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The vertical ultrasonic surface displacement generated by a laser-induced, thermoelelastic,
rectangular surface strip source is formulated. The main features of this source, ultrasonic rise
times comparable to those of the generating light pulse derivatives, and a large amplitude,
double-pulsed waveform, are advantageous for ultrasonic spectral- and time-domain
measurements for nondestructive material evaluation. The analysis shows that, for laterally
symmetric sources in the thermoelastic regime, only one tangential thermoelastic stress
component contributes to the vertical displacement. Therefore, the strip source is equivalent to
two, tangential line forces acting outward at the strip’s front and back edges. The leading-edge
rise time of the signal is virtually independent of the lateral extent of the source, which mostly

affects the trailing portions of the ultrasonic pulses. Consequently, a particularly simple
expression, which compares favorably with experimental results, is obtained for short strips
(subtending small angles at the observation point). In conjunction with this formulation, the
thermoelastic strip source is an important tool for quantitative, laser-based, ultrasonic

nondestructive material evaluation.

PACS numbers: 43.35.Zc, 43.35.Ud

INTRODUCTION

The generation of acoustic waves by transient laser heat-
ing has seen increasing application in ultrasonic nondestruc-
tive testing.'! This approach alleviates several drawbacks
characteristic to the standard contact transducers. Wide-
band acoustic signal generation, nonobtrusive transduction
of the ultrasound, improved scanning ability, and a potential
for remote operation are the major advantages. Typically,
Gaussian distributed point or line laser illumination patterns
were used for this purpose.'* The present authors have dem-
onstrated faster rise times and larger amplitudes, with com-
parable laser pulses, by using a sharply defined rectangular
illumination, or strip source.>® This technique offers im-
proved accuracy for time- and frequency-domain measure-
ments, which are important for material evaluation. This
paper analyzes the laser-based thermoelastic strip source,
providing insight into its main characteristics. A theoretical
model for the acoustic waveform generated by such a ther-
moelastic strip is formulated. This model serves as a refer-
ence for analyzing experimental data in laser-based material
evaluation procedures.*

One of the first models for laser-generated ultrasound
was derived by White.? His one-dimensional model consid-
ered the thermoelastic loading of metal surfaces for both
isolated laser pulses and periodic pulse bursts. Later, distinc-
tion was drawn between the ablative regime, where material
is blown-off the surface, and the thermoelastic regime, where

) Present address: Department of Electrical Engineering, Stanford Univer-
sity, Stanford, CA 94305-4035.

) Present address: Inspection Research & Technologies, P. O. Box 39805,
Tel Aviv 61397, Israel.

3249 J. Acoust. Soc. Am. 92 (6), December 1992

0001-4966/92/123249-10800.80

only heating occurs without material phase changes.®® Us-
ing numerical solutions for the free-surface Green’s func-
tion, Scruby ez al.® derived one of the first three-dimensional
models for ultrasonic generation in solids.*® Despite an ide-
alized point source approximation to the experimental illu-
mination spot, this model correctly predicts the salient fea-
tures of experimental waveforms. It was established that an
ablative source is equivalent to vertical momentum loading,
whereas horizontal loading is expected in the thermoelastic
regime.’®

Analytic expressions for material displacements due to
a thermoelastic point source were developed by Rose'' for
two observation points: along the vertical, epicentral axis,
and on the surface. Several workers were then able to extend
Rose’s solution to finite line'? and Gaussian sources'*'* by
convolving point-source-induced waveforms over the ex-
tended source dimensions. In a different approach, the
acoustic waves generated by an extended axisymmetric
(disk) source were calculated by direct solution of the rel-
evant wave equations with the aid of integral transform tech-
niques.'® Much like the point source, extended sources have
been shown to be equivalent to horizontal or vertical surface
loading for the thermoelastic and ablative regimes, respec-
tively. Other workers were able to obtain solutions for the
two dimensional problem in a half-space for the thermoelas-
tic regime,'%'® as well as the ablative regime,'®'® but these
are not strictly valid for observation points on the free sur-
face.

In the present work, the thermoelastic strip source ge-
ometry is analyzed. Rather than convolving available results
for the thermoelastic point source, the analysis is performed
from first principles, yielding a particularly simple expres-
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sion which circumvents the computational load associated
with previous finite source models. The mathematical for-
mulation for the surface displacement (Sec. I) takes the ad-
vantage of closed-form expressions for the free-surface dis-
placement Green’s functions for a transient point load. The
extended surface thermoelastic strip source is replaced with
its equivalent, two outward acting tangential line sources, to
obtain an integral representation for the resulting surface
displacements (Sec. I C). By approximating to a short strip
source (subtending a small angle at the observation point),
particularly simple expressions, are obtained (Sec. I D).
Long strips are also considered (Sec. I E), showing that the
lateral extent of the source has negligible effect on the lead-
ing portions of the ultrasonic waveform, but progressively
changes the trailing signal as the source’s length increases.
The theoretical model is compared to experimental signals
(Sec. I1), and its significance is discussed in Sec. 111

. THEORETICAL

Of the two major laser-based mechanisms for ultra-
sound generation:® the ablative, and the thermoelastic, only
the latter is considered here. This mode dominates as long as
the surface heating is insufficient to change the material
phase (laser flux under some 10’ W/cm? in metals'). The
main macroscopic effect in the thermoelastic regime is a
transient, localized surface heating, inducing local thermal
stresses, which propagate in the form of ultrasonic waves,
including several surface components. The thermoelastic
mechanism is normally favored for nondestructive testing
applications as it avoids ablative marring of the test surface.
We consider here only the vertical surface displacement; oth-
er displacement components can be evaluated in a similar
manner.

The thermoelastic surface strip source is analyzed using
uncoupled thermoelastic theory. This simplification is justi-
fied” by the small mechanical coupling term in the heat
conduction equation for metals (2.9% for aluminum and
1.4% for steel), and since the thermal and stress rates of
change are comparable, as verified by a more refined analysis
for practical situations.?’

A. Integral representation for surface displacements

Consider a finite, transient thermal volume source,
within an isotropic, homogeneous half-space occupying the
+ zaxis region (Fig. 1). The transient thermal load induces
a transient mechanical load within the material which then
propagates as an acoustic disturbance. Such an extended
thermal source can be described with the aid of the thermal
stress glut, A7 (,¢), which is the conceptual stress associat-
ed with the strain of the heated material volume [see Eq.
(5)] were it removed from the constraining media,?? and
which is defined by

Aty (1) =Cy Aey (E1) . @8]

Here, Ae, (E,t) denotes the stress-free thermal strain, C,, is
the elastic constant tensor and § = (£,7,{) represents a Car-
tesian coordinate system at the source. As described by Ba-
chus and Mulcahy,?? the effective load of an extended source

3250 J. Acoust. Soc. Am., Vol. 92, No. 6, December 1992

FREE

/ SURFACE

SQURCE

OBSERVATION
)-() POINT %

FIG. 1. Thermoelastic source geometry. The vertical surface displacement
uy at X due to a volume thermal source at § is sought.

of volume Vis equivalent to a combination of its body force
modified by the derivative of the glut — A7, ; plus the sur-
face traction acting on the source’s envelope S, modified by
the normal component of the stress glut + A7, 7;. Since no
external tractions are present here and the true body forces
are neglibible, the vertical surface displacement u, at a dis-

tant observation point X = (x, ,z) is given by

u(X,t) = —j At (E,0)*G 3 (66X,0)dV
| 4

+ J AT, (&) A*G 5 (E,X,0)dS , (2)
Y

where the effective volumetric load is weighted by the dis-
placement Green’s functions, G §; (£,5,X,0), representing the
vertical displacement (in direction 3) at the observation
point X, due to a point force with delta function time excita-
tion, acting at £ in direction /. Summation over repeated
indices is implied, the asterisk (*) denotes convolution in
time: f*g = §§ f(¢')g(t — t’)dt’, and the comma in the sub-
script represents differentiation. Physical initial conditions
are assumed, that is (9/3t)G3, = G$, = 0 for t<0 in con-
junction with the restriction, X #E&.

Previous workers,'"'* applied the divergence theorem,
to replace the surface integral in Eq. (2) with an equivalent
volume integral, such that?

uy(X,1) =f AT, (E,1)*G3,, (,5X,0)dV . (3)
| 4

For the analysis here the form of Eq. (2) is more convenient.
The surface integral term in Eq. (2) is eliminated by the
shallow buried source approximation,'"** where the source
is considered to act at a small subsurface depth £,, which is
set to an infinitesimal value later. For this approximation the
stress glut vanishes both on the free surface (S, in Fig. 2),
and on the portion of the envelope projecting into the materi-
al (S, in Fig. 2). Therefore, only the volume integral of Eq.
(2) need be considered, and,

uy(X,1) = —J‘ Ar, (NG5 (X —EndV, (4
|4

where we have also included explicitly the translation invar-
iance of the Green’s functions, G(X,§) = G(X — §), for the
present problem.

The general form of the stress glut is now expressed in
terms of the momentary distribution of the temperature rise,

Aharoni ef al.: Thermoelastic surface strip source 3250



FIG. 2. The thermoelastic surface strip source of volume V. Integration is
considered within the half-cylindrical envelope comprising a flat portion S,
on the material surface boundary, and a cylindrical portion S, extending
into the material depth.

O(§,1), due to the laser heating. Following Scruby et al.,?*
Rose'! and Doyle,?¢ the stress-free strain, Ae,,(&,2), is ex-
pressed as

Ae, (E,1) = aO(E,0)6,,, (5)

where a is the linear thermal expansion coefficient for the
material. Therefore, for an isotropic medium, with Lamé
constants, A and g, the thermal stress glut is

AT, (E,1) = ar (34 +2u)0(E15,; .
Substituting the expression above in Eq. (4), we find
u (X,1) = —a, (34 +2u)

f—e<§t>*G3,(x gndv.  (6)

Equation (6) is the required integral representation for an
extended thermoelastic source at the surface. Nevertheless,
for illustrating some of the physical insight discussed in Sec.
I11, it is more convenient to replace Eq. (6) with its equiva-
lent form, in terms of Green’s functions for a point’ force
loading and a Heaviside temporal excitation, G*!. Denoting
differentiation with respect to time with a dot, setting
% =a; (34 + 2u), we use the relation G¥ = G2, the
physical initial conditions G} = G} =0 for 7<0, and the
equivalence f*g = f*g, to rewrite Eq. (6) as

uy(X,1) = —%f—ecgmas,(x gndv. (1)

In the following, we will introduce the form of the Green’s
functions needed to evaluate this function (Sec. I B), and
evaluate the momentary temperature profile of the thermoe-
lastic strip source (Sec. I C) to obtain the desired expression
for the generated acoustic waveform.

B. Surface displacement Green’s functions

Closed-form expressions for G'}} are inferred from solu-
tions for the surface displacement due to a normal** and a
tangential®” point load of a semi-infinite, isotropic solid. In-
specting the three functions G !}, we find that G &, varies as
sin 6, where 8 is the angle between the acting force and the
line of observation.?” Consequently, if the observation point
is symmetric with respect to the source, the contribution due
to G, are antisymmetric and therefore have no net effect on
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the vertical displacement. Therefore, in limiting the analysis
to sources that are symmetric with respect to the line of ob-
servation, x = 0, all contributions from source loading com-
ponents acting in the 7 direction are self canceling.?® Under
this symmetry condition, only two terms in Eq. (4) contrib-
ute to the displacement

u(x, p=2z=0,0

—%f—e(gt)*G?l(X—g,t)dV
—f;fie(gma (X —&ndV. (8)

Figure 3(a) and (b) plots the vertical displacement of the
Green’s functions G|, and G, as a function of time. The
temporal scale is normalized as 7 = tc,/r, where ¢, is the
shear velocity, and r the distance to the observation point,
X — E. The normalized arrival times (for a Poisson’s Ratio

of 0.25) of the longitudinal (r = 1/y3), shear (r = 1), and
Rayleigh (r = 0.5\/?+- J3) components are indicated on
each graph by P, S, and R, respectively.

The Rayleigh components are responsible for the domi-
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FIG. 3. Vertical displacement due to a unit horizontal (a) or vertical (b)
surface point force with a Heaviside function temporal excitation (G %, and

G, respectively). Ordinate scale is normalized in multiples of 1/7ur. The
abscissa is plotted in normalized time: 7 = ¢ ¢ /r. P, S, and R indicate the

time of arrival of the longitudinal, shear, and Rayleigh components, respec-
tively.
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nant surface perturbation in both cases. As further discussed
in Sec. III, the difference in the buildup of the steady-state
displacement between G} and G} is significant as a verifi-
cation for the present derivation. For a tangential load an
abrupt sagging occurs on arrival of the Rayleigh component,
followed by a gradual decay to the steady-state value [Fig.
3(a)]. In contrast, a vertical load produces a gradual build-
up of an upward displacement followed by an abrupt transi-
tion to the steady-state value on arrival of the Rayleigh com-
ponent [Fig. 3(b) ]. We emphasize that a positive value of u,
corresponds to material surface sagging, so the sign of the
steady-state displacements is in agreement with that expect-
ed from a static point load on a half-space:*® the surface sags
for both a downward vertical and a horizontal (in the obser-
vation direction) point force.

C. Evaluation of the thermal distribution at the source

In order to evaluate Eq. (8) to find the vertical displace-
ment of a symmetric, thermoelastic surface strip source, it
remainstoderive (d /d&)O and (d /L) O for the strip source
geometry shown in Fig. 2.

Since the heating light propagates throughout the
source dimensions much faster than any time scale of signifi-
cance here, the temporal heating profile can be considered
uniform throughout the source. Therefore, the laser surface
heating distribution function can be presented in a normal-
ized, separable form: Q(E,t) = Qh(E)q (1), where

f h(E)AV =1, r g(de=1,
v 0

and Q represents the total absorbed heat due to the laser
pulse.

The temperature distribution generated by the laser
heating is expressed as a superposition of point-source solu-
tions to the heat conduction equation®® throughout the vol-
ume of the extended source, such that

o0 =2 q(r)*f h(E) O°(&,68,00dV",  (9)
PC, v
where the point-source solution ©° is

(10)

s o -
O (E,1,0) = =S )

— _ex —
(4mxt)>/? p( 4k

and where V" and (£°,%°,4 ") are the volume and coordinates
of the heat source, and p and ¢, are the material’s density and
specific heat, respectively.

In metals the penetration depth of laser radiation is con-
fined to the electromagnetic “skin depth.” For example, the
penetration is some 5 nm in aluminum and 3 nm in steel®' for
the Nd:YAG laser wavelength, 1.06 um. Therefore, as long
as the thermal diffusion can be neglected, for all practical
purposes the thermal source can be considered confined to
aninfinitesimal depth 6 (£ '). Nevertheless, for mathematical
convenience, we shall assume that the heat penetrates the
material to act at a depth of £,, which will later be set infini-
tesimal. Therefore, the rectangular strip source can be repre-
sented in the following form: A(E") = (1/1d)
Xrect(€ /d)rect(17/D8(L° — &), where rect(£)=1 for
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— 0.5<£<0.5 and O otherwise. Substituting for #(£’) in Eqgs.
(9) and (10), we find

Q 1 72 172
O(Et) = ) ——— d¢’ dn’
&0 pc, 9y ld(4mty’? fd/z 5 f—l/l K

72 732 ped
xCxp(_(f—g) +(n;:) + (6 —4) )
(1

The derivatives of 6, (d /d£)O and (4 /d£) O, are found by
direct differentiation of Eq. (11):

a
L a(g,
3 (&1)
_ —Q
N pe, qtn) * Id(47xt)?/?
2 2
x [exp(— (£—-d/2) )—exp(—-(f +d/) )]
4t dxct
1/2 7y2 2
, (n—n)) ( (§—§o))
d _\n=nJ _ 16 750
XJ —2 " exp( 4xt P it
(12)
and
a Q
Z o) = -
ac 0N = o1 ey
d /2 2
. (£—¢") )
x|~ a (_—
f_d/z 5" exp it
12 (71— ')
<[ ay (~—)
f_l/Z e 4xt
2
% —2(5 — &o) exp(— (£ —4&o) ) (13)
A5t 4xt

These expressions can be simplified by considering the typi-
cally minute values of the diffusion length 4« . The thermal
conductivity k varies from ~4 mm?/s for stainless steel to
some 90 mm?/s for aluminum.?? Therefore, for a typical
Nd:YAG Q-switched laser pulse duration of z~20 ns the
corresponding diffusion length is in the range of 0.5 to 3 um,
which is some two orders of magnitude below the smallest
dimension of interest here. Therefore, the { dependence of
Eq. (13) is confined to a minute region in the vicinity of &,
and is antisymmetric about this point. Since G '}, is virtually
independent of § for the very small {,/r ratios considered
here,** the integral over the product (3/35)OGY in the
second term of Eq. (8), is null. Consequently, we find that
only the tangential load components contribute to the sur-
face displacement for a thermoelastic surface strip gener-
ator.

Now setting 4«xz —0, using the Gaussian representa-
tion for the Dirac delta function,

&(x) = lim 1 ex(—x—z)
N-0 [ZN P N?)’

and letting £, —0, Eq. (12) reduces to
oo =L 0o, 4)- (e )
— O(E, —- o] —)-b6{&——
& (&0 pc, ld §+2 d 2
Xrect(n/D(L) .

(14)
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Substituting for (d /d€)O from Eq. (14) into Eq. (8), we
find
—a; (31 +2u)Q . 172

y=z=0,t d
ey =z=01) = e ld 4@« | dn

fosofnsa)

G31(x——, m£=01)]. as

This result shows that the thermoelastic strip source is effec-
tively equivalent to two line sources of horizontal forces act-
ing outwards along its edges (£ = + & /2). The magnitude
of each force per unit length is @ (34 + 2u)Q /( pc,id),
indicating that the amplitude of the ultrasound depends only
on the heat flux @ /Id into the source and not on the source
dimension d or /.

D. The short thermoelastic surface strip source

The surface displacement waveform can be evaluated
directly from Eq. (15). However, for several applications it
is sufficient to consider only the leading-edge portion of each
pulse.* In this case, the effects of the far—off-axis contribu-
tions of the source may be neglected, significantly reducing
the computation load. This short (in the lateral, # dimen-
sion) strip approximation is considered below; long strips
are considered in the proceeding section.

The leading rise times of the laser-generated signals are
typically shorter* than the other components of the acoustic
waveform. Therefore, contributions from the lateral edges of
the source, which are delayed by longer trajectories, cannot
be expected to affect the signal’s leading edge. For example,
in the experimental geometry used here, the far—off-axis con-

tributions arrive after [(7/2)% + rZ — r]/cp ~ 300 ns; too
late to affect typical experimental leading-edge rise times
(50ns). Therefore, only the portion of the source close to the
line of observation significantly affects the leading-edge rise
time. This phenomenon is verified numerically in Sec. I E,
and experimentally in Sec. IT below.

For the short-strip approximation, that is / €, Eq. (15)
reduces to

2
u (e = ST IC )

pec,d
|on (=5 1)-eul 5o o)].
(16)

where the integration of the lateral extent is eliminated. This
result, plotted for ¢(¢) = 6(¢) in Fig. 4, shows that the polar-
ity in the leading and trailing edges of the acoustic displace-
ment are reversed in sign, and separated by the transit time
across the source’s width 4.

For the purpose of comparing the results with experi-
mental waveforms, Eq. (16) is evaluated for the temporal
profile ¢(¢) that matches the empiric trace of the Nd:YAG
Q-switched laser pulse used in the experimental work* [ Fig.
5(a} ], and for the source proportions used in the experimen-
tal work: d = 0.15r. Numerical integration of Eq. (16), with
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FIG. 4. Vertical surface displacement due to a short thermoelastic surface
strip of width & = 0.2r and & function time dependence. Abscissa: normal-
ized time 7 = ¢, 1 /r. Ordinate: vertical surface displacement, normalized in
multiples of a, (34 +2u)Q/(mupc, dr). P*, S*, and R * denote the
arrival times of the longitudinal, shear, and Rayleigh component peaks of
the leading wave front, respectively. The same components for the trailing
edge are markedas P ~,.S ",and R ~.

suitable treatment of the discontinuities in G &} ,* yields the
waveform shown in Fig. 6. This signal, which is dominated
by the Rayleigh components, is consistent with the point-
source solution'" in two respects. For d -0 the source is re-
duced to a tangential surface dipole, as expected.*'' In addi-
tion, numerical convolution of the theoretical point-source
solution with the width of the generating strip yields an iden-
tical waveform to that presented in Fig. 6. Further experi-
mental confirmation is described in the following.

The irregular form of the negative portion of each of the
pulses is due to the nonmonotonic decay of the empiric pulse
profile [Fig. 5(a)]. This is demonstrated by comparing in
Fig. 7 numerical waveforms for the two temporal profiles
g () shown in Fig. 5: the empiric pulse and a Gaussian pulse
of similar half-peak-intensity width. In both cases, the signal
comprises two antisymmetric pulses that originate from the
opposite edges of the source, and on the assumption that d is
large enough to ensure their separation, only the leading

1.0

0.8

0.8
/(a) Experimental =

Normadized Amplitude

0.4 b
{b) Gaussian -
0.2 B
0.0 1 1 1 1 1 1 1 1 1
10 30 50 70 20
Time [ns]

FIG. 5. Experimental temporal profile for the Q-switch Nd:Y AG laser used
(a) compared to a Gaussian temporal profile with o, = 6 ns, (b). Both
signals are normalized to a unit amplitude.
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Vertical Displacement, ujz

Time [us]

FIG. 6. Vertical surface displacement due to a thermoelastic strip source
with d =0.15r (r =41 mm) for the experimental laser temporal profile.
S* R*, 5§ ,and R denote the arrival times of the shear and Rayleigh
components, for the leading and trailing edges of the strip respectively. The
ordinate is in arbitrary units.

pulse of each is shown. In both cases, the Rayleigh compo-
nent dominates, and the leading portion of the signals as-
sume the form of the derivative of the temporal excitation
q(1), then gradually decay to the zero-displacement steady
state. As discussed further in Sec. II1, these characteristics
are related to the abrupt nature of the leading edge of G }; as
compared to the gradual decay of this function’s trailing
edge {Fig. 3(a)].

E. Long thermoelastic strips

The derivation leading to Eq. (15) established that only
the edges of the thermoelastic strip source contribute to the
acoustic displacements. A particularly simple mathematical
form for the resulting waveforms is obtained if the lateral
extent of the source is sufficiently short. The present section
considers long strip sources, showing that the extended
length mainly affects the railing signal portions.

I I T

(b) Gaussian

Vertical Displacement, u,

] )
Normalized Time, cgt/r

FIG. 7. Rayleigh component of vertical surface displacement due to the
leading edge of the thermoelastic strip source. (a) Experimental laser tem-
poral profile, (b) Gaussian temporal profile. Abscissa: normalized time
7= c 1 /r,at 0.01 per division. Ordinate: vertical displacement, in arbitrary
units.
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In order to incorporate the effect of the lateral extent of
the source it is necessary to perform the integration over 7 in
Eq. (15). Nevertheless, since a solution for a short strip is
already available, we choose to regard the long strip as a
superposition of a series of contiguous, short strips distribut-
ed along the strip’s length /. This is equivalent to a series of
outward acting point sources, distributed along the two
edgesofthestrip,£ = + d /2,asshownschematically in Fig.
8(a). To evaluate the long strip displacement, u{”, each
short strip contribution at the observation point must be
weighted by cos 6, the angular dependence of G4} ;*’ atten-
uated by a; and phase shifted by ¢, to account for the addi-
tional trajectory, Ar (cf. Fig. 8):

+ 172
ulP(x,t) = J ul? (x,t — )a cos dp, a1mn

—172
where

6 =tan"'(5/r),
Ar 7 (6)
== —_1 -1,
¢ an 3

Cr Cr
and
a~r/(r+ Ar) .

Only the r—'/2 attenuation rate of a Rayleigh wave is used
here, since the other components, which are attenuated fas-
ter,*® have virtually no effect on the resulting waveform.
Figure 9(a) and (b) present results of numerical inte-
gration of Eq. (17) for a number of source lengths and for
the empirical Nd:YAG temporal profile and a Gaussian
temporal excitation, respectively. Only the leading acoustic
pulse is shown, representing the full waveform with its two
antisymmetric pulses (which are essentially independent for
sufficiently large d). The amplitudes of the signals are nor-
malized to the same peak-to-peak value to facilitate com-
parison between the rise times of the pulses. Virtually no
pulse-width broadening occurs for source lengths of /<0.1r.
For longer strips, only the trailing portion of the pulses
change appreciably. 1t is very striking that the leading-pulse
rise times are essentially unaffected by the lateral extent of

Ar
M4} Heated Region 90+9541 20-94
e
E X
1
90—
gy f30-%
d (a) ©)

FIG. 8. Long thermoelastic strip source geometry: (a) top view showing the
contributing line sources as bold lines; (b) magnified view showing the geo-
metrical construction to evaluate Ar.
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FIG. 9. Numerical estimation of the effect of the lateral extent of the illumi-
nation strip for: (a) Experimental temporal profile, (b) Gaussian temporal
profile. The waveforms are normalized to equal peak-to-peak values for
comparison of the temporal characteristics.

the source. Interestingly, for the Gaussian temporal excita-
tion the negative portion of the pulse is separated from the
leading positive portion for large / values [Fig. 9(a)]. A
significantly different trailing edge form is found for the em-
pirical temporal profile [Fig. 9(b)].

{l. EXPERIMENTAL

In this section, we present experimental waveforms gen-
erated by a thermoelastic strip source, and compare them to
those predicted by the theoretical model. The experimental
arrangement, in which the ultrasound is generated and de-
tected on a polished aluminum slab, is shown in Fig. 10. An
expanded Q-switched Nd:YAG laser beam, with 6-ns pulse
rise time [cf. Fig. 5(a)], and 480-mJ pulse energy is the
thermal source. A rectangular aperture confines the surface
illumination to a strip of d = 6-mm width and / = 16.5-mm
lateral extent. The illumination across the strip is nearly uni-
form with a peak incident flux on the order of 1 MW/cm’.
The ultrasound generated by the Nd:YAG pulse is detected
r=41 mm away from the source with a focused, 7-mW
HeNe laser beam. Using the knife-edge (KE) technique®*
the surface slope due to the ultrasound traversing the detec-
tion point, is recorded with a high-speed digital transient
recorder.

A typical KE detected experimental signal is compared
in Fig. 11 to the theoretical slope predicted by the derivative
of the vertical surface displacement for a short strip:
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FIG. 10. Perspective illustration of the experimental arrangement.

(3 /t)us” of Eq. (16). To remove the error due to uncer-
tainty in the system’s detection gain, the amplitude of the
theoretical waveform is rescaled to fit the peak of the first
positive pulse in the experimental signal. The similarity be-
tween these waveforms is notable. The model predicts cor-
rectly the salient features of the experimental waveform, in-
cluding its polarity, and the antisymmetry of the two
separate bipolar pulses. The longitudinal (not shown in Fig.
11) and the shear displacement components (marked S * in
Fig. 11) are too weak to be discerned in both the experimen-
tal as well as the theoretical waveforms. The experimental
signal in Fig. 11 is generated by a strip with / = 0.4r, and
therefore shows some deviation from the short strip approxi-
mation in the trailing portions of the pulses, most notably in
the second pulse. As for the leading-edge rise time, its theo-
retical invariance with the source’s lateral extent was veri-
fied empirically: No change in the pulse’s rise time is ob-
served when the lateral extent of the illumination strip, / is
varied. Furthermore, no change in the pulse’s width is nota-
ble for /<0.2r.

7]
—
1

Vertical Slope, U3

Time [us]

FIG. 11. A comparison of (a) experimental and (b) theoretical waveforms
for the surface slope due to a short thermoelastic surface source (d = 6 mm,
r = 41 mm) and the empirical laser temporal profile. § *, R *,§ ~,and R ~
denote the arrival times of the shear and Rayleigh components, for the lead-
ing and trailing edges of the strip, respectively. The experimental waveform
is the average of signals from four consecutive laser pulses. The ordinate is
in arbitrary units.
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lil. DISCUSSION

The main contribution of this work is a formulation of a
model for the ultrasonic surface waveforms generated by a
thermoelastic strip source. If the thermoelastic strip is short,
that is /<0.1r, a particularly simple form is predicted for the
acoustic signals [ Eq. (16) ]. This form is also a good approx-
imation for the leading portions of longer strips, and only ifa
more accurate evaluation of the trailing portions of each
acoustic pulse is required, an additional integration, such as
described by Eq. (17), is necessary. These models further
emphasize the substantial practical advantages of the strip
source,>* as discussed later on in this section.

The theoretical model provides a means of predicting
the true waveform of the thermoelastic strip source prior to
any material degrading effects it may experience in propa-
gating to the detection point. For example, for dispersive
material, the detected waveform is spectrally distorted; us-
ing the theoretical model as a reference, the frequency-de-
pendent attenuation can be measured, from which impor-
tant material parameters, such as grain size can be
extracted.* The simplicity of the numerical form is an advan-
tage for parameter estimation procedures requiring iterative
fitting of theoretical waveforms to experimental data.* This
ability to relate the experimental waveform parameters to
quantitative material properties has been successfully em-
ployed both for absolute measurements of material grain
size* and monitoring the combined effects of material tex-
ture and residual stress.”®

The analysis here predicts that the waveform generated
by the thermoelastic strip source is independent of the mate-
rial’s thermal properties. This is borne by the form of Eq.
(15), in which all the thermal parameters occur only in the
scaling coefficient. A related property was observed by
Rose,"' who proved that, for a point, adiabatic source, the
acoustic disturbance form depends soley on the spatial and
temporal profiles of the thermal source, and not on the mo-
mentary thermal distribution. This result can be extended to
apply to the thermoelastic strip source.?® In practice, this
independence of thermal properties, alleviates the need to
calibrate for them while monitoring mechanical or metallur-
gical material properties. We note that this would not apply
to any signal contributions due the thermal diffusion,?!
which is neglected in our analysis.

The salient feature of the theoretical and the experimen-
tal waveforms, agree well as shown in Fig. 11. In both the
Rayleigh component dominates;*'"** two, antisymmetric
bipolar pulses occur, separated by the acoustic propagation
delay across the thermoelastic strip width; and the material
initially sags. For the aluminum sample, which has negligi-
ble dispersion in the frequency range used here, the theoreti-
cal and experimental leading-edge signal rise times are also
well correlated. In general,>*?® lesser correlation is observed
for the trailing edges of each acoustic pulse, as can be expect-
ed from the relatively long strip sources used.

The elimination of the vertical components in the ther-
mal source warrants a closer examination. One can expect
no vertical forces on the free boundary, so for the small laser
penetration depth, this result is intuitively acceptable. Ana-
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lytically, the equivalence of a thermoelastic surface point
source and a tangential force dipole'! confirms this result.
The experimental evidence® also supports the same effect.
The different characteristics of the vertical and tangential
Green's functions make the experimental observations sig-
nificant; the Rayleigh components of G} and G} are simi-
lar but inverted in polarity with respect to each other (Fig.
3). Therefore, the agreement between the theoretical and
experimental waveforms indicate that the source is dominat-
ed by tangential forces, if not verifying the complete nega-
tion of the vertical contribution.

The analysis confirms two of the unique practical ad-
vantages of the thermoelastic strip source: the high ampli-
tudes and the very high-frequency content of the resulting
waveforms. As described below, both are independent of the
source’s width, and are not affected by small nonuniformi-
ties in the source’s cross section.

Considering the amplitude, the theoretical model pre-
dicts that it is determined by the time derivative of the inci-
dent laser pulse profile ¢(¢) in agreement with a different
acoustothermal model due to Budenkov.*® Mathematically
this can be inferred from Eq. (16), where the dominant ef-
fect of G can be, somewhat coarsely, represented by a delta
function [cf. Fig. 3(a)]. Consequently, the convolution in-
tegral g*G !} essentially reduces to (7). Intuitively, it is rea-
sonable that a higher heating rate would induce a greater
thermal strain, and therefore a larger ultrasonic amplitude.
This property of the strip source explains the difference be-
tween the negative signal potions for the empirical and
Gaussian temporal excitations in Fig. 7. The slower decay
rate of the empirical excitation [Fig. 5(a)] results in its
weaker negative component.

Therefore, in practice, the optical heat deposition rate,
rather than the optical flux, governs the resulting ultrasonic
amplitudes. Substantial amplitude increases are possible just
by shortening the optical pulse rise time. Such large ampli-
tudes are important for improved detection accuracies,
which are typically related to the signal-to-noise ratio, and
scale with the available peak amplitudes. Another practical
advantage is the independence of the acoustic amplitudes on
the dimensions of the generating thermal strip. As noted in
Sec. I C only the heating flux, Q /ld, affects the generated
amplitude. Again, this result relates to the dependence of the
acoustic amplitudes, on the thermal strain rate, which is
maximized at the thermoelastic strip’s edges. Therefore, the
thermoelastic strip edges generate the maximal possible
acoustic disturbance which would not typically be affected
by small variations in the uniformity of the illumination
within the strip, nor its width.

The high-frequency content also results from the singu-
larity in the Green’s function in Eq. (16). Since G %, features
an abrupt step on arrival of the Rayleigh component [Fig.
3(a)], its convolution with ¢(¢) replicates the rise time of
q(?). In other words, irrespective of the material parameters,
the leading-edge rise time of the strip-generated ultrasound
is identical to that of the leading edge of the optical pulse
derivative; laser pulse derivatives can readily be obtained on
a nanosecond scale, or even substantially faster.

Due to the relatively fast rise times possible with the
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thermoelastic strip source, the resulting ultrasonic frequen-
cy content is substantially higher than that possible with a
gradual surface illumination intensity distribution (Gaus-
sian for instance) or a convex front-end geometry (disk for
example). Furthermore, the frequency content, or leading
rise time are virtually independent of both the widths as well
as the lateral extent of the strip (Sec. I E). They are also
insensitive to small inhomogeneities in the illumination pro-
file, as long as a well-defined illumination boundary occurs.
In as much as the incident laser pulse profile is known, this
property ensures a calibrated ultrasonic rise-time signature,
which is invaluable for many high-frequency applications.

IV. CONCLUSIONS

A practical theoretical model for the ultrasonic wave-
forms generated by the thermoelastic surface strip source is
derived. The model correctly describes the main experimen-
tal features: the dominance of the Rayleigh component, the
two, antisymmetric pulses, the pulse separation, d /¢, and
their polarity. The model also demonstrates the practical
advantages of the thermoelastic strip source, including large
amplitudes, and a high-frequency content. Both of these pa-
rameters are essentially independent of the strip’s dimen-
sions (provided a minimal width is exceeded) and insensi-
tive to inhomogeneities in its illumination profile.
Furthermore, both the amplitude and the leading-edge rise
times are proportional to the heat deposition rate, so that
faster optical excitation pulses can improve the performance
of time- or frequency-domain measurements. In significant-
ly reducing the computational load, the model can readily be
applied to iterative parameter estimation procedures that
optimize the accuracy of ultrasonic nondestructive evalua-
tion and testing methods.

The thermoelastic strip source, complemented by the
model presented above, is an important tool for qualitative
and quantitative nondestructive material evaluation. So far
we have applied it to accurate ultrasonic time-of-flight mea-
surements for monitoring the combined effects of residual
stress and material texture;?® to the abso/ute measurement of
frequency-dependent attenuation from which accurate ma-
terial grain size and absorption coefficients were obtained;*
and to the detection of fatigue microcracks which invert the
polarity of high-frequency ultrasound.?®
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