Focused bulk ultrasonic waves generated by ring-shaped laser illumination
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Focused bulk ultrasonic waves have been generated in aluminum plates by surface irradiation with
ring-shaped laser light. The waves are detected by a piezoelectric transducer. Compression and
shear peak amplitudes drop quickly when the detector is moved away from the epicenter. This
shows that strong focusing exists at the epicenter as the result of constructive interference of the
waves generated by different parts of the ring. The focusing persists when the radius of the laser
light is scanned over a large range, indicating that the elastic disturbance concentrates in depth along
the ring’s central axis. Numerical simulations are presented for comparison. The ‘‘pencil-like’’
acoustic wave structure is used to observe a sample plate with an artificial flaw. Strong new features
including compress-shear mode conversion at the site of the flaw are observed. These features are

used to locate the flaw within the sample.
[S0021-8979(96)03319-1]

I. INTRODUCTION

Laser generation of acoustic waves offers significant ad-
vantages for studies of materials and structures [nondestruc-
tive evaluation (NDE)], especially since the waves can be
produced in a noncontacting manner, with the point of gen-
eration easily moved across the surface of a test object. How-
ever, the technique of laser acoustic wave generation has the
problem of producing relatively low acoustic amplitudes.
The acoustic amplitude is limited because one usually wants
to avoid melting or ablating the surface of the material under
study. Much higher wave amplitudes can be reached under
ablative conditions, with the sacrifice of surface material.
The usual ‘‘photothermal’’ generation mechanism in testing
applications is based on the rapid, but small, thermal expan-
sion of a heated surface layer.? Low intrinsic acoustic am-
plitudes increase the difficulty of detecting the generated or
scattered waves. This is especially a problem for optical de-
tection methods, such as interferometry, which have lower
sensitivity than contacting piezoelectric transducers. Optical
detection methods are preferable in many circumstances, due
to their fully noncontacting nature.>

The difficulty of low acoustic amplitudes in laser acous-
tics can be relieved somewhat by taking advantage of con-
structive interference between waves generated by different
parts of 4n acoustic source, giving locally higher amplitude.
The acoustic source is then a pattern of laser illumination,
designed in space and time. There have been numerous re-
ports of designing laser patterns, either spatially or tempo-
rally for tailored acoustic generation.*”'* For example, Cielo
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and co-workers* used a ring-shaped irradiation pattern pro-
duced with an axicon and a pulsed laser to generate a con-
vergent surface wave. They observed a factor of 20 signal
level increase compared to surface waves generated by a line
source, with equal surface heating. Others also have pro-
duced focused surface waves with pulsed illumination
patterns.’~® Beam steering can be accomplished with a set of
precisely timed illumination points.’%1* For example, Noroy
and co-workers!® generated steered acoustic waves by con-
trolling the time delay among 16 individual YAG lasers,
each focused into lines.

We have previously investigated the application of opti-
mal control theory to the design of illumination patterns in
laser acoustics.'>"17 Optimal control theory (OCT) can be
used to derive laser patterns that represent an optimized bal-
ance between driving the physical system to reach a specific
goal and minimizing the costs of reaching the goal. We have
investigated the design goal of pulsed acoustic focusing for
maximizing the acoustic energy in a small subsurface vol-
ume at an instant in time, by means of a spatial-temporal
pattern of forces on the surface of an isotropic elastic me-
dium. The system costs were to minimize the total energy
outside the focal volume, and to minimize the driving forces.
The general result of such an optimization is-a force pattern
in the form of rings, which, in time, shrink or collapse to-
ward the central axis. The collapsing rings’ surface velocity
varies, as determined by the propagation times of the gener-
ated waves to the subsurface focus.

Photothermal generation produces mainly shear waves,
which (for pointlike sources) peak in amplitude at a fixed
angle from the surface normal. This angle depends on the
medium, and  is just outside the critical angle,
6,.=arcsin(v,/v.). For example, in aluminum, with
v,=0.304 cm/us and v,=0.64 cm/us, the critical angle is
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FIG. 1. Schematic diagram of the experimental setup and the ring geometry.

28.4°, and the shear waves peak at 30°.'® The characteristic
angular pattern of photothermal waves implies that a sub-
stantial fraction of the energy delivered to the target is pro-
duced by rings with a narrow range of radius. This explains
our earlier modeling prediction that a fixed ring does a rea-
sonably good job of delivering acoustic energy to a subsur-
face volume.!” The nominal geometry under consideration is
to set the ring radius so that the shear waves, at the angle of
maximum amplitude (6,,,), overlap on the ring axis. The
angle of maximum shear amplitude implies an optimum ring
radius for a specific focal depth

R, p=(focal depth)tan(6,,,),

or a maximum amplitude focal depth for a given radius (see
Fig. 1).

There are two significant advantages to using ring-
shaped laser illumination patterns in NDE applications. First,
the acoustic waves come to a focus along the central axis of
the ring, to give an increased amplitude at depth in the solid.
Second, the ring form spreads the laser power across the
surface, so that more total energy can be applied before the
onset of melting or ablation, as compared to spot illumina-
tion.

In this article we report measurement of bulk ultrasonic
waves generated in aluminum plates with irradiation of ring-
shaped laser light. To our knowledge, experimental studies
of the subsurface acoustic focusing properties of ring-shaped
surface illumination have not been reported previously. We
describe the experimental procedure and results in the fol-
lowing section. In Sec. III, we present numerical calculations
as a comparison. Finally, in Sec. IV we discuss the results
and their potential applications.

II. EXPERIMENT

We report here on experiments utilizing ring-shaped il-
lumination for bulk acoustic wave generation. The experi-
ments were based on an expectation of an acoustic focus on
the axis of the ring, and with a maximum in depth near the
depth of crossover of shear waves near the critical angle. The
characteristics of the generated waves were measured with a
contacting transducer on the back of a sample plate. Back-
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surface measurements are a substitute for true internal mea-
surements of the waves. However, additional phenomena are
introduced in backsurface measurements, such as the sensi-
tivity of the transducer only to the normal component of the
displacement, and mode conversion of the waves upon re-
flection. Acoustic wave forms were recorded with the detec-
tor scanned across the back surface, and then as the ring
radius was varied, with the detector on epicenter. Finally, in
an additional study, the ring form was used to generate
waves that were used to observe a flaw inside the sample.

Figure 1 is a schematic diagram of the experimental
setup. We used a Q-switched Ti:Al,O; laser operating at 800
nm, with 50 ns [full width at half-maximum (FWHM)] 80
kW pulses. The output of the laser was masked into a ring
and projected upon the surface of the sample plate by a con-
vex lens (f.I.=25 cm). The ring radius was adjusted by
changing the distance from the lens to the sample (z direc-
tion). The samples were aluminum plates, 100 mm square
and various thicknesses, with machine-finished (bare) sur-
faces. The elastic waves generated by the absorption of the
laser pulse propagated through the plate and were detected
by a 3-mm-diam PZT transducer (Panametrics V-129) on the
back surface. The transducer sensitivity peaks at 9.8 MHz,
with 6 dB bandwidth of 10 MHz. It was mounted on a two-
dimensional translation stage, and could be scanned in both x
and y. directions. The transducer was spring loaded softly
against the surface. A silicone coupling oil was used.

The sample plate was mounted on a translation stage and
could be independently scanned in the x direction. The laser
output energy was kept constant at about 4 ml/pulse, with
intensity at the sample of ~3X10° W/cm?. In the reported
cases below, measurements were made ten times at each des-
ignated location. Each of the ten measurements involved the
movement of the transducer away from the designated loca-
tion and back again in order to minimize the variation of
detection coupling efficiency. Typically runs consisted of
120 laser shots for each of the ten individual measurements.
Neither ablation nor surface damage was observed. Ultra-
sonic wave forms detected by the transducer were amplified
(HP 462A) and recorded by a digital oscilloscope (LeCroy
9410), which also averages the signal.

In the first experiment, we probed the transverse struc-
ture of the generated waves, while operating near the ring
angle that corresponded to the expected maximum acoustic
amplitude. In this case, the sample thickness was 12.7 mm
and the mean radius (approximately }Ropt) of the laser ring
was 8.0 mm, corresponding to a ring angle of 32°. The ring
thickness was approximately 0.5 mm, which is comparable
to the compression wave wavelength at 10 MHz in alumi-
num: Data were also collected for ring radii greater and less
than R, at 10 and 5 mm. For a set ring radius, the trans-
ducer was scanned across the back surface (in the x direc-
tion) to measure the normal surface displacement induced by
the elastic waves.

Examples of recorded wave forms from the first experi-
ment are shown in Fig. 2. In Fig. 2(a), with the transducer at
the epicenter relative to the ring, a sharp rise at 2.4 us rep-
resents the arrival of the compressional waves, followed by a
peak with larger amplitude at 4.9 us that represents the shear
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FIG. 2. Recorded rear surface wave forms for a 12.7 mm plate illuminated by an 8-mm-radius ring (RDPJ. The transducer location is: (a) the epicenter; (b) 1

mm; (c) 2 mm; and (d) 3 mm from epicenter.

wave arrival. Two more features follow at 6.4 and 8.6 us,
which are due to reflections between the back and front sur-
faces of the sample. In Figs. 2(b) and 2(c), as the transducer
is moved to off center locations, the signal amplitude drops
rapidly, since waves created by different portions of the ring
no longer reinforced by arriving at the detector at the same
time. Finally, in Fig. 2(d), where the transducer is 3 mm off
the epicenter, the sharp shear and compression peaks each
splits into two separated peaks whose amplitudes are only
25% of that of the original peaks.

‘Figure 3 plots the shear wave amplitude as a function of
distance from the epicenter for three different ring radii. The
shear wave amplitude here is obtained in the same manner as
in Ref. 3. The amplitude is the magnitude of the downward
step in signal at the onset of the shear wave arrival at the
transducer. For measurement positions off the epicenter, for
which there is a range of shear wave arrival times, we plot
the shear amplitude over an appropriate time window. Sharp
focusing at the epicenter is evident in all cases. The radius
for the falloff of the amplitude by a factor of 1/2 is approxi-
mately 1.5 mm. This measured focal radius is comparable to
the size of the transducer, so the actual focal radius is some-
what less than 1.5 mm. We expect the focal radius to be
comparable to the ring thickness.

In the next experiment, we varied the ring radius while
the transducer was in a fixed position on the epicenter of the
ring. This was intended to probe the characteristics of the
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focus in depth. Since we cannot directly probe the interior,
we rescaled the geometry by changing the relative dimen-
sions of the ring and sample thickness. In this case, the
sample was a 19-mm-thick aluminum plate.

Figure 4 shows (a) the resulting shear and (b) compres-
sional wave amplitudes at the epicenter as a function of ring
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FIG. 3. Shear wave amplitude at different detector locations and for three
different ring radii. Plate thickness: 12.7 mm.
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FIG. 4. Back surface shear and compression wave amplitude as a function
of ring radius, for a 19-mm-thick plate. (a) Measured shear wave amplitude
as a function of ring radius. (b) Similar plot for compression wave ampli-
tude.

radius. At small ring radius the illumination pattern is similar
to a spot, and the shear wave amplitude approaches zero,
consistent with other reports.'® As the ring radius increases,
the shear wave amplitude also increases, and reaches the
maximum at ring radius of 10 mm, corresponding to a ring
angle of 28° [see Fig. 5(a)]. This is close to the expected'®
shear 6,,,, of 30° for a thermoelastic point source in alumi-
num. The observed shear wave amplitude remains high for a
large range of angles, unlike that generated by a point
source. This is due to convergence of waves on the central
axis. The shear amplitude falls off sharply for ring radius less
than 4 mm, which would correspond to a-focal depth of 7.6
mm for the shear waves at 6, . Thus, the sharp focus per-
sists for 2.5 times the depth as would be expected from the
simple picture of overlap of the peak amplitude shear waves.
The picture that this suggests is a ‘‘pencil-like’” focus, with
the elastic waves staying highly focused along the epicenter
for almost the entire depth of the plate. Our observation that
the compressional component is less focused than the shear

J. Appl. Phys., Vol. 80, No. 8, 15 October 1996
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FIG. 5. (a) Cross section of the sample, and (b) sample with an artificial
defect hole.

component is consistent with known compressional/shear di-
rectivity patterns such as those noted in Ref. 3.

As a final experiment to demonstrate the focal character-
istics of acoustic waves generated by a ring, we compared
the results of wave generation by a spot, with the same.flu-
ence and the same offset angle as was used at the optimum
ring radius. We compared the signal from a small section of
a ring to that from a full ring, with diameter 10 mm and
width 0.5 mm, on a 19-mm-thick plate. The signal scaled
linearly with the linear length of the ring used. Thus, for a
ring radius of 10 mm and thickness of 0.5 mm, the signal for
the full ring is more than 100 times greater than for a spot
with diameter equal to the ring thickness.

The acoustic waves generated. by ring-shaped photother-
mal excitation may be applied to the detection of internal
defects. The sharp lateral focus of the internal waves, which
persists for some depth, suggests that one can use this setup
to detect internal defects with good spatial resolution. The
large shear wave amplitude produced by this method also
suggests that defect detection can be carried out by shear to
compression mode conversion.

We created an artificial subsurface defect in the plate by
drilling a 2.3-mm-diam hole from the side wall, along the y
direction, and examined it with ring-shaped source. The flaw
was centered 13.2 mm from the front surface of the 19-mm-
thick plate [see Fig. 5(b)]. The ring radius was 7.7 mm,
which corresponded to a nominal focal depth of 13 mm. We
scanned the flaw location through the ring axis, by moving
the plate in the x direction while both the ring and the trans-
ducer were kept stationary.

Figure 6 shows the recorded wave forms for different
defect locations. Compressiori—compression and shear—shear
scattering by the defect are present, as indicated by the dis-
tortion of the compression arrival peak at 3.3 us and shear
arrival peak at 6.5 us. These features are too close to the
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FIG. 6. Recorded wave forms for different defect locations: (a) center; (b} 0.5 mm off center; (c) 1 mm off center; (d) 1.5 mm off center; (¢) 2 mm off center;

and (f) 3 mm off center.

existing peaks to be used to identify the defect location.
Four more pronounced new features due to the presence
of the defect appear in Fig. 6(a). The first feature occurring at
4.8 us is the arrival of the compression wave reflected first
by the back surface and then by the defect. This feature is
labeled as P-rPP, following the notation of Scruby et al>®®
[see Fig. 6(a)]. The second feature occurring at 5.7 us, la-
beled dSP, is due to shear to compression mode conversion
at the defect, with the scattered cdmpressional wave reaching
the transducer before the direct shear waves arrive. The third
feature at 8.1 us, labeled as S-rPP, is caused by shear waves
converted into compression waves at the back surface and
then reflected by the defect. The last feature at 8.9 us, la-
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beled as S-rSP, is the shear—shear reflection at the back sur-
face of the plate, which then scatters off the defect as a
compression wave.

The location of the defect can be calculated by measur-
ing the timing of the above mentioned new wave-form fea-
tures in Fig. 6(a), and using the known speeds of shear and
compression waves in aluminum. The flaw distance from
front surface determined from the four new features are:
14.1, 12.6, 14.2, and 14.0 mm. Notice that the second-listed
depth is smaller than the other three, because the first-, third-,
and fourth-listed depths all derive from the back surface of

-the defect, which is at 14.4 mm from the front surface of the

plate. The average, 13.7 mm, is very close to the actual 13.2

Wang et al.
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FIG. 7. Experimental and modeled rear surface displacement wave forms for transducer at (a) the epicenter; (b) 1 mm, (c) 2 mm, and (d) 3 mm from the

epicenter.

mm, with the error within the radius of the hole. Figures
6(b)-6(f) show that the amplitudes of the new peaks due to
the defect decrease rapidly when the defect is moved away
from the central axis, as expected from the tight focusing
along the axis.

The combination of a tight focus along the central axis
plus time of flight analysis of the mode-converted scattered
waves is suitable for mapping out defect locations or con-
tours. Defect detection by mode conversion was reported by
Scruby and co-workers, with a thermoelastic point-like
source, and both the source and the receiver on the same side
of the sample plate.'” The maximum defect signal was with
the source offset from the defect, due to the angular distri-
bution of generated waves. Complicated data processing was
necessary due to the geometry. In the present case, because
of the intrinsic symmetry of the arrangement, locating a de-
fect can be easier. The axis of the ring provides the highest
amplitude for defect scattering, and the detected wave form
is most symmetrical when the defect is on the axis.

lil. COMPARISON WITH THEORY

Optimal control theory applied to photothermal wave
generation has been used to demonstrate that a fixed ring
works reasonably well at delivering acoustic energy to a sub-
surface volume.!” The OCT modeling was done with a
Green’s-function description of the semi-infinite solid, and
did not have wave reflection features due to the infinite ex-
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tent of the geometry. Therefore, we have examined this
nearly optimal solution as a fixed ring at an optimal angle
with a numerical model of wave propagation through the
solid. This gives a complete picture of the wave structure and
energy density throughout the volume and at the back sur-
face. The time history of the normal displacement at the
backsurface is computed and compared to experiments.

In this section we describe a model elastic solid whose
surface is irradiated by a ring-shaped incident laser beam.
The applied heat generates thermal stresses in the solid ad-
jacent to the surface. These stresses in turn generate com-
pression and shear waves that propagate into the solid much
faster than the heat diffusion process. Moreover, the time
duration of laser pulse is much smaller than the time required
for the heat to significantly diffuse into the solid. Therefore,
the solid can be divided into two regions. In the top region
thermal effects are present, and the material is assumed to be
thermoelastic. In the bottom region thermal effects are ig-
nored and the material is assumed to be purely elastic. At the
boundary between the two regions the displacement and its
first derivative are required to be continuous. The equations
of motion for the top region are given by

aT < *T
P 5 ™% axix,

=h(t,x1,x2)5(x—x3), (1)

Wang et al. 4279
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where T(t,x;) is the temperature, u,(¢,x;) the displacements,
N\ are Lame’s constants, K the thermal conductivity, p the
mass density, ¢, the specific heat, and « the thermal expan-
sion coefficient. The incident laser is modelled as a surface
heat source h(t,x;,x;). Given h(t,x{,x,), the temperature
field can be obtained independently using the heat conduc-
tion equation. The thermal expansion is then generated by
the imposed temperature field through the second equation.
The conversion of elastic energy to thermal energy is ignored
and the temperature rise is considered to be due to the inci-
dent laser only. For the lower region, the thermal field in Eq.
(2) is ignored due to the much slower propagation of thermal
diffusion compared with elastic waves. Thus, we have

2 2

TUi ek ) T i - 3
K xax, (At p) Gxox P (3)

The computations are done using the code DYNAFLOW.?
The calculations are based on the physical properties of an
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aluminum alloy: p=2.77 glem® \=0.546X10"? g/em s%
u=0257%10"? g/ems*; K=2.37 Jlem; c¢,=1 J/g, and
a=24%10"°% C™!. Details of the theoretical formulation, the
numerical procedure, and other case studies will be presented
elsewhere.?? In the application of DYNAFLOW modeling, the
spatial mesh was rather coarse, due to limitations of com-
puter memory. This resulted in residual numerical oscilla-
tions in the computed wave forms, of as much as 20% of the
peak displacements.

Figure 7 shows calculated rear surface normal displace-
ment wave forms for four different locations of the detector,
moving to the side of epicenter. These results are for a 12.7-
mm-thick plate and a fixed ring radius of 8 mm, correspond-
ing to the first experiment. Comparing the experimental
wave forms in Fig. 2 to those in Fig. 7, in all cases the
calculation correctly predicts the location and the polarity of
the measured wave-form peaks. Also, the amplitudes of
shear and compression wave transients agree reasonably
well. Thus, the modeling supports the observed transverse
focusing at the rear surface.

Wang et al.



Figure 8 presents ‘‘snapshots’’ of computed elastic en-
ergy density in the sample at several different times after the
elastic waves are launched. This corresponds to a 12.7-mm-
thick plate and a ring radius of 7.3 mm, with the ring angle
29.9°. It can be seen that the energy concentrates around the
epicentral axis, after the shear waves begin to overlap. The
intense' energy peak is also well defined in z direction, in
each time epoch shown. When the pulse reaches the back
surface, the waves reflect and the energy peak breaks up. The
model predicts that the epicenter shear peak amplitude has a
broad maximum at a ring angle of 35°; however, the experi-
mental maximum shear ring angle is somewhat smaller, at
29°. This difference may be associated with spatial averaging
nature of the detector.

IV. CONCLUSIONS

We have experimentally demonstrated strong lateral fo-
cusing of elastic waves at the epicenter with waves generated
by a ring-shaped light source. This is supported by the results
of numerical simulation. Both the experiment and the nu-
merical simulation results show that the elastic waves are

narrowly confined near the epicentral axis. Thus, effective

focusing in depth of the elastic waves can be achieved with
this simple configuration. Furthermore, the waves are not
narrowly focused at a single depth, which can facilitate the
process of locating defects at unknown depths. Strong con-
verging waves may be useful for detection of oriented flat
cracks and flaws.

The waves might be further confined along the epicentral
axis by adding more control to the ring load, namely, sweep-
ing the radius of the ring with a speed that matches the elas-
tic wave speed in the sample, so that constructive interfer-
ence occurs only at a target location that is well defined in all
three dimensions.'>'® The use of OCT provides a means to
design the optimal loads for this purpose. We are currently
working on an electro-optical sweeping device that may be
used for this purpose.
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