numerical simulation of the avalanche processes is provided.
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1. INTRODUCTION

In the last years one of the most studied rare-earth ions in order to search for
upconversion processes is the Ho3*-ion [1-16]. From the point of view of
upconversion processes the Ho3* ion offers some very interesting possibilities: it
has a high lying green emitting level (°S,) and metastable levels (°I, and °Iy), from
where efficient infrared excited state absorption (ESA) processes can occur. Also
many non-radiative energy transfer processes such as cross-relaxation or
upconversion can help in building upconverted population.

The avalanche mechanism [17-19] denotes a particular type of upconversion.
In such a process, weak ground state absorption (GSA) leads to a small population
in an intermediate level, the so-called “reservoir level”, (Fig. 1). The ESA process
from this reservoir level is very strong, thus bringing the excitation in the emitting
level. An efficient feed back mechanism, e.g. cross relaxation (CR), connects the
emitting level, the reservoir level and the ground level, thus enhancing efficiently
the population in the reservoir level. There are several “signatures” of the
avalanche mechanism: first, the pump power dependence in logarithmic scale of the
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Fig. 1 — Avalanche mechanism.

upconverted emission shows a specific shape beginning with a slope of 2, than
around a threshold value of the pump rate a powerful increase with a slope larger
than 2 occurs, which is finally followed at high pump powers by a saturation
behaviour. Also the temporal behavior of the upconverted emission under cw
excitation depicts different shapes below and above the threshold value of the
pump power. All these characteristics are extensively described in [17-19].

Efficient avalanche mechanisms were already reported in Pr3* [20, 21],
Pr3+-Yb3+ [22, 23], Tm3* [24, 25], Nd3+ [26, 27] and Er3* doped systems [28]. In
Ho3+, green emission due to an avalanche mechanism was observed under 590 nm
[29] and under 750 nm excitation in Ho3*:YLF [7] and around 830 nm in Ho3+,
Yb3+: YAIO; [9].

For a complete analysis of the process the ESA transitions of Ho3* in the
above mentioned spectral range were measured by standard probe and pump
technique. Based on phase sensitive measurements the transitions originating from
215 around 750 nm were separated from the transitions originating from the 7, [30].

In order to make the avalanche mechanism more efficient we have codoped
the Ho3+:YLIiF, system with Yb3+. The Yb3*-ion is one of the most used sensitizer
ions. Its configuration (f13) as a free ion has only two multiplets, namely 2Fs,, and
2F,p. Tt is very easily introduced in large concentrations in an appropriate
crystalline matrix. A large concentration of Yb3*-ions also assures a good
homogeneity of the Ho3+-Yb3+ system due to the energy migration process inside
the Yb3* ion system. Early studies of Ho3*-Yb3* systems [31-33] concentrated on
the excitation in the Yb3* ion in the 940-970 nm spectral region. Nevertheless, the
possibility of realizing an upconversion laser using excitation in Yb3* (940-
970 nm) was proven to fail due to the strong Ho3*-Yb3* (°S,, 2F;,) — (°l, 2Fsp)
cross-relaxation process [34].
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2. RESULTS AND DISCUSSION

In the single Ho**:YLF system the characteristics of the avalanche
mechanism were observed under 750 nm excitation while in Ho**:YAIO; using a
754 nm excitation only a looping mechanism was put into evidence [8]. The reason
was proven to be a small efficiency of the cross-relaxation mechanisms that feed
the reservoir level back. By introduction of the Yb3* ion it was demonstrated [9]
that in Ho3*, Yb3+:YAIO; the avalanche mechanism under 754 nm excitation
occurs. Therefore the introduction of Yb3+ seems to be a promising solution to
increase the efficiency of the avalanche mechanism also in the YLF crystal. Fig. 2
depicts the possible mechanisms in the Ho3*-Yb3* system leading to an
upconversion avalanche mechanism under excitation around 750 nm.
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Fig. 2 — Energy levels of Ho3* and Yb3* ions and possible energy transfer
processes in the Ho**-Yb3* system.

The mechanism leading to the upconversion avalanche process in the Ho-Yb
system under excitation around 750 nm starts (Fig. 2), as in the case of the single
doped crystal, with the initial step represented by a weak ground state absorption
(GSA1) followed by fast phonon deexcitation to the 15 and I, levels from which
ESAT and ESA2 occur. Two cross-relaxation processes named s and s; affect the
3§, population. The first process feeds directly the I, level while the second
process s; involves also Yb3*-ions and feeds in connection with process s, mainly
the 21, level. From the °I4 level a part of the excitation is transferred to the I, level
by a phonon deexcitation process. The cross relaxation process ending on the “I,
level creates in connection with ESA2 an avalanche mechanism similar to the case
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of Ho3*, Yb3*:YAIO;. This process occurs simultaneously with the looping
mechanism based on the ESA1. The upconversion processes u; and u, occur, also
reducing the efficiency of the cross-relaxation process.

As we have discussed, in the case of codoping with Yb3+, the two cross-
relaxation processes s and s; affect the emitting level in comparison with the single

Ho3+, where only the cross-relaxation s exists. Because the cross-relaxation process
is used to feed back the reservoir level from where the ESA take place, the
efficiency of such a mechanism is very important for the total balance of the whole
upconversion process.

Green emission was observed in Ho3*, Yb3*:YLF system after excitation in
the spectral range of 790-820 nm and in the spectral range of 830-850 nm. In the
830-850 nm excitation case only excited state absorption transitions from the 7

level exist, generating together with the cross relaxation s; and the back transfer s,
the upconverted green emission. The ESA process for the 790-820 nm excitation is
attributed to the transition I, — °F, (ESA3, Fig. 3). The ground state absorption
GSA2 (°I3 — 1) is non-resonant and occurs only phonon-assisted. For the second
excitation between 830 nm and 850 nm only the ESA process is different, i.e. JI4
— 9F; (ESA4). The cross-relaxation processes remain the same and the ground
state absorption is also non-resonant and occurs only phonon-assisted.
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Fig. 3 — Upconversion scheme for Ho3*, Yb3* systems under excitation around
800 nm and around 830 nm.

In order to prove the existence of the avalanche mechanism in the Ho-Yb
system the temporal evolution of population and the pump power dependence of
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the green emission intensity were registered for both 750 nm and 798 nm excitation
and are presented in Figs. 4 and 5, respectively. The characteristics of the
avalanche process are clearly observed.
Nevertheless a comparison between the efficiency of these processes in
samples with and without Yb3+ cannot be performed without numerical simulations

using a system of rate equations.
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Fig. 4 — Pump power dependence of the green emission (a) and temporal dependence of the green
emission (b) for Ho3* (1%), Yb3*(10%):YLF under 750nm excitation.
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Fig. 5 — Pump power dependence in logarithmic scale (a) and temporal dependence (b) of the green
emission for Ho3*,Yb3*:YLF under 798 nm excitation.

In order to estimate the efficiency of the new energy transfer processes we
have performed measurements on the lifetime of the levels involved. Using the
results, the transfer rates can be calculated using the following equation:

VVtrans

:Vvtot -W,
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where W,,, and W, are the total deexcitation rates in the presence (from the

measured decay) and in the absence (intrinsic decay at very low dopant ion
concentration) of the transfer process, respectively, and W, represents the
transfer rate. In fact to determine the transfer rate from Ho3* to Yb3+ we make use
of W, as the decay for the single doped Ho3* sample having the same Ho3*
concentration as the Ho3*, Yb3+ sample. Fig. 6a presents the lifetime measurements
for the 7S, level for the two samples used in measurements. For the Yb °F,, level
the decays are depicted in Fig. 6b. Because of the nonexponential character of the
decays, the rates were calculated using the equation
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Fig. 6 — Decay measurements in logarithmic scales of the °S, (Ho3*) (a) and ?Fs, (Yb**) (b) level, for
Ho3+ (1%, 3%), Yb3 (10%):YLF samples.

The system of rate equation is similar with the system used in [8] to describe
the single Ho3* system. For the sake of simplicity we only provided here the
equations. that should be added in order to describe the interaction between the
Ho3+ and the Yb3+ ion (as depicted in Fig. 2 and Fig. 3).
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where n,, and n;; represent the populations of the 2F,, and 2Fs;, levels of the
Yb3+-ion, respectively, n! is the total Yb3* concentration, s; and s, are the cross-
relaxation rates ((°S,, 2F,,) — (lg, 2Fsp)) and (Clg, 2Fsp) — Clg, 2F5p)),
respectively, and u; and u, are the upconversion processes ((°ly, SFs;p)— (0S5,
°F55)) and ((l5, °Fsp)— (OFs, °Fp)), respectively. Also one should ad the
following terms to already existing equations, [8, eq. 8]:

e to the eq. 7l the following term should be added: —s, *n;; *ny;

e to the eq. I, the following term should be added: —u, *n;; *n;;

e to the eq. °I5; the following term should be added: +s;3*n;,*ng+
+sg gy g —ug gy g

e to the eq. 7F5 the following term should be added: +u, *n;; *n;;

e to the eq. 7S, + 7F, the following term should be added: —s; *njy *ng +
+uy g tn,.

The system of rate equation involves the pumping rates, which can be

*
1 Oabs

S
pumping process, O, 1S the absorption cross-section and S is the spot area of the

calculated using the formula R= , where [ is the photon flux of the

excitation beam.
The rates u; and u, were treated as adjustable parameters. The radiative

lifetimes for the Ho3* and Yb3* in YLF were taken from [35, 36].
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Fig. 7 — a) Measured temporal dependence of the green emission (solid line) under 750 nm excitation

in comparison with the calculated temporal dependence of the green emission (open squares for a

pump rate above the threshold value and open circles for a pump rate around the threshold value) for

the Ho*,Yb**:YLF system; b) measured temporal dependence of the green emission (solid line)

under 798 nm excitation in comparison with the calculated temporal dependence of the green

emission (open squares for a pump rate above the threshold value and open circles for a pump rate
below the threshold value) for the Ho?*,Yb*:YLF system.
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Using the numerical results the measured temporal dependencies of the
upconverted green emission, one above the threshold value and one below the
threshold value, were fitted using the same value for the parameters except the
values for the pump rates (Figs. 7a and 7b). The only fit parameters were the two
transfer rates u; and u,.

The numerical solutions of the rate equation fit well the experimental results.
The position of the Stark levels in order to calculate the Boltzmann factors were
taken from [37, 38].

3. CONCLUSION

In conclusion we have put into evidence the avalanche mechanism under
750 nm excitation generating green emission in Ho3*,Yb3* :YLF system. Also the
avalanche mechanism under excitation in the 790-850 nm spectral range was
demonstrated.

Based on spectroscopic parameters using a system of rate equations a
numerical simulation of the upconversion mechanism was performed and the
results were compared with the experimentally observed temporal behavior of the
green emission. With the help of the rate equation model it was shown that in a
Ho3+, Yb3*:YLF system the avalanche mechanism under 750 nm excitation can be
more efficient than in a single Ho3*:YLF system.
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