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Abstract

Annular phased array transducers are well known in the medical field, with their main use being in
ophthalmology and dermatology, and have started to be employed in the NDT industry relatively recently.
Annular arrays consist of a centre circular element and multiple ring-shaped elements of different width. This
unique geometry of the probe makes it difficult to determine the generating beam of the probe. For this reason, it
was decided to produce directivity plots for individual elements for both probe configurations. The directivity
plots were produced both experimentally and computationally. The generating knowledge of these plots will be
novel for annular arrays since no previous work has been reported in the NDT industry.
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1. Introduction

As a continuation of two previous papers ([2] [3]), it was thought to be necessary to
investigate the beam directivity of annular phased array transducers. As discussed previously,
annular probes are not used as widely as linear array probes because of some inherent
limitations. Despite this, annular probes have a lot of unique characteristics which make them
superior for some applications. Annular arrays have unique geometry and they can focus in
great depths into a material with both a symmetric and circular focal point [1]. It is due to this
lack of knowledge that this investigation has been undertaken.

2. Overall Methodology and Results

2.1 Objectives
The directivity plots have fulfilled the following objectives:

e Generate beam profiles for individual elements, both experimentally and
computationally.

¢ (Create the opportunity to validate the modelling software.

e Valuable information about the beam characteristics can be extracted from the data
analysis of the results, such as natural focal spot size, focal length size and near field
for each element.

e Validate the novel near field equation which uses the element area instead of the
element outer diameter [2].

2.2  Methodology

In order to plot the beam profile for a particular depth, a known reflector is required. It was
decided to use a rod with a stainless steel ball bearing on the top, which can be positioned
vertically into the water. In this way, a beam profile is generated without any destructive
interference in the index point which potentially exists if two mediums are used. The rod
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(which is demonstrated in Figure 1) is made of stainless steel, it is 100mm long and on the top
it has a 3mm diameter stainless steel ball bearing.

Figure 1. Stainless steel rod
The inspection parameters used for the experimental work are demonstrated in Table 1.

Table 1. Experimental parameters

2.5 MHz Probe | 5 MHz Probe
Water path (mm) 159 163
Gain (dB) 30 32
Scan area (mm) 30x30 30x30
Index (mm) 0.25 0.25

The same inspection parameters (except the gain) were also used in Civa where a 3mm
diameter sphere is placed into water. Furthermore, the probe specifications that are used in
Civa were obtained from the probe certificates. The summarised simulation parameters are
demonstrated in Table 2.

Table 2. Simulation parameters

2.5 MHz Probe | 5 MHz Probe
Center frequency (MHz) 2.39 4.4
Low frequency (MHz) 1.41 2.73
High frequency (MHz) 3.37 6.78
Bandwidth at -6dB (%) 81.6 76
Number of points 512 512

Each time, a single element is used for both transmission and reception. For the experimental
work, the rod was placed into water and an encoded data was collected by scanning an area
above the rod. It was decided to scan an area of 30mm x 30mm in order to make sure that the
full beam profile is captured. All the measurements were obtained with the same gain for each
probe configuration. Also, the data was collected by a really fine scanning increment of
0.25mm in order to have high quality images. After the acquisition of the data, the B-scan
values which consisted of multiple A-scans were combined together. The maximum value of
each column was extracted and normalised in order to plot the beam profiles. Moreover, the
C-scan images for each element were also extracted from the software.



The computational work followed the same trend as the experimental work. The equivalent
data analysis occurred in order to create the beam profile for each element and the C-scan
images were extracted. Furthermore, some additional data can be extracted from Civa. A very
useful tool of the software is the beam computation tool which allows running simulation
scenarios and plotting the beam propagation into a medium without the need of a reflector.
From this tool, valuable knowledge can be extracted such as the beam propagation images
and the on-axis beam propagation plots for two directions, depth and width. Especially from
the on-axis plots, valuable quantitative values can be extracted such as near field, focal spot
size and focal length size.

The quantitative values were obtained from the on-axis beam propagation plot (z-axis) and
from the beam profile plot (x-axis). Figure 2 and Figure 3 demonstrate the methodology that
was used to obtain these values. As an example, graphs from element 4 of the 2.5MHz probe
are used. The end of the near field is considered the point of the highest energy. The focal
beam length and spot are obtained for both -3dB and -6dB drop as figures below illustrate.
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Figure 2. Methodology used to obtain near field and focal length values
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Figure 3. Methodology used to obtain focal spot values




2.3 Results

The beam profiles for each element for both configurations were plotted in a same graph in
order to demonstrate the comparison between the experimental and computational results.
Some representative graphs, which will help the discussion later, are presented below.
Furthermore, the C-scan images are also presented below. Furthermore, from the beam
computation tool of Civa, the beam propagation profiles were extracted and presented below
as well as the on-axis beam propagation plots for some of the elements.
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Figure 4. Beam profile comparison for Element 1 of 2.5MHz probe

100
90
80
70
60
50

40

Amplitude (%) FSH

30
20

10

\
SSE== =

./W"‘/‘/-

==

P

= —

5

10

Computational

15
Distance (mm)

20 25

Experimental

30

Figure 5. Beam profile comparison for Element 7 of 2.SMHz probe
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Figure 6. Beam profile comparison for Element 14 of 2.5MHz probe
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Figure 7. Beam profile comparison for Element 1 of SMHz probe
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Figure 8. Beam profile comparison for Element 8 of SMHz probe
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Figure 9. Beam profile comparison for Element 16 of SMHz probe
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Figure 10. C-scan images of each element for 2.5MHz (experimental)
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Figure 11. C-scan images of each element for SMHz (experimental)
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Figure 12. Beam propagation profiles of each element for 2.5MHz probe
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Table 3. Near field and focal length-spot size values for 2.5MHz probe

dB Focal spot (mm) | Focal length (imm) | Near field (imm)
Element 1 :2 2:2 I ;372 A 57
Element 2 :2 ;2 18611'?9 58
Element 3 :2 i; 18555'%7 57
_ ] 7.1
Element 4 -2 (1).2 1859.1 >9
Element 5 2 (1):3 19601 61
_ ] 7
Element 6 -2 (1).2 18587.8 59
Element 7 :2 (1)2 18691'.16 60
Element 8 :2 ?:2 1962;7 59
Element 9 :2 (1)2 19624.45 58
B ) 1
Element 10 _2 (1)2 19636.3 61
Element 11 :2 (1)2 19750'.51 61
Element 12 :2 ?:2 19781'§ . 62
Element 13 2 ?:2 1(72? 64
Element 14 :2 (1)12 1221; 65




Table 4. Near field and focal length-spot size values for SMHz probe

dB Focal spot (mm) | Focal length (mm) | Near field (mm)
Element 1 :2 4212 1646431 46
Element 2 :2 (1)2 f373'.66 47
Element 3 :2 (1)22 16277'.5 ; 46
Element 4 :2 (1)2 1622?1 47

- . 7
Element 5 _Z (1)2 16295.9 49
Element 6 :Z (1):2 17 217‘2 49

- . 71.
Element 7 _Z (1)2 130.88 45
Element 8 :Z (1)2 17 332'?7 48
Element 9 :2 (1); 1732(5.78 49
Element 10 :2 (1); 17354.51 49
Element 11 :2 (1); 13777.8 50
Element 12 :2 (1); 17387'.31 49
Element 13 :2 (1); 17491?2 52
Element 14 :Z (1); ﬁffs 54
Element 15 :Z (1); 119?;.91 51
Element 16 :Z (1); 1?3;.72 51

3. Discussion

Figure 4 shows the beam profile of element 1 of the 2.5MHz probe. This element is a circular
disk and it seems to have a significant beam spread. Indeed, the reflection from the ball
bearing is quite spread out in the time base. The correlation between experimental and
computational plots is not exact but it is considered very close. The differences between the
two are thought to be due to the actual probes having more broadband response when
compared to the simulation input. Furthermore, this is combined with the pulser-receiver
characteristics which also contribute to these differences in the beam profile. The
experimental plot seems to be a little wavy which was unexpected but it is considered as an
artefact of the inspection system.

Figure 5 shows the beam profile of element 7 and demonstrates a tight focused beam as seen
in the plot. This result can be explained since as element 7 just like all the elements (except
element 1) are rings. As the beam is propagating from the circumference of the virtual circle
(ring) it spreads out from the circle but also it tends to focused in the middle. This is why the
response from the reflector is focused. Figure 6 shows the beam profile of element 14 (outer
element) which is even more focused from element 7. The correlation between computational
and experimental plots is very good, almost exact, for both element 7 and 14. It seems that as
the diameter of the ring is increased, the beam response seems to be more focused. But as the
diameter of the ring is increased, the width of the element is decreased (equal-area). This
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generates the question of what parameter is the one which mostly affects the beam. This
question is best to answered in a later section in order to compare all the data (focal length,
spot size, near field) and assist to derive reliable conclusions.

The elements of the SMHz probe follow the same trend. As expected the spread of the centre
element is quite large (see Figure 7) and the beam spread rapidly decreased for element 8 and
16 (outer element) as Figure 8 and Figure 9 illustrated. The correlation between
computational and experimental plots is good for the centre element and almost exact for
element 8 and 16. In Figure 9, some spikes appeared in the experimental plot but it does not
affect the defined envelope of the beam profile. It is believed that these spikes are a temporary
malfunction which possibly occurred during the acquisition of experimental data (even a loss
of a single A-scan can cause a spike).

All the results can be presented in a qualitative form, which allowed a quick comparison of
the response from the reflector. Figure 10 and Figure 11 demonstrate the C-scan images of
experimental work. The experimental C-scan images suffer from a phenomenon which is
called hysteresis which is caused by the software and at the moment of the acquisition of the
data could not be eliminated. For this reason the images do not look as good but their quality
is sufficient for discussion. The beam spread seems to be larger in 2.5MHz than the SMHz.
This is obvious from the aforementioned figures for all the elements. That was expected since
a single element of the 2.5MHz probe has more than twice the area of an element of SMHz
probe. Furthermore, the experimental results have shown higher side lobes which are
displayed in the pictures as a light blue spread outside the main response which are not
present in the computational images. This is because in computational images the side lobes
are below 5% of the main response and in the experimental results are more than 10%. The
threshold gate that was used was 10% which explains this phenomenon. Despite the cause of
the side lobes, there is a good correlation between the C-scan data.

All the results support the accuracy of the simulation software (Civa) in a non-widely used
type of transducers of annular arrays. The validation of the software was proved very useful
because valuable results were extracted by running different simulation scenarios instead of
running experiments (which takes more time). Therefore a lot of time was saved by this
validation.

Figure 12 and Figure 13 demonstrate the 2D beam propagation profiles for each individual
element for 2.5MHz and SMHz probes, respectively. As it was mentioned previously, the
images were obtained from Civa and particularly from the beam computation tool. What is
advantageous with this tool is that it simulates the beam propagation without the need of a
reflector. Each image consisted of an on-axis beam propagation plot (see Figure 2) in z-axis
(Iength of the beam) and multiple beam profile plots (see Figure 3) in x-axis (width of the
beam). The software combines together all the values of the aforementioned plots and
generates an image which is consisted of different colours. Each colour represents different
dB values which are correlated with the amount of energy at each point. The final qualitative
result allows having, as close as possible to the reality, the propagation of an ultrasonic beam
into a medium. It is worth mentioning that the images of Figure 12 and Figure 13 illustrate the
beam propagation into water.

The 2.5MHz probe consisted of 14 elements, so in Figure 12 equal number of beam

propagation images are presented. At the exit point of the beam it is possible to see which
element is fired and what is the diameter. For example, it is obvious that element 1 is a disc
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and element 2 is a ring. Also it is obvious that the width of element 2 is larger than element
14. Furthermore, despite of the element used, the beam is generated in the middle and under
the probe surface with small variations as the diameter is increased. Moreover, as the diameter
is increased, the element width is decreasing creating a beam, which is nicely focused in the
middle. But what is even more surprising is that the natural focus of each element is at the
same point. Regardless the element width, and even for element 1 which is a disc, the natural
focus point remains the same. This supports the initial theory of the same near field of the
elements since they have the same area despite the element shape and diameter. This can be
proved by using the quantitative results on the last discussion section.

Other than that, the beam profile seems to become narrower exponentially and not linearly as
the element diameter is increased. The beam of the centre element (disc) is very wide, the
beam of element 2 is almost 50% narrower, from element 3 pretty much 20% and the
differences are becoming smaller until they become negligible. This phenomenon occurs in
both probe configurations but in SMHz probe seems to drop more rapidly. Finally, it is
noteworthy that the beam spot sizes of the directivity plots can be obtained by extracting the
values of the water path that is used in the experiment and the modelling. The data presented
demonstrated the validity of the modelling software compared against the experimental data.

The correlation between the calculated near field values and the measured values has been
demonstrated in previous paper [2]. The focal spot sizes for each element are also presented in
Table 3 and

Table 4 for both -3dB and -6dB. For the elements of 2.5MHz probe, element 1 (disc) has -3dB
focal spot size of 3.7mm and element 2 has 1.8mm (52% drop). The drop between elements 2
and 3 is 39%, between 3 and 4 is 19% and between 4 and 5 is 11%. The focal beam spot size
for elements 6 until 14 is the same. Probably, there must be a very small difference which is
in scale below 0.1mm (which is the resolution of the modelling).

For the elements of SMHz probe the drop differences between the focal spot sizes are steeper.
The drop between elements 1 and 2 is 64%, between 2 and 3 is 11% and after that remains
pretty much the same. This phenomenon must be correlated with the element width. The
SMHz probe is smaller and has more elements therefore the element width decreased rapidly
for the inner elements and the differences are minimised for the outer elements. The 2.5MHz
probe follows the same tendency but a lot smoother. Hence focal spot size is decreased as the
element width decreased and diameter increased.

The focal length values are also presented in the aforementioned tables. The overall
differences of the focal lengths are from 82mm to 100.1mm for 2.5MHz probe and from
66.3mm to 80.7mm for SMHz probe. It seems that the focal length was affected from a
different factor than the focal spot since smoother differences occurred. It seems that the focal
length increased as the diameter of the element increased but not always, since there are some
values which do not follow this trend. A reasonable explanation for this is that it is only
affected from the difference between the times of flight between the elements. For example,
the beam needs more time to travel in element 14 than element 1.

4. Conclusions
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In order to understand how the beam propagates in annular arrays, directivity investigation for
individual elements has been carried out both experimentally and computationally. Valuable
information has been obtained which leads to the following conclusions:

Each element of the probe has natural focus at the same point regardless the diameter
and the width of each element since the probes use the equal-area manufacturing
technique. Additionally, for ring shaped elements, the natural focal point size is
decreasing as the element diameter is increasing and width decreasing.

Very good correlation between computational and experimental beam profiles was
achieved and has successfully validated the modelling software.

The on-axis beam propagation plots have generated many quantitative results. The
near field values have been extracted which have been validated against the near field
values using the novel equation for individual elements.
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