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Abstract

In nuclear reactors cooled by liquid metals, ultrasound is the only type of field that allows obtain-
ing images of the reactor cores and diagnostics of the integrity of the fuel assemblies. The article
discusses the features of the practical realization of ultrasonic imaging systems based on phased
arrays and offers an alternative solution of imaging on the basis of the acoustic lenses of refractive
and diffraction types. Using lenses eliminates many of the technical and technological problems
associated with the development of multi-element phased arrays. It is shown that lens systems al-
low using traditional methods of transformation of acoustic fields into the visible images by 2D
piezo matrix and a more promising way of acoustooptical transformation based on coherent opti-
cal interferometry.
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1. Introduction

Ultrasound imaging (Ul) of objects located in molten metals is one of the most pressing problems of nonde-
structive testing in various industrial areas. Especially it is required in nuclear reactors cooled by liquid lead or
sodium, as ultrasound is the only type of field to obtain images of objects disposed in the working zone of the
reactor with a required high resolution. Researches in this area are carried out in different countries for decades
[1]-[3], but to our knowledge, there is no commercial ultrasound imaging high-speed system capable to operate at
temperatures up to 600°C and high levels of radiation up to 30 kGy/h. The developed systems of ultrasonic im-
aging are based on the use of several transducers with their mechanical scanning in different planes. Such systems
have low imaging speed and the mechanical scanning systems are quite complex [4]-[6]. In the overwhelming
numbers of publications, multi-element phased arrays (MPA) are considering as the basis of Ul [5]-[17]; so let’s
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consider the main problems which arise when developing phased arrays for ultrasound imaging in molten metals.

2. Ultrasound Imaging on the Base of Phased Arrays

Phased array is a distributed antenna system consisting of N individual receiving ultrasonic elements (piezoelec-
tric transducers) arranged in a line (linear MPA) or in a two-dimensional matrix of N*N elements. “Mill’s Cross”
configuration is often using, where one of the linear arrays is a receiver, and the second orthogonal linear array is
a transmitter. Mill’s cross arrays are widely used in ocean acoustic bathymetry, because instead of N2 elements we
can use only 2 N elements. It is well known that for high quality imaging receiving elements of array should have
dimensions <A/2, where /—is a wavelength, and they should be regular. These are so called “full sampling arrays”.
Having this array it is possible to achieve the maximum viewing sector zone and minimum side field of array. In
some applications the value of viewing sector can be reduced and array elements can have dimensions more that
wave-length. But in this case the level of side field should be small to avoid unwanted artifacts in the ultrasonic
images. The objects of interest in nuclear reactors are fuel rods and fuel assemblies. Their design and location
determines the frequency band of ultrasound and hence the entire configuration of a further ultrasound imaging
system. A typical image of the fuel element is shown in Figure 1.

The outer diameter of the fuel element is about 9 mm; the total length of fuel element with fastening elements is
about 3840 mm. The fuel rods are usually collected in special cassettes (assemblies), a fragment of which is shown
in Figure 2. Based on the above dimensions and requirements of NDT it is desirable to have a spatial resolution at
least of 0.5 - 1 mm and less.

The most preferable mode is 3D ultrasound imaging. So the values of ultrasonic frequencies should be in the
range 2---5 MHz. At sound velocity in the molten lead C, =~ 1750 m/s, this corresponds to the wavelengths Amay =
0.9 mm, Amin = 0.35 mm. Therefore half-wave dimensions of elements should be from 0.45 mm to 0.18 mm and
exactly these small dimensions create serious problems of design of phased arrays for ultrasound imaging in the
liquid metals, although, for example, in the ultrasound systems for medicine or NDT such problems do not exist at
all. Let’s consider these problems in more detail.

2.1. Small Dimensions of Elements

Piezoelectric element with small dimensions has low capacity, <1 pF. Each element should be connected to a
coaxial cable with length more than 15 meters. This is an average distance to signal processing system. Coaxial
cables have specific capacity about 100 pF/m or more. This means that the level of the received signal will be
reduced in thousands times, and it is necessary to take into account that nuclear power plants have very high levels
of electromagnetic interference.

2.2. Low Sensitivity of Piezoelectric Ceramics

Despite the fact that the high-temperature piezoelectric ceramics exists, its sensitivity, defined by piezoelectric
modulus ds; or d3; in several times less than that for low-temperature piezoelectric ceramics.
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Figure 1. Fuel rod.
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Figure 2. Fragment of fuel assembly.
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2.3. Homogeneity of Array Elements

High-quality ultrasound imaging with phased arrays requires minimum level of the amplitude-phase spreading in
the individual elements. Typical requirements are the following: sensitivity spread should be no more than +3 dB,
and phase spreads should not exceed +5° at a higher frequency. For these requirements the array’s directivity is
close to calculated value.

2.4. Acoustical Cross-Talks

The gap between half wave elements in array for specified frequencies should be about 50 - 100 micrometers. In
order to eliminate mutual influence of elements the gaps are filled with a special compound, the acoustic im-
pedance of which should be in several times less than acoustic impedance of the piezoelectric element. For low
temperatures such compounds are well known. For specified conditions only high-temperature compounds such
as epoxy resins can be used and their acoustic impedance is close to the impedance of elements and required
decoupling of elements is problematic. According to some published data level of decoupling is (—10 - 12 dB),
which is clearly not enough [8]-[10].

2.5. Temporary Temperature Instability

At high temperatures, the various parameters of PZT are very sensitive to temperature fluctuations (especially
value of piezomodules, resonance frequency, etc.) which lead to strong amplitude and phase fluctuations in the
received signals.

2.6. Wettability.

Most of the liquid metals have poor wettability, which decrease acoustic contact of array’s elements with the
working environment. In particular, lead has poorer wettability. In order to improve the wettability many authors
proposed coating of array’s elements with different metal films-gold, nickel and other [9] [10].

In connection with these problems “half-hearted” solutions are suggested in many publications. First of all, the
dimensions of elements in arrays are chosen much larger than the half wavelength [10] [12]. This reduces the
value of viewing sector which is determined as

0° = J_rsog (on —3dB level) 1)

where 2—wavelength of the ultrasound, and d—the dimension of the element. According [14] the dimension of
one element in matrix array on 36*36 elements at a frequency 5 MHz, had a size of 2.5 x 2.5 mm, and furthermore,
elements were located within 5 mm gap from each other. Array was designed for operation at 200°C. Therefore
view angle of this array should not exceed £10°, and moreover because of not full sampling 100% side lobes must
appear in array directivity patterns. To provide wide view sector such matrix array had to be mechanically rotated,
that virtually “negates” all the advantages of phased arrays. Realizing that a large number of elements in the ma-
trix array create serious technological problems, many authors have “returned” to the development of so- called
“randomized” arrays, i.e. arrays with a random arrangement of receiving elements [18]. This old idea, borrowed
from radar of 1960" years has well recommended itself in applications for focused ultrasound surgery where it is
necessary to create one focal point. However, in our opinion, randomization of arrays is a not good solution be-
cause of unpredictable occurrence of additional peaks in directivity patterns and unpredictable level of the side
field. Mill’s cross arrays [19] [20], can provide imaging in a wider viewing sector but they require consistent
changing of the vertical beam angle of the transmitting array. Using simultaneous transmission of orthogonal
signals in several vertical directions , reduces the output signal/noise ratio, since for any radiated signal at a pre-
determined vertical angle, all other transmitted orthogonal signals are noise, and, in addition, such a system is
quite complex.

This brief review shows that for high quality ultrasound imaging, especially in 3D mode, the dimensions of the
receiving elements must be no more half-wavelength and wavelength. And assuming that the connection tech-
nology (splicing) of small size elements with coaxial cables is worked out, the compensation of signal losses must
be done by preamplifiers in array housing. This design will inevitably require forced cooling.
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3. Ultrasonic Lens Imaging

Many of discussed problems can be eliminated if we will use acoustic lenses for imaging instead of phased arrays.
Such lens systems are widely used in underwater acoustic imaging and sonar [21]-[23]. The main advantage of
this solution is that the acoustic lens automatically forms image in some plane and it can be simply registered. In
continuous mode acoustic image is constructed only in the transverse coordinates, and the problem of phasing of
individual array elements is automatically eliminated, as only the intensity of image can be registered. Moreover,
acoustic lens allows offering a variety of ways of transforming acoustic image into a visible image, which will be
discussed later. The disadvantage of lens systems is a rather small view angle. For a single lens, its value is no
more than 26° - 30°, but may be extended up to 45° - 50° by using more complex acoustic lens objective. For
operation in the liquid lead or liquid sodium the acoustic lens may be made from metal (steel, titanium, tungsten).
Wave size of lens should conform to the required angular resolution at a given frequency. Figure 3 shows the
possible arrangements of lens imaging systems. The acoustic lens can be formed as the refractive focusing ele-

ments or diffractive lenses.
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Figure 3. Variants of arrangements of acoustic lens.
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3.1. Refractive Acoustic Lenses

Refractive acoustic lens are similar to a conventional optical lens; the only difference is that depending on the
sound speed in the material of the lens and in the environment, the forms of lens can be converging and diverging.
The quality of the acoustic image is largely dependent on the parameters of the acoustic lens and its form. It was
found that the optimal form of a single lens is convex-concave lens, which has sufficient view angle and a rela-
tively low level of side lobes (without apodization), [23], Figure 4.

Calculations and experiments have shown that this single simple lens capable to build undistorted image with
the given parameters and angular resolution in view sector no more than +15°. In the sector of angles £22.5° due to
aberrations angular resolution worsens in 1.5 times. So at a frequency of 3.5 MHz in the view sector £12.5°
transverse resolution is 0.8 mm, and for view sector £22.5° it increases to 1.3 mm. Figures 5(a)-(c) show a lon-
gitudinal section of the acoustic field for angles —20°, 0°, 20° (Figure 5(a)) and forms of the focal spots at normal
incidence (Figure 5(b)) and at an angle of —10° (Figure 5(c)).
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Figure 4. Calculated parameters of acoustical lens from steel for frequency
F = 3.5 MHz and diameter 120 mm. (a) Form of lens; (b) Coefficient of
amplification; (c) The form of focal surface in longitudinal section.
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Figure 5. Images of longitudinal sections (a); and focal spots (b).
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Figure 6(a) shows images of longitudinal sections of 10 of point sources, and. their amplitude distribution in a

lateral section (Figure 6(b)).
Photos of acoustic lens made from steel with a diameter of 90 mm and 120 mm for frequencies 3.5 and 1.5 MHz

accordingly are presented on Figure 7.
3.2. Diffraction Acoustic Lenses

In acoustics diffraction lenses are known as the “zone plates” or Fresnel lenses. The rapid development of digital
optics stimulated again big interest to diffraction lens due to possibility to eliminate the associated diffraction
beams and significantly increasing the diffraction efficiency. The basic idea of such a binary structure is that the
phase of the diffracted beam may be encoded by different heights of zone rings. In this case, the diffraction effi-

ciency of a coded zone plate is
Sin(n/N) ’
- N7 2
1 { /N } )

where N-number of equal levels of phase encoding. For example, eight coding levels provide 95% diffraction-

1(X)
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Figure 6. Images of focused 10 points in longitudinal (a) and
lateral (b) sections.

Figure 7. Prototypes of steel acoustical lenses for frequencies
F = 3.5 MHz (left image) and F = 1.5 MHz (right image).



V. D. Svet, D. A. Dement’ev

efficiency of zone lens, while conventional refractive lenses have diffraction efficiency of at least 75%. For each
level of the coding phase the local ring radius is calculated by the formula

rkz{[z(ﬁkﬁj —zg] (3)

where zo—focal length, i—wavelength, and the sampling interval is defined as

N “

NigE—
Cm CI

where f—frequency, C,, Ci—sound velocities in the environment and the material of the lens, respectively.
Scheme of the diffraction zone lens with 4 coding levels is presented in Figure 8.

Note that for ultrasound imaging in lead binary diffraction lens is of great interest. First of all, its weight is
significantly less than weight of refractive lens, and it is much easier for manufacturing. Given the high level of
radiation a working zone, lens can be manufactured from a wide range of materials which do not have an increased
resistance to radiation, and a lens can be replaced quickly. Moreover, the zone lens has small parasitic reflections
from their surfaces in comparison with refractive lens. The only drawback is that diffraction lens has rather narrow
frequency band, i.e. such focusing systems have elevated “chromatic” aberration, but this question requires spe-
cial consideration.

4. Registration of the Signals in the Lens System by PZT Matrix

Let us now consider how to register acoustic image. One of the solutions is based on the use of two-dimensional
PZT matrix made of low-temperature ceramics with a big value of the piezoelectric modulus dss. Acoustic
coupling of matrix with the liquid metal can be carried out through matrix solid waveguides with a diameter
smaller than the ultrasonic wavelength [24]. PZT matrix itself can be located in a small hermetic cooling case,
Figure 9(a). Outer ends of the acoustic waveguides can be positioned on a curved surface (Gaussian plane) to
minimize the aberration of the lens. The form of this shape is calculated in advance. Decoupling of acoustic wa-
veguides is achieved by their placement in a porous high-temperature ceramics, which acoustic impedance is

3n/2

Figure 8. Zone binary lens with 4 encoding levels.
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Figure 9. (a) Lens imaging system with 2D PZT matrix; (b) Wiring of
PZT elements.

much smaller than acoustic impedance of the acoustic waveguide. Porous carbon structures and high temperature
silicon resins are also promising materials. The use of different lengths of the acoustic waveguide which output
ends are connected with PZT elements allows diluting the connecting wires in space, Figure 9(b). Note also that
adding a second lens we can increase the size of the output acoustical image, and increase the dimensions of PZT
elements i.e. increase their capacity and weaken the requirements to the next electronics.

Sensitivity of reading system depends on the length of acoustic waveguides and the parameters of the materials
from which they are made. If the diameter of the waveguide is less than wavelength the equation for propagation
of longitudinal waves is

¢ _EPE B¢
o> poxX?  p otox?

Boundary conditions are as follows. In the section at X = 0, where the external pressure is applied there is a
tension generated by this pressure P:

®)

(E+ioE) )

=P (6a)
The second end of the rod at X = | is free and therefore the tension is zero:
. 0&(X
(E+|wE’)£=O (6b)
oX

The solution of equation with these boundary conditions is given by [24]:
Pexp(iwt)ch[ik'(1- X)]
ik’ (E+iwE")sh(ik™)

£(X.t)= )
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where E and k are related by

K=k+ik’:ﬁ+ia:w1/#
A E +iwE’

For a rod with small damping when oE' < E, the formula for X = | can be rewritten as:

P -exp(iwt){co{cw(l - X)} +i5 (1= x)sin L;w(l - X)}}

CT. CT.

i.k'(E+in'){i'5i”((Z:]+5'l 'COS(CCZITH

Figure 10 shows the calculated values according to the displacement end of the rod depending on its length at
different frequencies at the following initial parameters: the medium-liquid lead, a density of 10.9 x 10° kg/m?, the
velocity—1750 m/sec. Waveguide has the length | with diameter d, made from steel with a density p, = 2320
kg/m® and the sound speed C, = 5500 m/s. The amplitude of the pressure in lead is P = 1 Pa. The amplitude of the
pressure in the rod is equal to P = 0.8 Pa.

Note that ultrasonic imaging lens system allows the use of pulse mode for 3D imaging. However, as waveguides
have different lengths it is necessary to compensate small time delays, which can be implemented in signal
processing unit.

£(1t)=- ®)

5. Acoustooptical Registration of Image

The use of acoustic waveguides allows offering an alternative conversion of acoustical image into visible image
by direct acoustooptical transformation, for example by laser vibrometer, Figure 11.

The principle of the laser vibrometer is based on measuring the Doppler frequency shift of light reflected from a
moving object. For such measurements optical heterodyne method is commonly used on the basis of a two-beam
interferometric optical scheme with the subsequent formation of the quadrature components of the electrical signal
and photo detectors of the balanced type. Modern methods of laser vibrometry have a very high sensitivity and
resolution in the frequency range of vibrations up to hundreds of MHz’s. For example, a laser vibrometer
PSV-500M POLYTEC allows scanning vibrating surface from distances 0.1 m up to 100 meters in the field of
view of 50°*40° with angular resolution 0.002°. Minimum detectable displacement is 10** m. The scanning speed
is several hundred points/sec. Such high angular resolution allows setting the laser vibrometer at height, for ex-
ample, 10 meters from the vibrating ends of the waveguides and scanning area will be only 0.35 mm?.

x 102 m
2
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0.5 |
‘ |
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Figure 10. Calculated values of displacements (m) versus length
of waveguide (m) for different frequencies. Red—3.6 MHz, Green—

3 MHz, Blue—2.5 MHz.
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Figure 11. Reading of acoustical image by laser
vibrometer.

It is possible to use other scheme of optical reading, also based on the interferometric optical system, but
without a scanning laser [25]. The idea of this scheme is as follows. At a distance d from the output ends of wa-
veguides the plane-convex lens is placing. Plane flat surface of this lens and the plane of the output end form a
multichannel Fabry-Perot interferometer. Using a laser and a collimator formed by a plane-convex lens and other
lens parallel light beam is forming which illuminates the ends of the waveguides. The reflecting light from the
ends is forming an interferometry pattern, which intensity I(x, t) is modulated by the incident acoustic field P(x, t).
Modulated distribution 1(x, t), via the lens system is projected on the photo-detector matrix, like CCD camera and
then enters a signal processing device, where optical image is forming. The distance d between the output ends of

the acoustic waveguide and plane-convex lens is as follows:

d =d, +£Cos (@, t)
where ¢—vibrational displacement of the output end of the acoustic waveguide, w,.—circular frequency of the
ultrasound, and the gap dy is chosen from the condition of quadrature detection:

:M+i (9)

d
° 4 8

where n—integer and /—wavelength of light.
The output light intensity of such an interferometer is

I=(1,+1,)[1+ xCosg| (10)
where I, and I,—the intensity of the light waves reflected from the ends of the waveguides and the flat surface of
the lens,

=201, /(1,+1,)

47 s ¢
=—d =7n+—=+4n=2Cos(w,t 11).
p=—rd=mn+_+4n=Cos(w,t) (11)
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Thus the output light intensity is equal to
=1, {1+ ZSin(4n§Cos(a)act)H (12)
And when &< A expression (12) takes the form
I =1, {1+ 4n;(%COS(a)aCt)} (13)

i.e., the output optical signal is proportional to the amplitude of the oscillatory displacement (or sound pressure)
of the local acoustic waveguide at the working point (1., + 1y, )/2, Figure 12.
Figure 13 shows a possible scheme implementing the method discussed above.

Working point

/ Modulated light intensity

’ Input acoustical
i signal

-

3
E

Normalized light intensity

I(x, t) Vacuum

15

Figure 13. Optical reading scheme on the base of interferometer Fabry-Perot.
1. Acoustical lens with transducer; 2. Porous ceramics; 3. Waveguides; 4.
Plane-concave lens; 5. Housing; 6, 7. Optical mirrors; 8, 10. Spherical lens; 9.
Semiconductor laser; 11. CCD matrix; 12. USB cable; 13. Signal processing
unit; 14. Display; 15. Signal generator.
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System elements (4-11) are arranged in the housing, from which air is evacuated in order to avoid parasitic
effects of refraction of the optical waves in a high temperature environment. The distance d between the output
ends of the waveguides and the planar surface of lens diameters and output ends of the waveguides is chosen so
that the diffraction divergence of the light from each end of the waveguide is small and reflected light from the
output ends do not overlap that minimizes interference of the reflected optical signals. In the presence of field &(x,
t) spatial distribution of the interference pattern arises and the spatial distribution of the light intensity 1(x, t)is
proportional to &(x, t) ~ P(x, t). Using optical mirrors (6, 7) and the objective (10) the spatial distribution I(x, t) is
projected onto the CCD matrix (11), connected with the signal processing device (13). Projecting an image is
performed by a double Fourier transformation implemented by a plane-convex lens (4) and the lens (10), having
equal focal lengths.

Non-contact optical method for reading the acoustic image has many advantages compared with traditional
methods of piezoelectric conversion. First of all, there is no piezoelectric matrix itself and, consequently, all
problems related to cooling, distributing large number cables and connections are eliminated. Moreover, high-
energy power systems are characterized by high electrical and electromagnetic interference and optical reading is
not sensitive to this noise.

6. The Acoustic Transmitter

Source level of ultrasonic transmitter must be sufficiently high. Other important requirement is the uniformity of
illumination of the working area. Fortunately, at higher frequencies, generation high levels of acoustic pressure do
not constitute a serious problem. For a lens system (no matter of what type), it is conveniently to place transducer
n the center of lens because it is practically not “working” for imaging. Another variant is to place transducers
around the lens. Below several variants of transmitters and their calculated distribution of the pressure field are
presented. Since the frequencies are in the range from 1.5 to 3.5 MHz, the increasing diameter of the radiator to
several wavelengths increases its directivity (1). If the dimension of transmitter is about 1 mm or slightly more for
the frequency F = 3.5 MHz, it will have the desired directivity about 45°, but the intensity of radiation will be
extremely low, since nigh voltages will destroy such small element. It follows that the transmitter must consist of
groups of PZT elements of suitable dimensions. There are several variants of this design. One of the simulated
versions is shown in Figure 14(a).

It is a hemisphere covered by elementary transducers or solid hemisphere with a predetermined diameter and
radius of curvature. The second embodiment of the transducer is shown in Figure 14(b), and it represents a group
of radiating elements disposed along the perimeter of the lens. The signals of all elementary transducers in both
versions are transmitting in phase. Below there are some examples of calculated acoustics fields. The first
transducer had a diameter 6 cm and a radius of curvature of 10 cm, maximum intensity on the element is ap-
proximately 2 W/cm?. We see that from a distance 30 cm, the radiated field has good uniformity and a sufficient
view angle. Blue color on Figure 15(a) corresponds to acoustical pressure more than 10° Pa on F = 3 MHz.
Figure 15(b) shows the distribution of pressure for the ring transducer consisting of 20 elements with a diameter
of 1 cm. This transducer has the same acoustic pressure of 10° Pa with the field in homogeneity about +3 dB.

7. Conclusion
The discussed peculiarities of ultrasonic imaging in molten metals permit to conclude that lens imaging system

Acoustical lens

Transducers

210 mm

Figure 14. Variants of combined acoustical transmitters (a) in the center
of lens (b) ring set of transducers.
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Figure 15. Beam patterns of transducers (Figure
14(a) and Figure 14(b)).

compared with phased arrays has many serious advantages and can eliminate many technological and design
problems associated with the development of multi-element phased arrays. Lens systems allow realizing as tra-
ditional methods of reading signals by 2D PZT matrix and optical interferential methods of transformation of
acoustical image into optical one. This variant in our opinion is the most promising technical solution for the
development of ultrasonic imaging systems for nuclear reactors’ cooling by liquid metals.
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