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Abstract We report the orange-to-blue and infrared-(IR)-
to-blue wavelengths upconversion luminescence in Pr3t:
BaY,Fg crystals. Mechanism of the orange light upconver-
sion into blue 3Py state emission was confirmed to be en-
ergy transfer between two Pr3T ions in the ' D; state. IR-to-
blue upconversion has only been observed under two dif-
ferent color IR pumping. The first resonant step was the
3H4 — Gy ground state absorption transition, and the sec-
ond resonant transition was the excited state absorption from
the !G4 to 'Is and *P; levels. A comparison of the efficiency
of the IR-to-blue upconversion in several praseodymium ac-
tivated host is presented and discussed. A model of the IR
pumped upconversion praseodymium blue laser is presented
and the population inversion conditions are calculated.

1 Introduction

Praseodymium ion has attracted considerable attention in
the last years, particularly for its great potential as multi-
wavelength laser activator for various applications. Espe-
cially, applications in full-color displays, optical data stor-
age, confocal microscopy, and biomedical instruments have
stimulated the development of lasers in the visible spec-
tral range. These kinds of laser devices are frequently based
upon Pr3*-doped crystalline or glassy hosts [1, 2]. The low
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phonon hosts are especially attractive materials because they
demonstrate relatively low nonradiative transition rates and
can allow normally inactive rare-earth transitions to become
optically active. For example, investigations of triply ion-
ized praseodymium-doped LaCl3 have led to the discovery
of several new laser transitions in the mid-infrared range
between 1.3 and 7.2 um [3]. Also upconversion processes,
which produce population in an excited state which energy
exceeds that of the pump photon and often result in emission
at shorter wavelengths than that of the pump radiation, are
easier to obtain in low phonon systems [2, 4].

Praseodymium activated crystals of SrAl;2O19 [5], LiYF4
[6], GdLiF4 [7], LaCls [8] have been demonstrated to lase
in the blue part of the spectrum between transitions from the
excited 3Py state to the ground 3H, state under direct one
photon excitation conditions. This blue emission at about
490 nm can also be excited using the frequency conversion
processes due to energy transfer (ET), excited state absorp-
tion (ESA) or photon avalanche (PA) [2, 4, 9]. Especially,
upconversion processes in Pr>t doped low phonon crystals
and ZBLAN glass fibers have been the subject of extensive
studies [10, 11].

Orange-to-blue wavelength upconversion due to ET be-
tween two Pr3t ions excited to the ! D, states has been ob-
served in various hosts and is relatively well known [12, 13].
The process of upconversion after IR pumping is less ex-
tensively studied despite its importance for blue wavelength
lasing under laser diode excitation demonstrated, for exam-
ple, in Pr3*: ZBLAN fibers [14, 15].

Recently, we have investigated visible Pr3* emission un-
der one color infrared pumping in Pr’* doped LiNbOj,
Be;Lay 05, YAIO3, YAG, GGG and LiYF;4 crystals [16-20].
The responsible process was identified as the two step ab-
sorption where the first step is non-resonant GSA and the
second step is ESA from the lower Stark levels of the Gy
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state to 'Is and >Pj levels of Pr3*. This type of upconver-
sion has been once communicated for Pr’t: BaY,Fg (BYF)
[21] but, to our knowledge, never reported in detail. Re-
cently Osiac et al. characterized the upconverted >Py emis-
sion in P>t +Yb3T:BYF under the avalanche excitation
around 820 and 870 nm [22, 23]. Also, energy level struc-
tures for Pr>* in BYF have been reported [23-25].

The aim of this work is twofold: first, to study the up-
conversion processes in praseodymium doped BYF crystal,
and second, to compare and discuss IR-to-visible efficiency
in this system with other hosts studied earlier.

2 Experimental

Barium yttrium fluoride BaY,Fg (abbreviated BYF) has the
monoclinic structure with two molecules per unit cell and
space group symmetry C; Ih The rare-earth ions enter the
lattice at yttrium sites having a low C;, point symmetry. Each
rare-earth ion is surrounded by 8 fluoride anions, the shortest
separation between the two RE ions is Ry = 3.705 A. BYF
is a biaxial crystal, the main symmetry axis is the crystallo-
graphic b-axis which is perpendicular to the a- and c-axes.
In BYF, the Pr’* energy levels have non-Kramers charac-
ter; as a result of the low site symmetry, each of the 25+, J
manifolds gives rise to a total splitting of 2J + 1 Stark-level
components.

BYF:Pr?* crystal with nominal concentrations of 0.5 at.%
was grown using the Czochralski technique at Minsk Poly-
technic. The dimensions of the sample were 6 x 4 x 3 mm?
and it was oriented and cut in the plane of the b- and c-
crystallographic axes.

Polarized absorption measurements, in the range from
300 to 1100 nm, were made using Cary 2300 Varian spec-
trometer equipped with a continuous flow helium cryostat.
Fluorescence and excitation spectra were obtained using a
Continuum OPO, dye laser or pulsed Ti:sapphire laser, all
pumped by a Continuum Surelite II Nd:YAG laser (10 ns
pulse length, 10 Hz repetition rate and 180 mJ energy per
pulse at 532 nm). The spectra were recorded using Jobin-
Yvon or GDM-1000 1 m monochromators with dispersion
of 8 A/mm and detected by EMI 9789 or RCA C31034-
02 cooled AsGa photomultipliers. Data acquisition was ob-
tained with a Stanford SR400 single photon counter or PAR
162 boxcar average controlled with a PC. Fluorescence
lifetime measurements were made using a LeCroy 9310A
400 MHz oscilloscope and Stanford SR430 multichannel
analyzer. Sample cooling was provided by a closed cycle He
optical cryostat which allowed the temperature to be varied
between 10 and 300 K.
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Fig. 1 Excitation spectrum of the emission at 480 nm corresponding
to the 3Py —3H4 (1) transition, the spectrum of which is shown in the
inset

3 Results
3.1 Orange wavelength excitation

First, the temporal evolution of one-photon, directly excited
blue 3Py — 3H4 (480 nm) and red 'D, — 3Hs (713.9 nm)
emissions were registered. Both decays were found to be
nearly exponential, giving low temperature of 10 K, decay
times of 51 and 507 ps for *Py and 'D, emission, respec-
tively.

Blue anti-Stokes luminescence was observed for several
wavelengths of excitation lying between 580 and 600 nm.
The excitation spectrum of the line located at 480 nm, which
corresponds to the 3Py — 3Hy4(1) transition, is presented in
Fig. 1. The excitation lines at 589.1, 589.6 and 597.1 nm are
assigned to the SHy(1) — 'D» (1,2, 3) transitions [23, 24].
This is also confirmed by the excitation spectrum of the
'D, emission at 713.9 nm. Excitation spectra of the anti-
Stokes 3Py and Stokes D, emissions in the vicinity of the
lowest Stark component of the D, manifold at 597.1 nm
(16746 cm™ ') are shown in Fig. 2. As could be seen, this
transition exhibits a pronounced additional satellite struc-
ture. The decay profiles of the blue anti-Stokes emission af-
ter selective excitation of the center of the main line and the
satellites are also shown on the right hand side of Fig. 2. The
common feature of these decays is that they exhibit a rise
time and decay time which is different from that resulting
after direct excitation. Excitation at the line center D gives
intense 3Py emission with a rise time of about 18 us and the
decay which is nonexponential with a long time constant of
228 ps. Excitation into the G line (AE = 15 cm™!) results
in the rise time of 0.5 ps and the decay time of 32 ps, when
pumping the C line (AE = —2 cm™ 1), the rise time is 4.5 us
and the decay time is 92 ps. Pumping into the A absorption
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Fig. 2 Excitation spectra of the 480 nm anti-Stokes 3Py and 713 nm Stokes ' D> emissions in the vicinity of the lowest Stark component of the
D, manifold at 597.1 nm (16746 cm™!). Selectively excited fluorescence decays of the upconverted >Py emission, 7 = 15 K

line results in different upconversion dynamics, with no ob-
servable rise time and relatively slow decay of 610 ps.

The blue upconverted fluorescence of 3Py state exhibits
well quadratic dependence on orange excitation power.

3.2 Infrared wavelength excitation

In order to optimize excitation conditions, the energy
level structure of the 'G4 multiplet in BYF was studied
in detail. The polarized excitation spectra of the strong
praseodymium-ion fluorescence at around 1:3 pm, which is
due to the !G4 — 3Hj transition [25], have been registered
and are shown in Fig. 3. It could be seen that relatively wide
and strong absorption lines are in the 940 nm band.

First, the sample was illuminated with a pulsed tunable
IR laser. However, under this one color IR pumping, we did
not observe any visible anti-Stokes emission.

Next, two color excitation experiments were performed
when the first laser was fixed at the 'Gy absorption at
940 nm and the second laser was tuned between 750 and
900 nm. In this two-color pumping scheme, the blue anti-
Stokes Py emission at 480 nm was observed and regis-
tered; results are shown in Fig. 4. The decay profile of
the blue emission, resulting from the simultaneous IR ex-
citation at 940 and 830 nm, together with the directly ex-

cited 3Py emission decay profile is shown in the inset of
Fig. 4.

The blue upconverted fluorescence of 3Py state exhibits
quadratic dependence on IR pumping power.

4 Discussion

The main features of the orange-to-blue wavelength upcon-
version, which are the quadratic dependence of the anti-
Stokes Py emission and its dynamic showing the short rise
time followed by the decay time which is close to the half
of its intrinsic decay time, are characteristic for ET upcon-
version mechanism. It is recognized [12, 13, 18] that the
praseodymium ion pair interaction of the type 'D,(1) +
Dy (1) = 'G4(8) + 3P2(2) + Ephonon is responsible for up-
conversion. In this process, when both ions of a pair are ex-
cited to the 'D, state, a transfer occurs by which one ion
loses energy and goes to the lower excited level !G4, while
the second one gains energy and goes to the 3P, level from
which, after rapid non-radiative decay, the Py level is pop-
ulated. In Pr>T:BYF, the excess energy of 57 cm™!
leased.

The time evolution of the 3Py emission after 1D, excita-
tion is strongly excitation wavelength dependent. When ex-
citing at the center of the 3H4(1) = 1Da(1) absorption line

is re-
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Fig. 3 Polarized excitation spectra of the praseodymium ion fluores-
cence at 1.3 um, corresponding to the ! G4 — 3Hs transition, 7 = 15 K
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Fig.4 Two color excitation spectrum of the blue anti-Stokes >P( emis-
sion at 480 nm, first laser was fixed at the ' Gy absorption at 940 nm
when the second laser was tuned between 750 and 900 nm. The in-
set shows dynamics of the Stokes and anti-Stokes 3Pg luminescence,
T=15K
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at 16747 cm™! the 3Py decay is nearly exponential with the
long time decay approaching the 228 us value which is close
to half of the lifetime of 507 us. Pumping at B, C, E, F and
G satellites results in much faster decays and the rise times,
which follows the dependence on the energy difference from
the center D line. These observations, which confirm the pair
origin interaction, are consistent with the results for other in-
vestigated Pr3T systems [12, 13, 18].

By fitting the decay curves with the solution of the pop-
ulation equation for the doubly excited pairs [13, 18], the
upconversion energy transfer rates W;; were determined to
be Wi = 1.3 x 10° s™1, W,p =0.34 x 10° s~!, W, =
0.15 x 10 s™1, W, 5 = 0.085 x 10° s=! and W,¢ = 0.047 x
10 s~!. By fitting the upconverted 3Py signal resulting from
the excitation of the center of absorption line D, the transfer
rate W;p = 0.008 x 10° s—! has been found, which is in rea-
sonable agreement with the pair upconversion transfer rate
measured for Pr3t:YAG [26].

As the transfer rates are a function of ion—ion distances
R; in the approximation of electric dipole—dipole interac-
tion, they are given by W; = W;o(l%)6 where W;g and Ry
are the nearest-neighbor transfer rate and distance, respec-
tively. By assuming W;g = W;¢ and using the calculated
transfer rates, the sequence of corresponding inter-ionic dis-
tances is calculated to be 3.705, 4.53, 5.13, 5.63 and 6.10 A,
which reproduces well the sequence of Pr—Pr distances in
BaY,Fjg lattice, which are 3.705, 3.822, 4.264, 5.271, 5.649
and 6.148 A. It is assumed here that two nearest pair lines,
3.705 and 3.822 A apart, are not spectrally distinguished
during our experiments. The origin of line A is not clear,
it presents different dynamics and could be related to same
irregular or impurity site.

When analyzing the infrared-to-blue upconversion, the
first important observation was, in the contrary to various
examined earlier hosts [17—20], the absence of the 3P( emis-
sion under one color IR excitation. In all earlier observed
praseodymium materials, the process responsible for IR-
to-blue upconversion was recognized to be ESA from the
1G4 levels. The general three-level scheme of this ESA is
shown in Fig. 5. The intermediate 1 (!Gy) level could be
excited directly by the GSA absorption or by the radia-
tive or nonradiative relaxation from the higher lying levels.
In the second step, the second photon is absorbed, which
brings the ion to the higher lying excited state 2 (!Is + >P)
which decays to the 3Py level from which light is emit-
ted. It is also important that the intermediate state, which
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Table 1 Comparison of the spectroscopic data for various praseodymium activated materials and the calculated GSA and ESA cross-sections

Material h@max OGS Ael AE OGSANR OESA N uCP) (‘G
[em™']  [107#2cm?]  [em™']  [1072%cm?]  [1002cm?]  AE/homa [ps] [us]
BeyLayOs BLO 1100 2.8 505 77.6 3.78 0.46 2 ~0.2
LiNbO; LNB 880 345 352 83.5 3.92 0.40 0.45 ~0.1
Y3Als0p; YAG 850 275 542 203 438 0.64 10 0.4
Gd3GasO1, GGG 740 2.55 556 5.99 5.00 0.75 14 0.5
YAIO; YAP 555 223 608 4.20 3.04 1.09 11 0.86
LiYF, YLF 490 1.76 693 1.14 243 1.41 38 17
glass ZBLAN 450 1.32 ~725 0.22 1.76 1.61 47 110
BaY,Fg BYF 415 151 845 0.17 2.00 2.04 50 38

homax is the maximum energy of the phonon spectrum

acts as an energy storage reservoir, should exhibit a long
lifetime allowing high population of excited ions to be cre-
ated.

From the energy scheme, it resulted that the single color
excitation is in a multiphonon sideband of the H; — Gy
transition. This results in a weak absorption and relatively
weak population in the ! Gy state. The energy mismatch AE,
with respect to the transition from the lowest Stark level in
the 1G4 multiplet to the 3Po level, is 845 cm™! in Pr3T:BYF;
for other praseodymium materials studied, the results are
shown in Table 1. It must be also noted that to fulfill res-
onances for the !G4 — !Ig transitions, AE in the first step
absorption will be larger by about 400 cm™! [23].

From Table 1, it could be seen that, among the investi-
gated materials, only in BYF this nonresonant process de-
mands participation of more than two phonons, N = 2.04,
which may explain its weakness and the resulting absence of
upconversion. It is evident that higher energy phonon matrix
favors the first step praseodymium absorption.

For upconversion modeling, the detailed knowledge of
the ground 3Hy state and the excited ' Gy state absorption
cross-sections is needed. The excited state cross-sections
could be calculated using the Judd—Ofelt approach [27, 28],
oEsa is related to the corresponding line strength S by

A 8r3e? X

T 2 AxenS 1
AL 3chQT + 2 50 M

OESA =
where S is calculated with the use of £2; intensity parameters
and the reduced matrix (U;)? elements for transitions from
the !G4 level which are taken from [29]. From the analysis
of the (U;)? values, it is seen that spin allowed 1G, — 114
transitions are expected to be much more intense than spin
forbidden transitions to the 3P levels.

The ground state nonresonant absorption cross-section
0 GSANR 1s difficult to measure. From the analysis of the ab-
sorption and excitation spectra in the 800-950 nm range,

the value of ogsanr could be evaluated to be of the or-
der of 1072* ¢m?. The multiphonon side-band absorption
efficiency could, however, be calculated using approach of
Auzel [30] who showed that the probability for Stokes ex-
citation with respect to an energy gap AE to the electronic
level is given by

0GSANR = 0Gsael(0) exp(—a;AE) (2)

where «; is related to the multiphonon nonradiative decay
parameter aNg by oy = anr + (Awmax)~12/NIn(N/Sp),
where hwmayx is the cutoff phonon energy in the host, N =
AE / hwmax 1s the average order of the multiphonon process
and Sg is the Huang—Rhys electron—phonon coupling para-
meter at 0 K. Using the electronic absorption cross-sections
of the 3Hy — Gy transition o gsael determined from the
absorption experiments and energy gap values AE [31], the
multiphonon assisted absorption cross-sections for several
praseodymium activated matrix were calculated and are pre-
sented in Table 1.

It could be seen that the excited state absorption cross-
section values are about five orders of magnitude higher
than those for the nonresonant GSA. For the efficiency of
the 3P0 excitation, an important factor is the lifetime of the
1G4 level which is also, via nonradiative transition partic-
ipation, strongly dependent on the phonon spectrum and
varies between the fraction of us in oxides to several tens
of ps in fluorides; see Table 1. So there is a concurrence be-
tween two host dependent factors because the higher energy
phonon matrix favors the efficiency of the first step absorp-
tion.

As could be seen from Table 1, the first step absorp-
tion cross-section o gsaNr in the nonresonant case has a
very small value. So for practical applications it is neces-
sary to maximize GSA absorption cross-section. This could
be obtained, as it has been done in this work, by excita-
tion to the maximum of the Gy absorption with the con-
sequence that for resonant ESA a second, shorter wave-
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Fig. 6 Comparison of the upconversion excitation spectrum, replotted
taking as the origin of energy axis the position of the lowest Stark level
in the ' G4 multiplet at 9718 cm™!, with the absorption spectrum

length photon will be needed. Another way is the intro-
duction of Yb3T ions which sensitize Pr>* upconversion
process. In this situation, the GSA is dominated by the
strong Yb3t 2F; 2= 2F5 /2 transition characterized by the
o Gsael of about 1 x 10720 ¢m? followed by the ET process
to the praseodymium 'Gy state. This excitation scheme
proved to be efficient, leading to visible 3Py lasing under
one IR color pumping in Pr3*+Yb3*+ doped YLF, BYF and
ZBLAN [2, 32, 33].

Two-color excitation realizes two step resonant pumping
scheme where the intermediate 1 (!Gy) level is directly ex-
cited by the GSA absorption. The absorption coefficient in
the 940 nm band, evaluated from the absorption spectra at
10K, is o = 0.01 cm™1, resulting, with the IR laser exci-
tation energies of the order of 100 uJ focused to the spot
of 2 x 107> cm?, in the !G4 densities of 0.6 x 1020 ¢cm—3
corresponding to about 50% excitation. Thus, the excitation
spectrum in Fig. 4 is the ESA spectrum corresponding to the
1G4 — 3P, + !4 transitions. In order to attribute the ob-
served lines, we compared this ESA spectrum, replotted tak-
ing as the origin of the energy axis the position of the lowest
Stark level in the G4 multiplet at 9718 cm™!, with the ab-
sorption spectrum. Results of this comparison are shown in
Fig. 6.

In the IR excitation spectrum, a group of intense, nar-
row transitions in the 21500 cm ™! range could be observed.
From the energy level values reported by Osiac et al. [23],
it results that these lines correspond to transitions to the
3Py and 'Ig Stark levels. As could be expected, spin al-
lowed !G4 — !4 transitions are more pronounced, which
makes it possible to distinguish between the Stark energy
levels of the 'Is and 3P; multiplets. The results of this as-
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Table 2 Energies of the Stark levels of the I and *P; multiplets in
BaY,Fg at 15 K

Multiplet Energy [cm™']

116 21200, 21218, 21245, 21277, 21315, 21337, 21369, 21395,
21427, 21595, 21890
3p, 21337, 21479, 21768
E [103cm™]
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Fig. 7 Simplified energy level scheme of praseodymium ion with
two-photon excitation pathway. Energy levels considered in rate equa-
tions are arrowed and numbered

signment at 10 K are shown in Table 2. These low tem-
perature spectroscopic studies revealed also a Stark level at
9.5 cm™~! above the ground (0 cm™!) state in the >Hy mul-
tiplet.

5 Modeling

Two-color excitation pumping scheme with two wave-
lengths A1 and X, which are resonant with the ground state
absorption transition Pr(CH4) — Pr('Gy4) and excited state
absorption transition Pr('G4) — Pr(3P;), respectively, is
shown in Fig. 7.

In order to analyze operating conditions of the depicted
system, a simple rate equation models have been developed
[34], which describe approximately the mechanisms lead-
ing to optical excitation of the Pr3* 3P state. In the case
of two-wavelength excitation via ESA, the equations allow
easy finding of an analytical solution:



Upconversion excitations in Pr3*-doped BaY,Fg crystal 879
1.0 1.0
Pr:ZBLAN ——N, 0.9] Pr:BYF ——N,
P =1W N, ] PocIW| 2N,
0.3 N, 0.8 —o—N,
g - ® —inversion N, - N, £ 0.7 1 —e—inversionN,-N, STV
E= = 1
Z 0.6- =1 3 o]
=3 g. i
2 2 0.5
e 2 .
S 044 S 044
El o
E E 0.3
=] =} 4
Z 0.2+ Z 0.2
0.1
0.0 T L T T 0-0‘- — ¥ T T T
0.0 0.5 1.0 1.5 2.0 0.0 2.0 4.0 6.0 8.0 10.0
Pump power, P, [W] Pump power, Py, [W]
Fig. 8 Pr:ZBLAN and Pr:BYF energy level populations vs. GSA-pump power (Pgsa)
0.6
0.6 pr:zZBLAN |[pr:yE
PGSA= 4w
0.5+ 0.5
= =
£ 0.4 £ 0.4
= = ——N
2 2 °
2 0.3 2 0.3 N,
g Z N
= 02 = 0.2 —e&— inversion NN
g™ £
5 2
r4 4
0.1 0.1
0.0 0.0 poasaa; T T T
0.0 0.0 0.5 1.0 1.5 2.0

P

Pump power, P, [W]

PESA

Pump power, [W]
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—— =—(No— Np) - Wgsaot + N2 - We + Np - —,
dr %)
No+Ni+Nr=1,
with
Lxij - Oxij
Wy = i) 4
xij B 4

as a general formula for transition rate (x = GSA for ground
state absorption, x = ESA for excited state absorption and
x = e for stimulated emission); i and j indicate the transi-

tion levels as shown in Fig. 7, I,;; stands for radiation in-
tensity, oy;; is respective absorption/emission cross-section,
and vy;; is the transition frequency.

Spectroscopic parameters used in the above equations
have been obtained through spectroscopic characterization
of the investigated material and are listed in Table 1. The
performed analysis applies mainly to an assessment of fea-
sibility of population inversion in the least effective three-
level blue laser action scheme (spot size of 2 pm has been
assumed). For simplification, the value of W, was taken as 0,
which seems to be a reasonable assumption when only in-
version building-up efficiency is analyzed, apart from SE at
signal wavelength and resonator specifics.

Figures 8 and 9 show the dependence of the normalized
1 and 2 level populations in Pr:BYF, and for comparison
in Pr:ZBLAN also, on pump power. In the first case, ESA-
wavelength pump had been fixed at 1 W (which guaran-
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tees effective pumping via ESA) and population inversion
dependence on GSA resonant pump was investigated. Non-
negative values of inversion begin to appear when the GSA
pump level reaches circa 4 W (in the case of Pr:BYF) and
circa 1 W (in the case of Pr:ZBLAN). In both cases, the
inversion increases rapidly with further increment of pump
power. The difference between required power levels be-
tween Pr:BYF and Pr:ZBLAN results mainly from signifi-
cant difference in the GSA cross-section values (see Table 1)
as well as from differences in fluorescence lifetimes of the
intermediate !G4 level.

Fixing the GSA pump power at nearly threshold values of
1 W and 4 W in the case of Pr:ZBLAN and Pr:BYF, respec-
tively, and changing the ESA pump power reveals a thresh-
old values of slightly over 200 mW for obtaining population
inversion in both investigated materials and only a moderate
dependence on the ESA pump power level (Fig. 9). This dif-
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ference is explained by a large difference in GSA and ESA
absorption cross-section values with this later being two or-
ders of magnitude higher.

This is further examined by analyzing data in Fig. 10,
where it can be seen that the ESA-pump power changes of
an order of magnitude are not followed by similarly signifi-
cant changes of population inversion. The data presented in
Fig. 11 confirms, on the other hand, that increasing GSA-
pump power results in a considerable increase of the upper
laser level population over the ground state.

6 Summary
Our studies indicated that in the BaY,Fg:Pr3+ crystal se-

quential two-photon absorption is responsible for infrared-
to-blue wavelength upconversion excitation. We demon-
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strated that in BYF:Pr’* IR-to-blue upconversion could
only be observed under two wavelengths pumping. This
situation is related to the weakness of the nonresonant
processes resulting from the low phonon energies in BYF,
forbidding efficient excitation with single energy photons.
Upconversion excitation with orange light was studied
and confirmed to result from the energy transfer process.
Finally, conditions for the IR pumped blue upconver-
sion praseodymium lasing are presented and discussed for
BaY,Fg and ZBLAN matrices.

Recent reports [35—-37] demonstrated efficient, room tem-
perature visible lasing in several Pr-activated fluoride crys-
tals under direct GaN diode laser pumping. It seems that fur-
ther development of GaN-based semiconductor lasers emit-
ting at wavelengths between 350 and 450 nm will allow to
more efficiently exploit the potential of Pr3*-doped solid-
state lasers.
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