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ABSTRACT

PWO crystals were grown using the Czochralski method with concentrations from 0.2% to 4%. The polarized optical
absorption, emission, and kinetics of fluorescence were measured at room temperature and low (14K) over a spectral
range of 0.2 to 3 microns. The spectroscopic data were then used to calculate the absorption and luminescence cross
sections. The maximum absorption cross at *I;3,—"I;s, transition section was calculated to be 6=8.0x10?' cm” at 1500
nm and E||z polarization of incident light. The measured luminescence lifetime at this transition was 5.6 ms.
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1. Introduction

In recent years, stimulated Raman scattering (SRS) has become a well known technique for shifting the frequency of
laser radiation to new spectral regions where direct laser oscillation is not available. The solid-state Raman lasers
operating in the middle-infrared (mid-IR) spectral range are quite valuable for a variety of uses in medical,
environmental, and sensing applications.

Lead tungstate PbWO,(PWO) crystals have been known for decades for their scintillation properties [']. They have
garnered much interest since they have been selected as the material of choice for scintillation detectors used for the
precise electromagnetic calorimeter (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 [*]. Because of all the accrued interest, a low-
cost growth technique for large scale PWO crystals was developed. Later, interest in PWO crystals grew again because
of their interesting properties as a nonlinear solid-state material for the SRS [*,*].

Additionally, the crystal structure of tungstate crystals allows the introduction of rare-earth (in this case Erbium)
impurity ions and the utilization of these doped active crystals for lasing accompanied by Raman self conversion of
radiation to a new spectral range [®].

The objective of this work is to study the spectroscopic characteristics of Er doped PWO crystals for identification of
their feasibility as a combined self-gain Raman medium for the development of an effective fiber-bulk hybrid system
operating at room temperature in the middle infrared spectral range.

2. PbWOy crystal properties

Some physical properties of tetragonal PbWOQ, single crystal are presented in Table 1. It is nonhygroscopic, low-cost,
and features reasonable mechanical properties. As a scintillation material it has the lowest radiation length among other
scintillators -- 0.85 cm. PWO is a negative uniaxial crystal with a wide range of optical transparency from 0.33 to 5.5
microns. The structure of PWO is depicted in Fig. 1 and is similar to Calcium Tungstate, or sheelite. In this structure,
each Tungstate ion is surrounded by 4 oxygen ions and each lead ion is surrounded by 8 oxygen ions. As we know, the
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sheelite structure can accommodate many rare earth ions and Erbium in this crystal usually isomorphly substitutes lead
which is accompanied by the formation of adjacent lead vacancy or an interstitial oxygen ion. Usually charge
compensation is provided by a lead vacancy. As many crystals of sheelite structure, PWO has the strongest active Raman
mode of 901 cm™ provided by the vibrations of the Tungsten-oxygen tetrahedral.

Table 1. Some physical properties of PbWO, single crystals taken from references [3,4,5]

Necessity for moisture protection no
Cost low
Hardness (Mohs scale) 4-5
Melting point 1123 C
Density 8.28 g/em’
Radiation length, cm 0.85
Classification Negative uniaxial
Unit cell a=5.462; ¢c=12.049
Refractive Index at 700 nm ny=2.221%0.009;
n,=2.156+0.009
Optical transparency, pm 0.33-5.5
Strongest active Raman mode 901-905 cm’
Linewidth 4.7-4.3 cm™ (RT)
1* Stokes Raman Gain coeff. & 1.06 pm, cm-GW! 3.1
<
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Fig. 1 The structure of PboWOy is similar to CaWOs,, (sheelite). Each W is surrounded by four O*” and each Pb*" is
surrounded by eight 0>~ adopted [4]
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3 Crystal Preparation and Experimental Techniques

The growth of the experimental crystals was done by the Czhochralski method in the inert atmosphere from the re-
crystallized charge prepared from high purity chemicals. Six experimental crystals were grown with Erbium
concentrations of 0.1%, 0.2%, 0.5%, 1%, 2% and 4% atomic percent. The crystals were all rectangular prisms of the size
Smm x Smm x 10 mm, except the 2% and 4% concentrated crystals. They were sized Smm x Smm x 30mm and 5mm x
Smm x 40 mm, respectively. It should be noted that it was difficult to polish the crystals on the sides that were
perpendicular to the optical axis. Due to the intrinsic properties of the crystals, these sides were much “softer” than the
other sides of the crystals.

Room temperature (RT) absorption measurements in the visible and mid-IR spectral regions were performed with
Shimadzu “‘UV-VIS-NIR-3101PC” spectrophotometer. Unpolarized and polarized absorption spectra were also
measured at low temperatures with a close-cycle helium cryostat (Janis Research Co, Inc., Model CCS-450) and a
computer-controlled 0.75Sm Acton Research ‘‘SpectraPro-750” spectrometer. The experimental set-up for measuring
low-temperature absorption is depicted in Fig. 2. The kinetics of fluorescence and fluorescence spectra were measured
using the Acton Research ARC-300 I spectrometer with photomultiplier, InGaAs, and InSb detectors. As an excitation
source we used 532 nm radiation of second harmonic of CW Nd:YAG laser as well as 980 and 1532 nm radiations (5 ns
pulse duration and 10 Hz repetition rate) of Spectra Physics optical parametric oscillator pumped by the 354 nm radiation
of the third harmonic of QuantaRay Nd:YAG laser.

Controller

CC Refrigerator

Mechanical chopper

Fig. 2 Experimental Set-up for low temperature absorption measurements: Lamp (Acton Research TDS-
429); Mechanical Chopper (Stanford Research Systems SR540); Temperature Controller (LakeShore
Autotuning 330); Spectrometer (Spectra Pro 750i); Controller (Acton Research Corporation); Detectors
(Acton Research Photomultiplier PD-439; Acton Research ID-441-C); CC Refrigerator: Helix Technology
Corporation CTI-Cryogenics.
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4 Spectroscopic Results and Discussion

Figure 3.A demonstrates unpolarized absorption spectra of 1% Er:PWO crystals in the UV-Visible spectral region. One
can see that the fundamental UV absorption edge overlaps with Erbium ‘G multiplets near 350 nm transition from the
ground state. 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. The RT absorption spectrum of undoped PWO crystal over the 2-10 pm range is depicted in Fig.
3B. As one can see from the graph, the PWO absorption spectrum begins from 4 um and consists of several bands.
Therefore the Er:PWO crystal, featuring effective optical phonon of v= 901 cm™, is attractive active crystal for self-
Raman lasing operating at 1.6 and 2.8 um erbium transitions. It is interesting that even though the absorption of the
crystal started from 3.9 pm, the crystal has a window of transparency, with a small loss, in the important IR spectral
range of 4.5-4.9 um.
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Fig.3 Unpolarized UV—visible (A) and mid-IR (B) absorption spectra of Er(4%):PWO (ii) and undoped PWO
crystals (i)

Erbium multiplets of PbWO,:Er located in the near IR spectral region are more interesting for laser application. The
PWO crystals are uniaxial and two polarized spectra are necessary to characterize the electrical dipole transitions.
However, as it was pointed out in [], the considered transitions in Erbium are magnetic-dipole allowed and, therefore,

three types of polarized spectra are necessary to characterize the optical properties: (a)ELz, H1z, k||z; (b) ELz, HJ|z, klz;
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(C) EHZ, H”Z, klz. The results of the polarized measurements of the 4115/2—)419/2; 4115/2—>4111/2; and 4115/2—)4113/2 Er
absorption at RT are depicted in Figs.4 A,B,C, respectively.
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Fig. 4 A: Polarized absorption spectra PboWO,:Er 2% crystal at *I;5,—"I,, transition. Crystal Thickness: for E||Z = 0.485 cm (solid

line), H||Z = 0.485 cm (dashed line), K||Z=0.272 cm (dash-dotted line). B: Polarized absorption spectra PbWO,:Er 2% crystal
at *I;5,—"1, ), transition. Crystal Thickness: for E||Z = 0.485 cm, H||Z = 0.485 cm, K||Z=0.272 cm. C: Polarized absorption
spectra PbWO,:Er 2% crystal at 4115/2—>4113/2 transition. Notice that the coincidence of the peaks for A and B are caused

because the magnetic dipole transitions are forbidden for AJ>1. For C, since AJ=1, the magnetic dipole transition is allowed
and the peaks do not coincide.
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As one can see the largest coefficient of absorption corresponds to the electric field of excitation light propagating along
the PWO crystal optical axis (red). The difference in the absorption in the cases (E||z) and (H||z and k||z) can be explained
by the input of magnetic-dipole transitions. For 115913 Br absorption transition in the case of incident radiation with
E||z polarization (red), the peak absorption of Er is 6 times larger than in the cases of H||z and k||z. In addition, for this
polarization their absorption peaks for both short wave and long wave regions of the spectra are less pronounced.
Because of this, this polarization looks attractive from the point of view of the realization of Er lasing under resonance
excitation of the *I,5,—>"13, transition. Low temperature absorption measurements allowed us to calculate the Stark
level splitting for several multiplets: AE (“I;s») = 300 cm™, AE (*Iop) = 215 em™, AE (*Ss) = 40 cm™, and AE (*Fs) = 53

em’™l.

The cross-section of absorption of Er ions in PWO at 1505 nm transition can be calculated as coefficient proportionality
between the coefficient of absorption and Er concentration. For its calculation polarized absorption spectra (depicted in
Fig. 5) of PWO crystals with different concentration of Er ions were measured for E || Z.
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Fig. 5 Polarized absorption spectra of PWO crystals with different concentration of Er ions
measured for E || Z. Crystal Thicknesses: 4% = 0.512 cm (i), 2% = 0.560 cm (ii), 1% = 0.331 cm
(iii), 0.5% = 0.258 cm (iv), 0.2% = 0.484 cm (v).

The dependence of the peak absorption coefficient at 1505 nm as a function of the Er concentration is demonstrated in
Fig. 6. As it can be seen from the figure, for low concentration of Er ions the dependence is linear, while for the high
concentrations the peak absorption starts to roll-off from the linear dependence. Technological factors could be the most
probable reasons for this behavior; in particular, it could be due to the saturation of Er doping of the PWO crystal with
the increase of Er concentration in the melt.

The cross-section of absorption of Er ions was calculated with the use of the linear extrapolation of the coefficient of
absorption for low concentrations of Er (see Fig. 6). The maximum absorption cross section was estimated to be
6=8.0x10*' cm? at 1505 nm and E||z polarization of incident light.
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Fig. 6 Dependence of absorption coefficient of Er at 1505 nm as a function of Er concentration
(i) Small concentration fit; (ii) fit including 4% concentration of Er.

The RT kinetic of the photoluminescence measured at 30— *1;5,, transition was single exponential with lifetime t=5.6
ms (see Fig. 7) coinciding with the accepted values in modern literature [*]. This lifetime is practically temperature
independent and can be considered as radiative lifetime of Er at 30— *1,5), transition.
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Fig. 7 RT Kinetics of luminescence of 0.25% Er:PWO crystal measured at 1533 nm under 532
nm excitation.

Emission cross section of Er at *I;3,—> *I;s), transition at RT were 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:
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Z
Gem (V): O-ab (V)Z_lexp([Ezl - hV]/kT), (1)
where E,-is the energy separation between the lowest crystal field components of the upper and lower states, Z,, Z; are
partition functions that can be obtained using the energy gap (E; E;) from the lowest crystal field level of each manifold,
and (g; g;) energy-level degeneracies obtained using the following equations:

Z,=%.8,expl-AE, /kT) 2)

Z, =3 g, exp(~ AE, [kT) 3

The Z/Z, factor depends on temperature but does not have any spectral dependence. On the other hand the emission
spectra in cross-section units can be obtained with the use of the Fuchtbauer-Landenburg equation:

o (1)= A1(2)
“ 8men’r,, I[ (ﬂ)ﬂd/i ’

where A - emission wavelength, n=2.2 - refractive index, ¢ - speed of light, 7,4 - radiative emission lifetime, and 7 —
intensity of luminescence. In our calculations we assumed that the radiative lifetime is close to =5.6 ms.
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Fig. 8 RT Absorption (i) and emission spectra calculated using reciprocity method (ii) and Fuchtbauer—
Landenburg equation (iii).

As one can see from Fig.8, both methods (FL and RT) demonstrate very similar calculated emission cross section
profiles. Maximum calculated value of Er:PWO emission cross-section is Ger®0.8x10%° cm? at 1533 nm.

It was also of great interest to study mid-infrared emission of Er:PWO at 11,3, 2.8 pm transition. Figure 9
demonstrates emission spectrum of 4% Er:PWO at 1,13, transition measured at room temperature. As one can see
the mid-infrared luminescence band is broadened, features FWHM of ~ 150 nm and is promising for lasing tunable over
2670-2870 nm spectral range.

5 Conclusions

In conclusion, the absorption and luminescence properties of Er:PWO crystals in the visible and near infrared spectral
ranges were studied at room and low temperatures. The maximum absorption cross section was estimated to be
6=8.0x10?! ¢m? at 1505 nm and E||z polarization of incident light. The measured luminescence lifetime at N30,
transition was 5.6 ms. The maximum emission cross section was estimated to be 6=8.0x10' c¢cm?® at 1533 nm.
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Luminescence spectrum of Er:PWO at *I,,,—"I,3, transition centered at 2730 nm is broadened, features FWHM of ~
150 nm and is promising for lasing tunable over 2670-2870 nm spectral range.

Transmission (Arbitrary Units)

0'0 1 1 1 1 1 1 1

2600 2650 2700 2750 2800 2850 2900

Wavelength, nm

Fig. 9 Luminescence spectrum of 4% Er:PWO at *I,1,—"1,3)» transition measured at room temperature.
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