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Abstract

Spectroscopic characterization of Czochralski grown Ho(0.2%-4%):PbWO, crystals were performed over 0.2-8 um spectral range.
Polarized optical absorption, emission and kinetics of fluorescence of °Ig <> °I; holmium transitions were studied over 20-300 K temper-
ature interval. The lifetime of °I; state in the Ho(0.5%):PbWO, crystal was measured to be 5.0 ms. The stimulated Raman scattering at

2.5 um was studied under 1.7 and 2.0 um excitation.
© 2008 Elsevier B.V. All rights reserved.

PACS: 76.30.Kg; 42.55.Rz; 42.55.Ye; 42.70.Hj; 42.65.Dr
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1. Introduction

In recent years, stimulated Raman scattering (SRS) has
become a well-established technique used for shifting the
frequency of laser radiation to new spectral regions where
direct laser oscillation is not available or ineffective. From
this point of view, the solid-state Raman lasers operating in
the middle-infrared (mid-IR) spectral range are very attrac-
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tive for a variety of medical, environmental, and sensing
applications.

Lead tungstate PbWO, (PWO) crystals have been
known for several decades for their scintillation properties
[1]. Much interest was drawn to these crystals by the fact
that they have been selected as a material of choice for scin-
tillation detectors used for the precise electromagnetic cal-
orimeter (EMC) of the CMS experiment suited for the
search of the Higgs boson in the intermediate mass region
at the Large Hadron Collider (LHC) at CERN [2]. As a
result, a rather low-cost growth technique for large scale
PWO crystals was developed. Later, interest in PWO crys-
tals further grew because of its interesting properties as a
nonlinear solid-state material for the SRS [3-5]. In addi-
tion, the crystal structure of tungstate crystals allows the
introduction of rare-earth (RE: Nd, Yb, Ho, Er, Tm)
impurity ions and the utilization of these doped active
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crystals for lasing accompanied by Raman self-conversion
of radiation to a new spectral range. The self oscillation
Raman laser based on Nd:PWO crystals was demonstrated
in Q-switched mode of operation in [6].

Recently it was demonstrated, that the fiber-bulk (Tm-
fiber — Ho-laser) hybrid laser approach of direct laser
pumping of the °I, manifold of Ho*" ions in YAG and
YLF crystals allows effective (up to 85%) conversion of
the CW pump at 1.9 um into a Q-switched 2.1 um radiation
[7-11].

The major objective of this work is to study the spectro-
scopic characteristics of Ho doped PWO crystals for iden-
tification of their feasibility as a combined self-gain Raman
medium for the development of an effective fiber-bulk
hybrid system operating at room temperature at ~2.5 um
for medical and trace gas analysis applications.

2. Sample preparation

The growth of the experimental Ho:PWO crystals with a
diameter of 30 mm and length of 50 mm was done by the
Czochralski method in the inert atmosphere from the re-
crystallized charge obtained from high-purity chemicals
using earlier developed technology of mass production of
high optical quality PWO crystals needed for the project
CERN ALICE (Switzerland) [13-16]. Several physical
properties of the PWO crystal are summarized in Table
1. The fabrication of the lead tungstate charge was per-
formed with the use of ceramic technology utilizing high
temperature solid phase synthesis [13] of pure oxides of
lead (Pb304) and tungsten (WO3) from their homogeneous
mixture [17]. The dopant in the form of the Holmium oxide
(Ho,03) of various concentrations was added to the melt
before the crystal growth. Five experimental Ho:PWO
crystals were grown with Ho concentrations of 0.2, 0.5, 1,
2, and 4 at.%. From each crystal two rectangular shaped
(5 x 5 x 10 mm) samples were cut along (001) and (100)
orientations and polished with parallelism of opposite faces
better than 20 arcsec and flatness of A/10. In addition
another undoped PWO crystal was grown. A 10 x 10 x
30 mm sample was cut along the (100) axis from this
undoped crystal. Furthermore, from the crystals of concen-
tration 0.5% and 1.0% 5 x 40 mm cylindrical rods were

Table 1
Physical properties of the PbWOy crystal [3,5,12]

Classification Negative uniaxial

Symmetry Tetragonal
Space group ijh
Unit cell a=5.456; ¢c=12.020

Refractive index at 700 nm ny = 2.22140.009;

ne = 2.156+0.009

Hardness, Mohs scale 4-5

Melting point 1123 C
Density 8.23 g/em?®
Strongest active Raman mode at Avg 901 cm™!
Raman mode linewidth at RT 4.7-43 cm™!

made oriented along the (100) axis. The cutting, grinding,
and polishing of the Ho:PWO eclements was performed
with the equipment [18] used for the mass production of
PWO scintillators for the CERN ALICE project. It is
assumed that Ho dopant presumably substitutes Pb ions
in the PWO crystal. In this case, 1 at.% of Ho concentra-
tion corresponds to 1.1 x 10%° of Ho ions per cm®.

3. Experimental

Room temperature (RT) absorption measurements in
the visible and mid-IR spectral regions were performed with
Shimadzu “UV-VIS-NIR-3101PC” and Bruker “Tensor-
277 FTIR spectrophotometers. Unpolarized absorption
spectra were measured at low temperatures with a close-
cycle helium cryostat (Janis Research Co, Inc., Model
CCS-450) and a computer-controlled 0.75m Acton
Research “SpectraPro-750” spectrometer. The kinetics of
fluorescence and fluorescence spectra were measured using
the Acton Research ARC-300i spectrometer with InSb
detector. As an excitation source we used the 1908 nm radi-
ation of CW Tm-fiber laser (Model TLR-30-1908, IPG
Photonics Corporation). Experiments on Raman scattering
in the mid-IR spectral range were made using “EKSPLA”
optical parametrical generator (OPG) PG 401. OPG pro-
vides radiation tunable over 420-2300 nm spectral range
with pulse duration 20-30 ps, spectral width <6 cm™~', and
repetition rate of 10 Hz.

4. Spectroscopic results and discussion

Fig. 1A shows RT absorption spectrum of Ho
(4%):PWO crystal in the UV-visible spectral range. One
can see that the fundamental UV absorption edge overlaps
with holmium 361 nm transition from the ground state °Ig
to *He multiplet.

One of the main uses for PWO in this work was the
examination of its utilization as a gain material for the
mid-IR spectral range. For finding the fundamental mid-
IR absorption edge, we compare the FTIR spectra of
doped and undoped crystals. The RT absorption spectra
of PWO undoped and Ho (4%) doped crystals over the
2-10 um range are shown in Fig. 1B. As one can see from
the graph, the PWO absorption spectrum begins from
~4 um and consists of several bands. In the measured spec-
tra, besides the small difference in the absorption after
7 um, the difference between the doped and the undoped
crystals is negligible. It is interesting that even though the
absorption of the crystal started from 3.9 um, the crystal
has a window of transparency, with a small loss, in the
important IR spectral range of 4.5-4.9 pm. For the PWO
crystal, featuring effective optical phonon of v =901
cm™!, the attainment of stimulated Raman over 4.5-
4.9 um range requires pumping wavelengths to be in the
range of 3.2-3.4 um. This range of pumping wavelengths
falls within the range of high PWO crystal transparency.
Because of this, regardless of the existing absorption band
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Fig. 1. UV-visible (A) and mid-IR (B) absorption spectra of Ho(4%):PWO (i) and undoped PWO crystals (ii).

of PWO around 4.1 um, it is very possible to obtain the
stimulated Raman with wavelengths up to 4.9 um. The
strongest absorption bands of the Ho " (4%):PWO crystal
in the red-near-IR spectral range are shown in the Fig. 2.

The most attractive transition for laser application is the
one at 2 um from the ground state 3Ig to the nearest °I;
multiplet and is depicted in Fig. 3 curve (ii). For compari-
son, Ho>" absorption in the YAG crystal is also shown
in Fig. 3 curve (iii). As one can see from Fig. 3 the Ho>*
ions in the PWO crystal feature smaller multiplet splitting
than for the Ho’":YAG: in the YAG crystal the
3Ig — I, excitation corresponds to the absorption range
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Fig. 2. Absorption spectra of the Ho(4%):PWO in the red and near-IR
spectral regions.

of 1.83-2.13 um (Av ~ 762 cm™ '), while in the PWO crystal
it corresponds to the range of 1.9-2.08 um (Av=
460 cm ). Other significant dissimilarities relate to the dif-
ferences in the absorption spectra profiles: while in the
YAG crystal the absorption band is formed by the super-
position of the set of the narrow absorption lines with
the bandwidth of only several nanometers, the absorption
in the PWO crystal is due to the superposition of several
strongly broadened lines (e.g. the 1956 nm line has FWHM
of 28 nm). The shapes of the absorption bands were the
same in all the Ho:PWO crystals in the studied 0.2-4 at.%
range of their concentration; hence, no inhomogeneous
broadening associated with different Ho concentrations
was observed. In contrast to Ho:YAG’s absorption, one
of the possible reasons for larger Ho:PWO absorption
band broadening at RT can be a stronger overlap of the
Stokes components in the PWO crystal due to a smaller
energy level splitting. Another reason can be due to a dif-
ferent crystal field variation near holmium site—trivalent
Ho ions occupying Pb** sites in Ho:PWO can experience
charge compensation altered with respect to Ho:YAG’s,
giving rise to a larger crystal field non-uniformity. The
PWO crystals are uniaxial and two polarized spectra are
necessary to characterize the electrical dipole transitions.
However, as it was pointed out in [19], the considered tran-
sitions in holmium are magnetic-dipole allowed and, there-
fore, three types of polarized spectra are necessary to
characterize the optical properties: (a) E L z, H L z, k|| z;
(b)) ELz, H||z, k Lz (c) E||z, H|| z, k L z. The results
of the polarized measurements of the °Ig — °I; Ho>"
absorption at RT are depicted in Fig. 4. As one can see
the largest coefficient of absorption corresponds to the
excitation light propagating along the PWO crystal optical
axis (curve iii). The difference in the absorption in the cases
(iii) and (ii) can be explained by the input of magnetic-
dipole transitions. In the case of incident radiation with
E || z polarization (i), the peak absorption of Ho is only
10% smaller than in the cases of (iii) and (ii); however,
for this polarization their absorption peaks for both short
wave and long wave regions of the spectra are more pro-
nounced. Because of this, this polarization looks attractive
from the point of view of the realization of Ho lasing under
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Fig. 3. Absorption spectra of Ho>" ions at *Ig — °I; transition in PWO crystal at 7= 30 K (i) and room temperature (ii). Room temperature absorption
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Fig. 4. Polarized *Is — °I, absorption spectra of Ho(4%):PWO crystal at
room temperature for E || z (i), H || z (ii); k || z (iii) polarizations of incident
light.

resonance excitation of the °Ig — °I transition. The depen-
dence of the peak absorption coefficient as a function of the
Ho concentration is demonstrated in Fig. 5. As it can be
seen from the figure, for low concentration of Ho ions
the dependence is linear, while for the high concentrations
the peak absorption starts to roll-off from the linear depen-
dence. Technological factors could be the most probable
reasons for this behavior; in particular, it could be due to
the saturation of Ho doping of the PWO crystal with the
increase of Ho concentration in the melt.
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Fig. 5. Dependence of the maximum absorption coefficient at 1956 nm
versus Holmium concentration.

The lifetime of °I, state in the Ho(0.5%):PWO crystal
was measured to be T=6.1 ms at RT and 7 =5.0 ms at
77 K (see Fig. 6A, curves i and ii, respectively). We believe
that this difference can be explained by fluorescence trap-
ping (see for example [20] and references herein). Strong
luminescence trapping can be explained by the strong over-
lap of the absorption and luminescence bands due to rela-
tively small level splitting, as well as the high quantum yield
of luminescence. The weakening of luminescence trapping
at low temperatures can be due to a smaller overlap of
absorption and emission spectra. The most pronounced
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Fig. 6. (A) Kinetics of Ho*" luminescence at’I; — I transition for Ho(0.5%):PWO at RT (curve i) and 7'= 77 K (curve ii). (B) Kinetics of Ho(4%):PWO
crystal at RT. Curves demonstrate kinetics of luminescence measured from the pumped region (iii) and collected from the unexcited part of the sample at
~4 mm from the excited zone (iv). Curve (v) demonstrates temporal profile of the pump radiation.

effect of luminescence trapping was observed with the
highly concentrated Ho(4%):PWO sample. The Ho(4%):
PWO crystal with 5 mm thickness features luminescence
decay with the lifetime of 7 ~ 14 ms; i.e. approximately a
three-fold increase with respect to the lifetime of the excited
state measured for the low concentrated sample. This lumi-
nescence lifetime was practically independent of pump
intensity over a wide range (0.6-10 W) of incident pump
power. At the same time, the decrease of the sample thick-
ness to 1 mm led to the luminescence lifetime shortening
(t =~ 7.3 ms) practically to the value of the lifetime observed
for the weakly doped crystal. To demonstrate that the
observed luminescence lifetime increase is actually related
to the fluorescence trapping effect we compared lumines-
cence signals collected from the excited (Fig. 6B, curve
iil) and unexcited regions of the sample when the signal
from the pumped region was blocked by the diaphragm
(Fig. 6B, curve iv). The spatial separation between the
pumped region and the region from which the lumines-
cence signal was collected was approximately equal to
4 mm. As it can be seen from the Fig. 6B, curve (iv), the sig-
nal is essentially non-exponential, and it is interesting to
note that the signal of luminescence reached a maximum
value after 2 ms delay compared to the pumping pulse.
The cross-section of absorption of Ho ions was calcu-
lated with the use of the linear extrapolation of the coeffi-
cient of absorption for low concentrations of Ho (see
Fig. 4). Emission cross sections at RT are determined using
either the reciprocity method (RM) or the Fuchtbauer—
Landenburg equation. According to RM method the
absorption and emission cross sections are related as:

Oem (V) = Jab(v)% exp([E. — hv]/kT), (1)

where E_; is the energy separation between the lowest crys-
tal field components of the upper and lower states, Z,, Z,
are partition functions that can be obtained using the en-
ergy gap (E;, E;) from the lowest crystal field level of each
manifold, and (g;, g;) energy-level degeneracies obtained
using the following equations:

Zy=_ 8;exp(—AE;/kT), (2)

Zi="_ &exp(~AE;[KT). (3)

The Z,/Z, factor depends on temperature but does not
have any spectral dependence. For finding the Z,/Z,, factor
and E.;, the absorption spectrum of Ho (4%):PWO at
T =30 K was measured (see Fig. 3 curve i), in addition
to the RT measurements. As seen from the figure, the zero
line transition corresponds to 1951 nm and practically
coincides with the maximum of absorption at room tem-
perature. It was not the goal of this work to determine
the complete Stark level structure; however, the measured
absorption spectrum makes it possible to estimate the en-
ergy splitting of the °I; multiplet AE, ~ 140 cm™'. The
comparison of the absorption spectra measured at
T=30K and RT allows us to also estimate the energy
splitting of the ground state AE; ~ 320 cm~'. These mea-
surements along with the known stark structures of hol-
mium in other crystals allow sufficiently accurate
evaluations of the Z,/Z, value in the PWO crystal without
knowing the precise levels position. At first, we will com-
ment that in crystals, with a small level splitting (AE;
AE, << kT ~ 207 cm™ "), the Z,/Z, factor is equal to the ra-
tio of level degeneracies, i.e. Z,/Z, = g,/g; ~ 1.13. One crys-
tal of the tungstate group with a well established level
structure of Holmium appears to be Ho:CaWO, [21]. The
level splitting and the partition function in this crystal are
calculated according to data from [21] AE;=325cm !,
AE,=140 cm™!, and Z/Z, = 0.81. As seen, the parameters
of the multiplet splitting in these crystals are very similar to
each other (in crystal PWO the splitting is negligibly smal-
ler); therefore, for the calculation of the cross-section of
luminescence we used the value of Z,/Z, = 0.85. The polar-
ized emission spectra calculated according to the Egs. (1)—
(3) are demonstrated in the Fig. 7 curve (ii).

On the other hand the emission spectra in cross-section
units can be obtained with the use of the Fuchtbauer—Lan-
denburg equation:
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where A — emission wavelength, n = 2.2 — refractive index, ¢
— speed of light, 7,,q4 — radiative emission lifetime, and 7 —
intensity of luminescence. In our calculations we assumed
that the radiative lifetime is close to t = 5 ms (Ho lifetime
measured at 77 K in a weakly (0.5%) concentrated sample).
Polarized RT emission spectrum /(1) were measured using
Acton Research ARC-300i spectrometer under 1908 nm
Er-fiber laser excitation. As one can see from Fig. 7, both
methods (FL and RT) demonstrate very similar calculated
emission cross section profiles. Maximum value of Ho:P-
WO absorption cross-section is g,, &~ 1.6 x 1072 cm? at
1956 nm and H || z polarization of incident light. On the
other hand, the maximum value of the emission cross-sec-
tion 1S Gem~0.9 x 107°cm? at 2045nm for E|z
polarization.

5. Raman scattering experiments

Fiber-bulk hybrid lasers utilizing Er**, Tm*", and Ho*"
doped gain media operating at 1.6, 1.9, and 2.1 um, respec-
tively are widely used at present. Recently SRS measure-
ments in BaWQO, crystals under 1.9 um and 1.6 um
pumping were reported in [22]. One of the aims of the pres-

ent work was to perform similar SRS studies in PWO crys-
tals under 1.6 and 2.0 um excitation. To study the
stimulated Raman scattering in the PWO crystal in the
mid-IR spectral range, we used the optical set-up shown
in Fig. 8. PG-401 EKSPLA OPG was used as a pump
source and provided tunable radiation with pulse duration
of ~25 ps and better than 12% pulse to pulse output energy
stability. Pump radiation was focused into the nonlinear
PWO Raman crystal by a lens with the focal length of
250 mm. The PWO Raman crystal was 29 mm long with
plane-parallel optical faces without antireflection coating.
The PWO crystal was placed in the focus of the pumping
beam. The pulse energy measurements for SRS and pump
pulses were provided by an EMG power meter from
“Molectron”. Spatial energy distributions were determined
by the standard knife-edge method (scanning the knife’s
edge in the direction perpendicular to the direction of the
beam propagation and corresponding measure of transmit-
ted energy). The experimental results of 1.7 pm radiation
fits Gaussian spatial distribution with w=0.194 um
FWHM. All stimulated Raman experiments were made
at RT.

One of the goals of this work was the investigation of
the PWO SRS threshold for 2.5 pm first and second Stokes
generation. It is well known that the SRS threshold nonlin-
early increases with the increase of the pump wavelength.
On the other hand, the threshold for SRS of the second
Stokes at 2.5 um can be significantly lower than the thresh-
old for the first Stokes at the same wavelength [22]. This
phenomenon is important from the practical point of view
since SRS thresholds in the mid-IR can be close to the level
of optical damage of the used nonlinear crystals. In the cur-
rent work we used pumping radiation with wavelengths
2017 and 1702 nm. PWO crystals feature an effective
Raman scattering with a frequency shift of 901 cm™'. In
result, the second SRS Stokes in PWO under 1702 nm
pumping practically coincides with the first Stokes under
2017 nm excitation (2455 and 2565 nm, respectively).

Ap=2.1-1.5 pm
OPG >
Attenuator
Energy Meter
Z < Focusing lens =

<
<«

InSb Energy Meter

PWO
Crystal

Spectrometer

Scattering plate

Fig. 8. Experimental setup for stimulated Raman measurements.
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The measured spectra of the SRS radiations under 1702
and 2017 nm pumping are depicted in Fig. 9A. Fig. 9B
demonstrates plots of the relative energy of SRS pulses at
2.5 um as a function of the pump pulse energy. To measure
input-output dependences, 1024 pulse Raman signals were
accumulated at each pump energy. Maximum efficiency of
SRS conversion of pump to 2.5 um radiation was of the
order of several percent. As one can see the threshold for
the 2.5 um first Stokes generation under 2017 nm excitation
is ~60 pJ. On the other hand, the threshold for the second
Stokes generation at the same wavelength was approxi-
mately twice smaller. Our experiments also showed that
the SRS threshold for the second Stokes generated by
1702 nm pulses practically coincided with the threshold
level of the first Stokes. The physical reason for such
behavior was suggested in Ref. [22] and can be explained
by two factors. First of all, SRS threshold significantly
increases with pumping wavelength shifting to mid-IR
spectral region. Second, in the case of second Stokes gener-
ation at 2.5 um, the pump (1.7 um) and first Stokes
(2.0 um) radiations contribute to the seeding for second
stokes generation (2.5 um) due to four-wave parametric
process. This seeding is absent in the case of first stokes
generation (2.5 um) under 2.0 pm radiation pumping.
Hence, it was shown that for PWO crystal a multi-stage
SRS conversion of the pump radiation to the 2.5 pum spec-
tral range is more efficient than single-cascade conversion.

6. Conclusions

In conclusion, the absorption and luminescence proper-
ties of Ho:PWO crystals in the visible and middle infrared
spectral ranges were studied at room and low temperatures.
The inhomogeneous broadening associated with different
Ho concentrations was not observed and the shape of the
absorption band was the same in the 0.2-4 at.% range of
holmium concentration. The maximum absorption cross
section was estimated to be .~ 1.6 x 107 cm? at
1956 nm and H || z polarization of incident light. The mea-
sured luminescence life-time at °Ig — °I; transition was

equal to 5 ms. The maximum value of emission cross-sec-
tion was calculated to be Gem=~0.9 x 107 cm? at
2045 nm for E || z polarization.

Stimulated Raman scattering in PWO crystals was
investigated under 2.0 and 1.7 um excitations. Our SRS
experiments demonstrated that the threshold for the
2.5 um first Stokes generation under 2017 nm excitation
was approximately twice bigger than the threshold for
the second Stokes generation at the same wavelength under
1702 nm wavelength excitation. The results show that
Rare-Earth doped PWO crystals can be promising as a
self-SRS laser media operating in the mid-IR spectral
region.
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