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Abstract: The paper, at first, discusses theoretical aspects of acoustic wave propagation in lead
tungstate (PWO). After that, it introduces the application of laser ultrasonics to PWO crystals with
the aim of measuring the acoustic properties and the absorbed energy. A specific set-up has been
developed to deposit energy in the crystals by means of shock waves generated by a pulsed Nd-YAG
laser. We measured the acoustic properties of the PWO crystals along the crystallographic ¢ axis and
measured the acoustic energy absorption. Calculations confirmed that the majority of the energy has
been absorbed in the samples. Since in scintillating crystals the radiation damage leads to a decrease
in the optical transmission, the paper formulates the hypothesis that the laser energy absorbed can
sustain recovery of the optical transmittance properties. Preliminary tests of light transmittance
measurements showed a systematic improvement of optical transmittance after laser treatment in a
series of PWO samples. These results are consistent and in agreement with the hypothesis, and they
support the feasibility of a laser-based method to recover radiation-damaged crystals.

Keywords: crystals; lead tungstate; acoustic properties; mechanical properties; energy absorption;
radiation recovery; reliability; optical properties; laser ultrasonics

1. Introduction

Lead tungstate, PbWO,, henceforth referred to as PWO, is among the best-known
and most efficient scintillators for high-energy physics. The scintillating properties have
already been studied [1-4] as well as the structural and some mechanical properties [5,6],
while the optic and elasto-optic behavior has been investigated in [7-10]. The evaluation of
crystals conditions, detecting the defects and internal stress, was examined by means of
photoelasticity and other analytical techniques in different papers [11-16]. The research on
PWO and the development of methods for crystal characterization have a relevant impact
on the crystal industry, high-energy physics laboratories, and biomedical imaging. For
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Licensee MDPL Basel Switzerland.  iNstance, in high-energy physics laboratories, the calorimeter CMS at CERN is composed of

about 80,000 large PWO crystals, and the PANDA project calorimeter too is strongly based
on around 16,000 PWO [17-25]. This induced a great effort in deepening the knowledge of
crystal properties and in the development of quality control methods; in fact, the detection
of defects and internal stress was fundamental in the screening of the samples for CMS
during the procurement phase. Quality monitoring is still of interest; it is a useful tool for
40/). checking crystals exposed to radiation for possible associated radiation damages. For this
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scope, research is directed towards the development of fast and easy-to-apply recovery
techniques, possibly without the need to disassemble crystals from the detectors. In real-
world operating conditions, crystals undergo temperature and humidity variations, and
they are damaged by ionizing radiation such as X- or y-rays, hadrons, or heavy ions that can
reduce the optical transmittance and, in turn, the light yield of the crystal [26]. At relatively
high doses, the radiation damages the crystal structure and creates defects that affect the
optical transmittance due to the increased intrinsic absorption of the light produced by
the scintillation. Radiation damage can induce, acting also on pre-existing defects, the
formation of interstitial vacancies, Frenkel type defects (FID), and clusters [27,28]. In oxide
crystals, the interstitial oxide defects act as electrons or hole traps that absorb the light,
creating the color centers. In a self-activated scintillator, such as a PWO, the phenomenon
is evident. The color centers are generally metastable, and the sample can be recovered,
providing energy, by heating [4,29]. In fact, heating above 200 °C, well below the PWO
melting point (1123 °C), depopulates color centers [27-29]. Moreover, it must be taken
into consideration that, due to radiation damage, its behavior during and after irradiation
should be different. This is due to the manifestation of transient radiation defects [30].

As far as we know, the mechanical properties of PWO, such as acoustic properties and
energy absorption, have not yet been studied to a full extent from both the theoretical and
experimental points of view; hence, in this paper, we first provide the results of a theoretical
study of the coupled bulk and lattice wave propagation in a tetragonal crystal. In [31], a
detailed analysis of the vibration spectrum (frequency and vibration modes) was provided
by modeling the crystal as a continuum endowed with a tensorial microstructure, which
represents, at the mesoscopic scale, the crystal lattice. The spectrum depends on a set of
43 macroscopic parameters that can be measured with a series of dedicated experiments.
At the present stage, we know only those parameters that characterize the linear elastic
behavior by means of the elasticity tensor, i.e., the acoustic properties; the design of the
complete set of experiments is a goal to be achieved as a further step in this research.

Moreover, in this paper, we present an original setup and a procedure to subject the
crystals to laser shock waves. Once the ultrasonic waves are generated, the experimental
layout has been arranged to measure the acoustic properties of the PWO. The evaluated
adsorption and transmittance coefficients allow one to measure the deposited energy in the
crystals. This dedicated set-up demonstrates, as a first step, the feasibility of a cold recovery
of crystal properties by means of energy absorption. PWO samples have been chosen for
their wide use in different severe environment, such as CMS and PANDA detectors. Even
if the methodology is applicable to a number of crystal and material species, lead tungstate
represents one of the most exposed materials to a harsh radiation regime.

A cold recovery method deserves interest because it is more convenient and easier
to apply to complex and delicate devices. This paper paves the way in that direction by
exploring the possibility of depositing energy in the crystals by means of laser-induced
shock waves. In order to progress towards the experimental development of such a method,
it is necessary to start with the study of mechanical wave propagation in crystals and the
related energy absorption.

2. Materials and Methods
2.1. Bulk and Lattice Waves Propagation in PWO

There are some questions related to the feasibility of the methods that need preliminary
answers since, in the vibration process, some of the incoming energy will be lost in the
macroscopic vibrations of the massive crystal while another part of the same energy will
vibrate the crystal lattice. Crystal recovery is triggered by crystal lattice vibrations, which
need to be excited. Therefore, we need to know in advance which frequencies are related to
bulk and to lattice vibrations and which amount of energy will be lost, for our purposes,
into bulk vibrations. In order to give the mathematical background that is necessary to do
this, here we recall some of the results obtained in [30], where the problem was addressed
with reference to anisotropic crystals.
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Wave propagation in crystals can be modeled either by classical lattice dynamics as
in [32] or by the mechanics of continua with affine structure [33]. In this case, the kinematics
of a crystal at a point x and time t are described by the classical displacement field vector
u = u(x,t), which accounts for the vibrations of the “bulk” crystal, and by a second-order
tensor L = L(x,t) which accounts for the lattice vibrations. Here we briefly recall the results
obtained for tetragonal crystals (as PWO) in [31] in the case of a propagation direction m
that is parallel to the tetragonal ¢-axis.

If we seek the solution of the dynamical macro- and microscopic balance laws with
linearized constitutive relations in terms of plane progressive waves:

u(x,t) = Lmae', L(x,f) = Ce, o=¢xm— wt, 1)

where w is the frequency, m is the direction of propagation, & = A~1 > 0 is the wavenumber,
and A is the wavelength, and where the vector a and the tensor C denote respectively the
dimensionless displacement and micro-distortion amplitudes, which in the general case are
complex-valued. The length L,, > 0 is a macroscopic characteristic length, which accounts
for the crystal specimen size. The model introduces two further characteristic lengths,
namely the lattice length L; > 0 and the correlation length L. > 0 which are related to the
non-local effects associated with the gradient of the micro-distortion tensor L(x,t). If we
define the two dimensionless parameters

C1=Lc/L, Co=L;/Lm, )

then for {1 — 0 we are considering large samples of crystals, and in the limit {; — co we
are zooming into the microstructure. In the case {, — 0 we are instead neglecting the
contribution of micro-inertia with respect to the macroscopic inertia.

It is important to remark that in the limit for {; — 0 the propagation condition reduces
to the classical acoustic propagation condition

A(m)a = ?a,

with A(m) the acoustic tensor associated with the propagation direction m and a the
amplitude of the bulk waves; on the other hand, in the {; — o we describe only the
spectrum of lattice vibrations. These two limiting cases can be the starting point for the
experimental determination of the constitutive parameters.

The propagation condition for (1) is represented by a twelve-dimensional eigenvalues
problem whose characteristic equation is

det(A(E, C1, 02) — w?)) =0, 3)

where A is a 12 x 12 Hermitian matrix. The eigencouples are accordingly functions of the
wavenumber ¢ and of the two dimensionless parameters {7 »:

¢— (wk(g)r wi(9)), k=1,2,...,12 4)

The functional dependences between w and ¢ are called the dispersion relations, and
in terms of these relations, we can define the phase velocities v’ and group velocities

vi8 as:
wi(4) dwi (§)
¢’ ac '

As far as the wave classification is concerned, we may have either:

of = o = k=1,2,...,12 @)

Acoustic waves, whose frequencies wy(¢) are going to zero for { — 0;
Optic waves, for which the limit for { — 0 is different from zero: the limit wyi(0) is
called the cut-off frequency with group velocities v;8(0) = 0;
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e Standing waves, associated with imaginary values ¢ = %ik, k > 0 for some frequencies,
do not propagate but keep oscillating, increasing or decreasing, in a given, limited
region within the crystal.

In [30], we found fairly general results that are valid for any anisotropic material and
which can be summarized as follows:

There ever existed three acoustic and nine optical waves;
The cut-off frequencies for the optical waves are the limit as ¢ — 0 of the eigenvalues
of 3);

e  The frequencies for the acoustic waves are the eigenvalues of (3), which are going to
zero in the limit for { — 0;
The eigenvectors for { — 0 are real;
There are no standing waves.

These fairly general results were then specialized for tetragonal crystals and propaga-
tion directions parallel to the tetragonal c-axis. If we take an orthonormal frame {e;, ey, e3}
with e3 directed as the c-axis, we find that the eigenmodes depend on three orthogonal
vectors ay, k =1, 2, 3 which account for the macroscopic “bulk” components of vibrations
(as in the classical acoustic wave propagation in three-dimensional linearly elastic and
anisotropic materials) and on the following six second-order tensors, which account for the
lattice vibrations:

e  Non uniform dilatation:

o

D, =

O O
o S O
a o

e Dilatation along e3 and uniform plane strain in the orthogonal plane:

a 0 0
D,=10 a 0
0 0 ¢
e  Shear in the plane orthogonal to e3:
0 a 0
S] =|la 0 O
0 00

e  Shear between e3 and the directione| =wa e; +  ey:

0 0 B
52 =10 0 —
B —a 0

0 w 0
R1 =|-w 0 0
0 0 0
e Rigid rotation around the direction el =w e +w, e
0 0 —Ww?y

Ry=1]0 0 w1
wy —wq 0
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From the results of [31], we get that, for the tetragonal 4/m class to which PWO crystals
belong, we have three acoustic and nine optical waves that depend on 43 independent
components of the Hermitian matrix A and completely characterize the dynamical response
of the crystal:

(AL) One acoustic wave associated with a macroscopic displacement along ¢ and
a combination of the modes D1, §;, and R, which for { = 0 reduces to a macroscopic
longitudinal wave;

(AT ,2) Two acoustic waves associated with a macroscopic displacement orthogonal
to ¢, coupled with a combination of the modes S; and R;. For ¢ = 0, these waves reduce to
two macroscopic orthogonal transverse waves;

(OL1,2,4,5) Four optic waves associated with a macroscopic displacement along c and
with a microdistortion that combines the modes Dy, S;, and Ry and which, for ¢ = 0, reduces
to the pure microdistortions that combine the modes Dy, S1, and Ry;

(OL3) One optical wave associated with a macroscopic displacement along c and with
a combination of the modes D, and Rjy;

(OT7,8,10,11) Four optical waves associated with a macroscopic displacement orthog-
onal to c coupled with a combination of the S, and R, modes, which for ¢ = 0 reduce to a
shear microdistortion and to a rigid rotation.

Further, in [31], the values of the associated frequencies and their dispersion relations
were given in an explicit form: accordingly, we may design a set of experiments to evaluate
the relevant parameters, as in [8,34], and then it will become possible to “tune-up” the
ultrasound source of energy in order to make the crystal vibrate around some selected
vibration modes, in order to optimize both the energy dedicated to the recovery and the
more effective lattice modes.

2.2. Crystal Samples (PWO)

The lead tungstate, PbWO, (PWO), is a body-centered tetragonal crystal (point
group 4/m with a = b = 0.54619 nm, ¢ = 1.2049 nm (ICDD card n.19-708), density
p = 8280 kg/m?3) [1,5,6]. The three samples studied, which were grown by the Bridgman
technique, have a parallelepiped shape and dimensions 31 x 31 x 11 mm. The crystal-
lographic ¢ axis is about normal to the largest surface. The pulsed laser impinges on the
larger surface, then the generated shockwave travels along the sample thickness (about
11 mm). In Figure 1a, a typical PWO sample used in this paper is shown. The samples were
affected by a lack of transmittance and some general defectiveness, probably due to growth
and aging. However, none of the samples had previously been irradiated.

(@) (b)

Figure 1. (a) the typical PWO sample (b) the scheme of the sample geometry and the area on which
the laser pulses are shot (red dots). The dots indicate the points where the pulsing laser impinges.
The arrow is representing the ¢ axis direction.
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2.3. Laser Ultrasonic Excitation and Measurement Set-Up

A completely non-contact system has been designed in order to excite acoustic waves
in a crystal sample and to detect the vibrations generated. This allows to measure its
acoustic properties and also to realize an ultrasonic treatment of the crystal.

The ultrasonic shockwave is produced by the interaction of the crystal surface with a
high-energy laser pulse; the thermoelastic effect as well as radiation pressure and a contin-
uous interaction of the transmitted optical photons over the internal optical path contribute
to the generation and propagation of the ultrasonic perturbation of the crystal structure.

For this purpose, a 1064 nm Nd-YAG pulsed laser (Continuum NY60-10) has been
used to generate a series of laser pulses with an 8 ns duration and 10 Hz repetition rate.
The energy of each pulse is about E = 200 m], carried by a collimated beam having a 6 mm
diameter; the beam is not focused in order to reduce the risk of crystal surface damage. The
resulting density of energy impinging on the crystal surface is about Eq = 33 mJ/mm?. The
beam is shot orthogonal to the crystal surface.

A mechanical positioner allows to move the squared crystal sample in order to di-
rect laser pulses over a cartesian grid of points with a 1 mm step virtually designed on
its surface.

Each sample was placed to have the larger surface orthogonally oriented with respect
to the pulsed laser beam axis (the ¢ crystallographic axis parallel to the laser beam). The
samples were locally excited by laser pulses over a grid of 20 x 20 points with a 1 mm
step; the grid was virtually designed on the central area of the crystals surface. Figure 1
schematically represents the crystal geometry and the area on which the laser treatment
has been carried out.

The shockwaves generated by the laser pulse are detected and characterized by a laser
Doppler vibrometer [35], based on the Mach-Zender interferometric principle, which makes
use of a 632.8 nm HeNe laser beam with a bandwidth up to 20 MHz (Polytec OFV 505
laser sensor head with OFV-5000 controller and digital decoder DD-300 for displacement
measurement). The laser vibrometer has been set to measure displacement because it
has the largest bandwidth; its sensitivity is 50 nm/V. A high-pass filter has been used
to avoid the detection of low-frequency fluctuations of the sample surface caused by
rigid displacement of the sample. The laser vibrometer signal is acquired by a Tektronix
MS02024b digital oscilloscope, which has a bandwidth of up to 200 MHz.

The layout of the set-up is schematically presented in Figure 2, in which the triggering
scheme is indicated. Each point of the surface was treated for 1 s (10 laser shots on
each point).

Vibrometer controller
_—
- | )

/ —

; Laser
Pulsed laser

vibrometer

oscilloscope

Pulsed laser trigger/ controller

Figure 2. The experimental layout. The pulsed laser controller triggers both the laser and the
acquiring oscilloscope.

When the shockwave is induced in the crystal volume, it runs back and forth, de-
positing its energy over the probed volume. The speed of sound, impedance, intensity
absorption, reflection, and transmittance coefficients (coupled with air) will be evaluated.
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Part of the laser energy impinging on the crystal surface is converted into a shock
wave at ultrasound frequencies. The shock wave travels across the sample at the speed of
sound, hits the opposite surface, and is reflected due to the interface impedance.

The shock wave at the crystal surface appears as an out-of-plane displacement, which
is detected by the laser vibrometer aligned orthogonal to the surface. Due to the high
acoustic impedance of the crystal, which is much higher than that of the air, the traveling
wave tends to remain in the crystal volume; only a small percentage of the energy is
transmitted. Therefore, most of the shock wave energy is deposited in the crystal structure
during the subsequent back and forth of the traveling wave, which appears as a series of
echoes whose amplitude decays due to absorption.

By measuring the wave echoes with the laser vibrometer, the speed of sound and the
wave decay can be measured. Hence, the acoustic impedance (Z), absorption, reflection,
and transmission coefficients (coupled with air) are measured without any contact. At the
same time, the laser ultrasonic tests, repeated over the sample at several points, deposit
some energy onto the crystal, therefore have all the characteristics of the crystal defect
recovery method that we aim to study. In Figure 3, a schematic drawing representing the
envelope of the series of echoes is shown.

A

A

A

A 4

First arrive ]
reflections

Figure 3. Expected signal, A is the amplitude as a function of the time t: First arrive of the wave and
the n reflection (the wave travels two times the sample thickness).

2.4. Data Acquisition and Processing
As already said, our objectives are twofold:

1. Apply the laser ultrasonic method to measure the acoustic properties (speed of sound,
acoustic impedance, acoustic reflection coefficient, and acoustic transmission coeffi-
cient) of PWO crystals by a fully non-contact method.

2. Assess if the pulsed laser excitation of PWO crystals causes any recovery of the
crystal’s optical properties (an increase in optical transmittance).

2.5. Light Transmittance Measurements

We have used an optical spectrophotometer (JASCO V670) to measure the optical
transmittance in the wavelength range A = 300-700 nm with a 2 nm resolution. The
integration time was set to 50 nm/min.

The three samples of PWO have been tested before and after the laser pulse treatment;
this is done in order to observe if the energy deposited by the pulsed laser treatment has
caused any change in transmittance spectrum.
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3. Results
3.1. Measurement of Acoustic Properties of PWO

A typical vibration signal obtained when a laser pulse impinges on the crystal surface
and excites a shock wave is shown in Figure 4. The series of peaks due to the pulse bouncing
back and forth across the crystal are clearly recognizable (red circles). The processing of
such a signal allows one to determine the speed of sound C, as in Equation (6), where T is
the sample thickness and At is the time between two subsequent rebounds.

2T
C_

== ©)

0.8

0.6

0.4

0 5 10 15 20 25 30

Ms

Figure 4. Laser vibrometer displacement following a laser pulse. The detected signal is measured in
arbitrary unit. The principal signal and the subsequent reflections are highlighted by the red circles.
In the figure, a strong initial peak is clearly recognizable at time equal to 0 s, it is maybe due to
electromagnetic noise.

The acoustic impedance Z is defined as

where p is the crystal density.

Further processing allows for measurements of the amplitude decay of the echoes and
the acoustic reflection and acoustic transmission indices of the crystal coupled with air.

If we consider the crystal thickness T = 0.011 m, the sound speed in air C;, =344 m/s,
an air density p, = 1.225 kg/ m?, and an air impedance Z, = p,C, = 421.4 kg/ s-m2, then
it is possible to evaluate the wave speed inside the sample C, and the crystal acoustic
impedance Z (see Figures 4 and 5).

We obtain the acoustic wave speed inside the crystal:

2T

C. = A= 3667 m/s (8)

While the crystal impedance is:

Z: = pcCc = 3.306:107kg/s-m? )
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PWO

AIR

A

Figure 5. The wave path inside and outside (air) the sample. The wave, indicated by the red arrow,

travels normally to the interfaces.

Using the impedances Z, and Z, it is possible to calculate the acoustic reflection R,
and acoustic transmission (PWO-AIR) T, coefficients as

Zo—71\?
Ro=|=——— = 0.99 10
¢ (Zz+Zl) 10)
47~7
T,= —2"1_ =001 (11)
(Zo+ Z24)

We reported, in Figure 6, the normalized pulse sequence while the shock wave re-
bounds back and forth through the sample. The pulse amplitude clearly decays due to the
internal absorption of mechanical energy. The decay time can be evaluated as T = 8.93 ps.
This gives an idea of how the wave is absorbed by the material while the wave runs
through it. The equations (exponential fit) on the top right of the graphs describe the losses
of the amplitude of the pulse; by the coefficient of the exponential, we have a loss of about
30 Np/m or 258 dB/m.

y=1,3341e0112 y=1,3341e30868

Wave decay

Wave decay

12 1.2
1.0
0.8

0.4
0.2

us

Figure 6. In the graph (on the left), the normalized wave pulse amplitude A (a.u. normalized) is
displayed. On the right, is shown the length crossed by the wave, considering the evaluated sound
speed inside the crystal. On the left, the pulse decay is reported as a function of time, on the right
the displacement in a function of time.

3.2. Effect of Laser Pulses on Optical Transmittance

The spectral transmittance of the three PWO samples that underwent the pulsed
laser treatment has been measured before and after the tests; each sample showed an
improvement in the optical transmittance. The results are reported in Figure 7.
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Sample D

80
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60

50

$
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é

30 ¢

transmittance %
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10 o

250 350 450 550 650

-10
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(c)

Figure 7. Transmittance percentage (%), measured before (blue points) and after (red points) the
treatment as a function of the light wavelength. The transmittance improvement is evident in all

the range.

It is known that the light transmittance coefficient of undamaged PWO crystals asymp-
totically tends to 70% over A > 350 nm toward A — 650. Figure 7 shows a transmittance
spectrum in agreement to this. It is also known that the most relevant part of the radiation
damage is located between 350 and 700 nm [1,27,29]. The spectra depicted in Figure 7
confirm that none of our samples underwent radiation damage. On the other hand, the
remarkable result is that all three samples underwent a clear improvement in the trans-
mittance coefficient. The spectra before laser pulse treatment (blue lines) have a smaller
amplitude with respect to the spectra after pulsed laser irradiation (red line). The results
on the three samples systematically show an increase in the transmitted light for all the
wavelengths. The enhancement of the transmittance ranges from a few percentage points to
about 4%. In all three cases, even if our crystals did not suffer from severe radiation damage
but only slight production defects, we observed results consistent with the hypothesis that
ultrasonic excitation causes some improvement in optical properties, namely transmittance,
in defected crystals. The spectra after laser treatment tend towards the transmittance of
undamaged samples, as reported in the literature [1,27,29].

The tests have been carried out on a PWO along its ¢ axis, therefore the characteristics
evaluated can eventually change on the other axes due to the anisotropy of the crystal. We
have not investigated this aspect yet.

4. Discussion

We have developed a test set-up to perform laser ultrasonics on crystal samples of
PWO. The set-up allows us to excite ultrasonic waves in the crystals; we have used it for
two purposes: (a) measure the acoustic properties of PWO; (b) assess the hypothesis of
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ultrasonic recovery of crystal optical transmittance in damaged samples by means of energy
deposition caused by pulsed laser radiation.

In this study, we showed the theoretical background of the phenomena, aimed for a
complete characterization of the bulk and lattice properties by the means of experiment,
and conversely aimed for a fine tuning of the energy and frequency of the ultrasonic waves.
Furthermore, these results are a first step towards a complete characterization of the eigen-
couples of bulk and lattice vibrations we presented in Section 2.1. It is important to remark
that, despite the fact that the phenomena are dissipative in time, we studied a conservative
crystal, since the main information on the spectrum can be obtained by simply studying a
conservative model.

The speed of sound has been experimentally evaluated for the PWO samples along
their ¢ crystallographic axis, allowing the indirect measurement of acoustic impedance Z
and the evaluation of the PWO acoustic transmission/reflection coefficients coupled with
air. These results deepen the theoretical and experimental knowledge of the mechanical be-
havior of PWO, providing experimental values for useful mechanical/acoustic parameters.

Then we considered the hypothesis that ultrasonic waves could produce the recovery
of crystal defects due to energy deposition. For a first assessment of that hypothesis, we
have analyzed the signals acquired in the laser and ultrasonic tests. The results tend to
confirm such hypotheses. In fact, considering that the mechanical energy of the wave
traveling back and forth is absorbed by the crystal, we see a decaying amplitude.

It is worth noting that the high acoustic impedance of Z. with respect to air is essential
to maximize mechanical energy deposition in the crystal. From the calculated transmis-
sion/reflection coefficients, (10 and 11) we obtain that 99% of the energy of the impinging
acoustic wave is trapped in the sample. In fact, once the crystal is excited by a shock
wave, the wave tends to remain in the crystal volume. Therefore, after a short time, the
pulse is completely absorbed by the sample. In fact, we evaluated a decay time t = 8.93 ps
(see Section 3.2). This allows us to estimate that the adsorbed energy is about E, = 99%
E = 198 m] which corresponds to 1.2 x 10'8 eV per pulse.

When we measure the optical transmittance spectra before and after the pulsed laser
treatment, we observe an improvement for crystals that have slight production (or aging)
defects. We did not test samples for radiation damage, which was not available. However,
the experimental evidence collected on the three samples of PWO consistently indicates
that laser pulses create traveling shock waves at ultrasonic frequency, which are absorbed.
These crystals exhibit an increase in transmittance across the spectrum. Therefore, we
conclude that the effectiveness of the pulsed laser treatment is shown by an improvement
in the transmittance efficiency; each sample has improved the optical performance with
different percentage values (Figure 8).

The concept of energy adsorption inducing color center elimination is supported
by the fact that the optical transmittance of the PWOs enhances after the treatment in
all the samples, supporting the feasibility of a pulsed laser-based recovery tool, that can
be fruitful also in the case of radiation damage. This technique should be applied in
future tests on samples damaged both by production defects and/or radiation-induced
damage. The spectrum of the transmittance difference for all the tested samples is similar
(Figure 8), affecting more the shorter wavelength; this would be more in line with a possible
radiation recovery since, typically, that kind of damage influences more the cutting edge
than the longer wavelength. In fact, Figure 8 puts in evidence that the higher recovery
effect is at about A = 350 nm, in the range where the major radiation damage is located, and
moreover, the optical transmittance curve after treatment (Figure 7) reaches the level of the
undamaged crystals as reported in the literature also at short wavelength [1,27,29].
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Figure 8. The difference of the transmittance percentage value after and before the treatment is
showed in the graphs. The increment is higher for the sample C. The lowest values are for the sample
D. The recovery for the all the samples seems to have the same behaviour, affecting more to short
wavelength. This would be more in line with a possible radiation damage recovery.

The deposited energy may prompt several mechanisms that can cause the transmission
variation: so as to promote energy band distortion and /or trapped charge carries to hosts or
higher energy bands, but also dislocation and non-equilibrium grain boundary migration,
due to ultrasonic excitation. Finally, optical photon absorption can also contribute to the
optical improvement [27]. In fact, in these tests, the optical contribution of the pulsed laser
is not uncoupled from the mechanical vibration contribution; the separation of the two
contributions is our perspective for understanding the specific influence of each. Dedicated
systems for testing samples by pure ultrasonic excitation and, separately, by pure optical
treatment are under development.

The deposited energy by means of shock waves that make crystal recovery possible is
due to dissipative phenomena that can be better explored. They can be explained in terms
of released heat, mechanical waves, but also by phonon generation. In this direction, the
work is in progress, needing further investigations; however, despite the lack of a complete
set of experimentally measured parameters and some theoretical points that still need to
be clarified, the feasibility of a device able to deposit mechanical energy in the crystals is
confirmed. The knowledge of the complete set of 43 parameters would allow a fine tuning
of the laser source aimed at the excitation of the optical frequencies mainly associated with
lattice modes rather than the acoustical ones, which are mainly associated with bulk modes.

A complete understanding of the phenomenon needs more investigation, both in an
experimental and theoretical direction. Anyway, the tests demonstrate the feasibility of the
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light transmittance recovery process in a fast and noninvasive way. In fact, the samples
surface condition and geometry are not damaged by the test, and no other kind of damage
is detected on the samples.

These promising results underline the feasibility of such treatment for transmittance
recovery by laser ultrasonic excitation; this stimulates the extension of the tests to other
cases, such as irradiated crystals, to deepen the investigation of the energy adsorption
mechanisms and test the effectiveness of the methodology.

It is worth remarking that the major advantage of the exposed technique is the possi-
bility to design a cold recovery system without damaging the device and disassembling
the measurement electronics system. In fact, the maximum temperature applicable, for
instance, in Ecal is 60 °C, making in situ thermal recovery impracticable and needing
a higher temperature [28,29]. On the other hand, disassembling the system for crystal
recovery by heating would make the operation not economically sustainable.

5. Conclusions

We modeled the crystal as a continuum with a microstructure, which represents the
lattice vibrations at a mesoscopic scale; then, for the first time, using the results obtained
in [31], we gave a complete characterization of the spectrum in terms of the lattice eigenfunc-
tions. In details, the wave propagation phenomena depend on 43 constitutive parameters
and 12 eigenfunctions, which represent the bulk and lattice modes. We gave a complete
theoretical description, which should allow for parameter identification by means of aptly
designed experiments. Further, once at least a part of these 43 parameters is identified, we
can tune the ultrasound waves in order to excite the lattice modes rather than the bulk ones,
in order to put most of the initial energy into the samples.

By means of pulsed laser shockwaves, we characterized, for the first time to our best
knowledge, the acoustic behavior of PWO (in the ¢ crystallographic direction) by measuring
the sound velocity and acoustic impedance. The transmission and reflection indices have
been calculated. High impedance favors energy deposition inside the crystals.

Preliminary optical measurements show an increase in light transmittance after the
laser shock wave treatment in all the tested samples, although some samples still have
some optical damage. This is consistent with the hypothesis that crystal recovery could be
achieved by laser radiation.

The preliminary results pave the way for the development of a device for the cold re-
covery of crystals damaged by high-energy radiation. The pulsed laser radiation generates
ultrasonic shock waves, and the traveling ultrasonic energy is mainly absorbed into the
crystal volume due to the high acoustic impedance. The suggested set up allows to deposit
energy without damaging the crystal and, being at room temperature, is easily applicable
without damaging and disassembling the electronic measurement apparatus.
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