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We present the spectral-kinetic including excited state absorption spatial-dependent features of Prot - doped
LiY;.xLuxF4 mixed crystals grown by Bridgeman technique.

1. Introduction

The praseodymium doped dielectric crystals and glasses are very
attractive for design of visible lasers based on 4f-4f transitions of pra-
seodymium ions and for UV lasing performed by subsequent conversion
to the second harmonic. The visible laser action was realized in several
crystal hosts and glasses doped with Pr2* ions: LiYF4, LiLuFy, LiYgs.
Lu0_7F4 LiGdF4, KYF4, KY3F10, LaF3, BaYng, YA103, SI'A112019, ZBLAN
and ZBLA [1-5]; the UV and near-UV lasing was demonstrated by the
visible laser operation intracavity frequency doubling at 261 [6], 302
[71, 303 [8], 320 [2,9-11], 349 [12] and 360 nm [13] in Pr:LiYF4, 303.5
nm in Pr:BaYyFg [14], 305 nm in Pr:KYsFp [15], 284 nm using both Pr:
YLF and Nd: YVO4 [16], 373.5 nm in Pr:YAIO3 [17,18], 320 nm in Pr:
LiLuF4 [10], 320 nm in Pr:BaY5Fg [11]. The most of the publications are
devoted to LiYF4 and LiLuF4 hosts providing the best and the variable
laser properties.

The prospect of visible and UV lasers development is obvious because
they can be used in the several regions of human needs. Only applica-
tions in such important areas as medicine and biology are impressive: in
ophthalmology for treatment of vascular diseases and retina; in
dermatology for treatment of allergic dermatitis, psoriasis, pyoderma,
vasculitis, scleroderma, viral dermatitis, vitiligo, angiokeratomas, tel-
angiectasia, poikiloderma of Civatte etc.; in cosmetology for hair and
tattoo removal, not ablative resurfacing, removal of benign pigmented
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lesions, etc.; for intravenous laser blood irradiation (ILBI); in stomatol-
ogy for caries detection; in surgery; in cardiology for atherosclerotic
plaques removal; in biology for matrix-assisted laser desorption ion-
ization-time of flight mass spectrometry, thermal sensing of a single
eukaryotic cell internalized with nanoparticles, antimicrobial photody-
namic therapy, bacterial identification and many others [19-23].

It is well known that the key parameters determining the opportunity
of effective laser action and the intracavity second harmonic generation
are: the cross-sections of absorption spectra from the ground and excited
states (GSA and ESA, correspondently) and stimulated emission, fluo-
rescence kinetics and quantum yield properties, distribution coefficient
of the dopant, the optical quality of the crystal etc. In practice, the
essential role of the choice of the crystal matrix is the cost of the host
chemical compounds and the technological expenses for the unit of
crystalline active element. To reach a balance between distribution co-
efficient of light rare earth elements that higher for LiYF4 host, cost of
chemical components that lower for LiYF4 host, technological advan-
tages and optical quality that higher for LiLuF4 and associated with the
congruent melting character of the one [24-27], the solid solution of
LiY; xLuyF4 with the variable parameter « x » can be used. These mix-
tures were also studied as perspective UV laser materials [28].

In the present search we studied the series of the crystals Pr3*:LiY;.
xLuxF4 with the varied x-parameter form 0 to 1. Moreover the spectral-
kinetic features of the samples were studied along the crystal boules. It
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was done because we revealed the mismatches in published Pr:LiYF4 and
Pr:LiLuF4 ground state absorption (GSA) 3H4—>3Pj spectra studied by
different research groups [29-36] and the changing of the appropriate
line intensities along Pr:LiY( sLug7F4 and Pr:LiYF4 crystal boules [37].
Also 3P0 manifold lifetime measurements of [10] discovered concen-
tration dependence for Pr:LiYF4 samples. To reveal any anomaly of GSA,
ESA, luminescence spectra and in the kinetics of 3p,-°H, luminescence
of the Pr®* jons we studied the ones in several points along the crystal
growth direction for the seven fluoride crystals 1 at% Pr:LiY; xLuyF4 (x
=0, 0.3, 0.5, 0.6, 0.7, 0.8, 1) and low-concentrated 0.1 at% Pr:LiYq 3.
Lug 7F4 sample.

2. Samples

Seven fluoride crystals Pr:LiY; yLusF4 (x =0, 0.3, 0.5, 0.6, 0.7, 0.8, 1)
were grown by Bridgeman technique in carbon crucible under Ar-gas
overpressure. The crystal-pulling rate was 1.5 mm/h. The dopant con-
centration in the melt was 1 at% and was the same for all the samples.
The grown bulks had a shape of the truncated cone with the 5.4 mm
diameter at the beginning of growth and about 6 mm at the end of the
one. The length of the crystals was about 30 mm. Two parallel plane
windows were polished along the growth direction for all the crystals
(Fig. 1). The optical axis c is situated in the plane of their surfaces. The
thickness of the samples between these windows was 5 mm.

Three additional crystals 2 at% Tm:LiYF4, 1 at% Er:LiYF4 and low-
concentrated 0.1 at% sample Pr:LiY( sLug7F4 were also prepared as
the reference samples to study any possible spatial anomaly in spectral-
kinetics properties along the crystalline boules.

3. Spectral and kinetic measurements

Polarized absorption and luminescence spectra of Pr:LiY; yLuyF4 (x
=0, 0.3, 0.5, 0.6, 0.7, 0.8, 1) samples were taken in 7-10 areas along
bulk of the samples at room temperature. The areas were limited by 2
mm pinholes separated by 3 mm distance between each other (Fig. 2).
Absorption spectra of the samples were studied by using Perkin-Elmer
spectrophotometer Lambda 950 at 0.05 nm spectral resolution in the
visible spectral range and 0.2 nm in infrared.

.~ - -4 > =

4o pofppe—ay +4

i
SR

H

..

: i

- .

Fig. 1. One of the typical samples of Pr:LiY; Lu,F4 crystals using in the
experiments.
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Fig. 2. The scheme of arrangement of the studied areas along crystal bulk.
3.1. Absorption spectroscopy of Pr:LiY;.,Lu,F4 crystals

Absorption spectra were recorded in 420-2400 nm region. The
typical spectra in the beginning parts of the bulk (point or area number 1
or 2 on Fig. 2) are presented on Fig. 3.

Absorption spectra of the beginning, middle and end of the Pr:LiY;.
xLuxF4 crystals for 3H4—1D2,3Pj are presented in Fig. 4 in details.

As it can be seen, there is the decreasing of 3H4—>3Po absorption line
intensity with respect to 3H,-3P, and 3H4—°P; lines depending on the
distance from the sample’s initial point of crystallization. This tendency
is inherent for all 1% Pr:LiY; xLuF4 crystals for n-polarized spectra only
whereas the shape of 6-polarized ones stays the same.

We estimated the ratios of integral intensities of 3H, - 3Py (479 nm),
3p; (469 nm) °P, (443 nm), 'D, (595 nm), °F, (1557 nm)_ >F3 (1910 nm)
GSA bands [33,38] along crystal growth for © and ¢ polarizations. Re-
sults are partially presented on Fig. 5 versus the ingot crystallized part g
and Pr’* ions content. The Pr" ions concentrations along the crystal
growth were calculated on the base of the distribution coefficients data
of Pr®* jons in LiY1.xLuyFy4 crystals determined in our previous work [1].

All the ratios for the all samples stay the same except ones for
n-polarized spectra associated with 3H, - 3p, transitions. The de-
pendencies had a nonmonotonic character depending on ingot crystal-
lized part g (Fig. 5 a, c, e): from the beginning to the middle of the crystal
boules the weak tendency of the dropping of the ratios is observed
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Fig. 3. The typical GSA spectra in the beginning parts of Pr:LiY; yLuF, crystals.
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Fig. 4. The GSA spectra of the beginning (a), middle (b) and end (c) of the Pr:LiY; 4LuyF4 crystals.

whereas in the rest area of the samples it decreases faster. Following the
results of [1] this behavior can be attributed to the growth of the pr3t
ions content along the crystal boule (see Fig. 5 b, d, f). The typical de-
pendences for other ratios are depicted on Fig. 5 (g, h, i, j).

It is surprising, but for hypersensitive transitions SH,4-3P, (Fig. 5 g
and h) and 3H4—3F2 (Fig. 5iand j) [39,40] the similar dependences were
not observed.

The ratios of integral absorption spectra for n- and c-polarization
associated with 3H4-3Pj and ®H4-'D,, transitions for the all samples are
depicted on Fig. 6. It can be seen the ratio for n-polarized spectra is also
nonpermanent.

To elucidate the nature of such phenomena manifestations - growth
conditions or concentration of the dopant — we studied Er:LiYF4 and Tm:
LiYF, crystals. In contrast to Pr’" jons the distribution coefficient of Er>*
and Tm®>" in LiYF, is near to unity due to small differences between their
and Y>* ions radii. Hence their concentrations along crystal growth are
almost constant. The absorption spectra were registered in 300-1200
nm range for Er:LiYF4 and 300-1000 nm range for Tm:LiYF4 crystals. No
any spatial anomalies were observed for the spectra. So, we can make a
conclusion that all the anomalies have precisely the concentration-
related nature. Our assumption is confirmed by results of [41] where
the authors revealed the similar concentration-related absorption
spectra of Yb3* in BaF, matrix. Increase of concentration of Pr°+ jons
along crystal growth apparently leads to a change in the local environ-
ment of these ions that can be expressed in the formation of clusters.

These experimental results require further detailed theoretical analysis.

Also the broadening of 3H4-3Pj absorption lines of Pr>" ions and the
absence of the one for 3H4—1D2 transitions were revealed. As a relative
parameter of broadening we present the dependences of the integral
GSA spectra of Pret to 3Po and 3P2 manifolds normalized on its maxima
(Fig. 7) as a function of concentration. The dependencies are close to
linear.

3.2. Luminescence measurements of Pr:LiY7.,LuFy4 crystals

The luminescence excitation was provided by 3 ns (FWHM) pulses at
442.7 nm of OPO LT-2215PC (LOTIS) pumped by 3w-radiation of Nd:
YAG LS-2134UTF (LOTIS) at 10 Hz pulse repetition rate. The lumines-
cence signal was separated by MDR-3 monochromator at 479.4 nm and
the decays were registered by photomultiplier FEU-87 attached to Bordo
211A oscilloscope with a bandwidth of 200 MHz.

The polarized luminescence spectra from the 3Pj state were regis-
tered in 300-1000 nm spectral range by Stellarnet spectrometer cor-
rected for its spectral sensitivity (Fig. 8). The similar spatial anomalies
were revealed - the 3Po->H4 luminescence intensity demonstrates
decreasing for both polarizations as a function of ingot crystallized part
and concentration of Pr®* ions (Fig. 9) despite the fact that, for instance,
%py-°He luminescence intensity almost does not change. Stimulated
emission cross-section is related to absorption cross-section through
McCumber law [42]. So the effect of luminescence decreasing we
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observed is consistent to relative decreasing of >H4— P absorption line
intensity.

The luminescence decays from 3Py manifold of Pr’t ions were
studied. The typical fluorescence kinetics from the beginning, middle
and end parts of the 1% Pr:LiY; xLuyF4 crystals at room temperature are
shown in Fig. 10.

The decay curves exhibit exponential behavior. The lifetime depen-
dence for 1% Pr:LiYF4, Pr:LiY( sLug sFs4, Pr:LiLuF4 and 0.1% Pr:LiYy 3.
Lug 7F4 crystals as function of Pr®* concentration is depicted on Fig. 11.
The tendency of reducing of decay time is associated with concentration
quenching of luminescence due to significant increasing of Pr’t ions
concentrations in the area of the end of bulk growth. The lifetime of P
state changes from about 47 ps for low-concentration parts to about 36
ps for high-concentration parts of the crystal boules. The results of
approximation well coincide with 45.4 ps lifetime data for 0.19 at% Pr:
LiLuF4 sample [25], 38 ps for 0.45 at% Pr:LiLuF4 and 36 ps for 0.65 at%
Pr:LiYF4 [10]. Based on Stark’s structure data [33] we supposed that the
cross-relaxation channel of losses is >Po(3P1) - 'Dy — 3Hy — ®Hg and is
responsible for the concentration quenching.

The dependence of lifetime with the concentration of Pr®" ions in
LiY; xLuyF4 can be used as a nondestructive method for determining the
concentration in the sample.

3.3. Excited state absorption spectroscopy

The excited-state absorption measurements were carried out using
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an optical parametric oscillator OPO pumped by the third harmonic of
Nd:YAG laser as pump source. The pumping beam was n-polarized and
its wavelength was tuned around 479 nm or 595 nm corresponding to
the most intensive absorption bands of 3H4 — 3P0 or 3H4 - 1D2 transitions
of Pr®* ions, respectively. The pumping pulse energy was about 0.5-1.2
mJ with 3 ns (HWHM) pulse width. The laser operated at 10 Hz pulse
repetition rate. The pumping beam was focused on the sample providing
energy density per pulse between 0.25 and 0.6 J/cm?.

The broadband emission from laser spark in xenon at high pressure
induced by the fundamental harmonic of the same Nd:YAG laser was
used as the probe. The pulse width of the probe beam was about 4.5 ns
(FWHM) at pulse repetition rate 10 Hz and it was delayed by about 10 ns
after pumping moment. The probe radiation was focused on the sample
by fused silica lens and propagated through the sample in the opposite
direction than the pumping beam. It was done to avoid the photode-
tector blinding by pumping radiation.

The spot of the probe beam was centered to the pump spot on the
sample and had the diameter less than the pumping one. The probe
radiation passed through the sample was collimated by the lens,
analyzed by Glan-Taylor polarizer and focused to the waveguide of
Stellarnet CCD spectrometer with spectral resolution 0.5 nm (Fig. 12).
Measurements of pumping energy were realized by multichannel Ophir
power meter.

To evaluate ESA cross-sections we excited ‘D and 3P, states of Pr>*
ions and estimated its population N by formula (1):

N=Elp sq )

where E — the absorbed pumping energy by the sample, 1 — the pumping
wavelength 479 nm or 595 nm, h — the Planck’s constant, ¢ — the speed of
light S — the pumping area and d — the sample thickness. The absorbed
energy E of pumping radiation was determined as the difference be-
tween the pumping energy incident to the sample and output one.

In the experiment we registered spectra intensities of the probe ra-
diation passed through the unpumped Iy(4) and pumped I(4) sample.
Spectrum I(2) contained the fluorescence spectrum Iy, (1) from the 1D2
and 3Pj states, that was also registered in the condition of probe beam
absence and then subtracted form I(1) to calculate the sample trans-
mittance I;(1):

1,(A) =1, (’1)/(1(/1) — Lum(4)) -

SAMPLE
l

|

N |«

B
waveguide
595 /479
SPECTROMETER -\ l ———
(CCD)
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Knowing excited states population N and transmittance spectrum
I:(1) we estimated ESA cross-section spectra (ogsa(4)) using Beer-
Lambert law:

1
Grsa(4) =Nd In (I”(’U/(I(l) = Lium (1))) v

The ESA cross-section spectra are presented on Fig. 13 for n- and
o-polarizations of probing radiation.

The ESA cross-section values are in order of 10718 cm? that is typical
for 4f"-4f*15d parity-allowed electric-dipole transitions. All the ESA
cross-sections of 1 at % Pr:LiY; xLuxF4 crystals well coincide to each
other. In contrast to absorption and luminescence caused by 4f-4f
transitions we did not reveal any differences in ESA spectra registered
along the crystal bulks. The detail analysis of obtained results man-
ifested red shift of ESA peaks with «x » -parameter in chemical formula
of LiY; xLuxF4 samples that achieved 1 nm for Pr:LiLuF4 compared to Pr:
LiYF,.

4. Conclusion

In the present search we presented the spatial-dependent behavior of
4f-4f and 4£-4f5d spectra of Pr:LiY; xLuxF4 samples along crystal growth
direction. The room temperature absorption, luminescence spectro-
scopic studies and kinetic measurements of Pr:LiY; 4LusF4 crystals are
performed. The GSA, luminescence and kinetic data revealed
concentration-related broadening, changing of 3H, — 3Pj spectra and
reducing of lifetime of 3Py state of all the samples. The ESA cross-
sections from 3Pj and 'D, manifolds of Pr3* jons were experimentally
estimated. The ESA spectra do not demonstrate any concentration or
spatial dependences. All the data are obviously critical important for
further laser implementation in the visible region and the second har-
monic generation.
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Fig. 13. Room temperature ESA cross-sections spectra of Pr’":LiYF,, Pro*:LiY 4Lug ¢F4, and Pr’*:LiLuF, single crystals from the 'D, (a,b), 3Pj (c,d) manifolds of

Pr3* ions.
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