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Acoustic waves generated by a laser line pulse in cylinders;
Application to the elastic constants measurement
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A model is proposed to predict acoustic waves generated in a transversely isotropic cylinder by a
laser line pulse extended in beamwidth and time duration, and an application to elastic constants
measurement is presented. Documented good agreements are observed in the comparison of
experimental and theoretical normal displacements for aluminum cylinders under either ablation or
thermoelastic generation. Bulk waves are identified and processed for the elastic constants
measurement. The effects of source beamwidth and time duration on wave forms and on the elastic
constants measurement are predicted by numerical simulations. For nondestructive evaluation
applications using bulk waves, a radius of 0.3 mm appears as a minimum limit for the sample size
using a laser source of 0.1 mm beamwidth and 20 ns time duration. Elastic constants of aluminum
rods are experimentally measured with very good accuracy. ©2004 Acoustical Society of
America. @DOI: 10.1121/1.1651191#
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I. INTRODUCTION

Cylindrical parts often acting as rotating axes of a m
chine play important roles. Nowadays, they are in a parti
lar favor of new materials with enhanced mechanical pr
erties such as fiber-enhanced composite materials, w
have high performance in strength and durability. Ma
manufactured rods, fibers, and other cylindrical structu
have transverse isotropy. There is an increasing deman
measuring nondestructively their elastic constants, which
often directly related to their mechanical performances. A
ditionally, a cylinder with its unique geometry is a bas
target for the acoustic wave propagation research.

Understanding the wave propagation in a cylinder i
necessary step before considering any possible applica
Surface acoustic or Rayleigh wave propagating on an iso
pic and homogeneous cylinder was considered in 1927
Sezawa,1 who obtained its characteristic equation and cal
lated the dependence of its velocity on the radius of the
inder. More detailed studies were reported in 1967
Viktorov,2 who calculated its dispersive curve and made
comparison to experimental data detected by conventio
piezoelectric transducers. Higher Rayleigh-type waves w
termed as ‘‘Whispering-gallery modes’’ by Uberall in 19733

Due to the coupling difficulty of such transducers, few e
perimental reports on the wave propagation for a curved
dium had been published until the development of the la
ultrasonic technique,4 in which ultrasonic waves are bot
generated and detected by lasers. With the remarkable
tures of noncontact, high spatial and temporal resoluti
introduced by this technique, various studies on material
curved surfaces have been carried out. As an example,
leigh wave propagating on a sphere was observed exp

a!Electronic mail: y.pan@lmp.u-bordeaux1.fr
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mentally in 1988,5 and a further detailed study has been
ported later.6 Rayleigh wave propagating on a cylinder w
also studied by this technique.7,8 The finite element method
has been used to predict the bulk and surface wave prop
tions when laser beam was focused by a cylindrical len9

Very recently, authors have published a model10 to success-
fully predict the bulk and surface wave propagations in
transversely isotropic cylinder under either ablation or th
moelastic generation. In this model, the laser pulse was
resented by a sudden normal force with delta function
time for ablation generation or by a dipolar force with
Heavside step function in time for thermoelas
generation.10 Since laser pulses have certain beamwidth a
time duration, these representations can only hold true w
the cylinder is large enough to neglect the influence of th
physical dimensions. Therefore, it is necessary to take
count of the influence when the radius of the cylinder tu
to small values.

There has been considerable study of the acoustic s
tering characteristics of a transversely isotropic cylinder
the purpose of determining its elastic properties. For a ty
cal example, resonance acoustic spectroscopy, the stud
resonance effects present in acoustic echoes of an el
target, was proposed to evaluate the elastic constants o
cylindrical samples.11 For this technique, the sample must b
immersed in a fluid like water or another material. This lim
its its capability when the sample is not allowed to do s
such as the measurement at elevated temperatures. Act
many new materials are intended for use at a high temp
ture. Another resonance technique, the measurement of
gitudinal and torsional resonance frequencies of sample
known geometry, has determined nondestructively the ela
constants of various crystals at high temperature.12 Free vi-
brations of a transversely isotropic finite cylindrical rod h
been analyzed for the purpose of elastic consta
1537537/9/$20.00 © 2004 Acoustical Society of America
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determination.13 But this technique requires proper machi
ing of samples and fine identification of the resonance pe
Moreover, noncontact measurement is not possible with
technique. Fortunately, the above limitations are circumv
with the laser ultrasonic technique, in which the ultraso
waves are generated and detected at a distance, withou
contact to the sample.

Recently, many studies have focused on application
the surface acoustic waves by the laser ultrasonic techni
The velocities of the Rayleigh wave of steel rods receiv
different heat treatments were measured to characterize
surface residual stress of the cylindrical parts.14 The acoustic
waves propagation in a sphere has been analyzed to esta
a guideline for the design of a ball surface acoustic wa
device.6 The surface wave propagation on a cylinder h
been studied to detect surface break defects.15 According to
the author’s knowledge, no study on applications of b
waves in either the sphere or cylinder has been reported
ing this technique.

In order to address cylinders of all possible sizes
both forward and inverse problems, the published model10 is
generalized in this paper to predict the acoustic waves g
erated in a transversely isotropic cylinder by a laser l
pulse extended in beamwidth and time duration. The ap
cation to the measurement of the elastic constants is fur
considered. At first, the general problem is formulated
Sec. II. Transformed solutions of the generalized model
an inverse transform scheme are presented in Sec. III
validate the modeling, the calculated normal displaceme
of aluminum cylinders under either ablation or thermoelas
generation are compared to the experimental signals dete
by the laser ultrasonic technique, in Sec. IV. The effects
the source beamwidth and time duration are fully analyze
Sec. V. Finally, the elastic constants measured on both
culated and experimental wave forms under either genera
regime are presented and discussed in Sec. VI.

II. GENERAL FORMULATION

Let us consider a homogeneous and transversely iso
pic cylinder of infinite length, radiusa, and densityr. As
shown in Fig. 1~a!, the symmetrical axis of the cylinder i
assumed to coincide with thez axis of its cylindrical coordi-
nates~r, u, z!. A pulsed laser is used to generate acous
waves in this material. Here, ‘‘detection’’ is to denote

FIG. 1. Problem geometry.
1538 J. Acoust. Soc. Am., Vol. 115, No. 4, April 2004
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experimental technique, generally an optical detect
technique,4 which is applied to measure these acous
waves. If a cylindrical lens is used to focus the laser bea
this laser can be modeled as a line-like acoustic sou
which lies at the boundary of the cylinder,r 5a, and extends
along thez direction. As shown in Fig. 1~b!, the laser source
is assumed to have a beamwidthb and a time durationt, and
it impacts on the cylindrical surface of an area with a cyl
drical angle 2a. To denote the detection position on the cy
inder, cylindrical coordinates~a, u! are chosen, considerin
u50 for the source position.

Let c11 andc12 denote the two independent elastic co
stants related to the isotropic plane perpendicular to thz
axis. Owing to the symmetry imposed by the source sha
this problem shows invariance along thez direction. The
nonzero components of the displacement vector depend
two spatial variablesr, u and on timet. These components
denotedur anduu can be written as16

ur~r ,u,t !5
]w

]r
1

1

r

]x

]u
,

uu~r ,u,t !5
1

r

]w

]u
2

]x

]r
, ~1!

where the two scalar potentialsw andx are governed by the
following wave motion equations:

]2w

]r 2 1
1

r

]w

]r
1

1

r 2

]2w

]u2 5
r

c11

]2w

]t2 ,

]2x

]r 2 1
1

r

]x

]r
1

1

r 2

]2x

]u2 5
2r

~c112c12!

]2x

]t2 . ~2!

Before turning our attention to the boundary condition
let us defineq(t) as the normalized function that represen
the source time dependency. Normalization means that
integral ofq(t) over its variable equals unity. This functio
is chosen for the pulsed laser source with a rise timet/2, i.e.,
pulse durationt as17

q~ t !5
4t

t2 e22t/t, for t>0. ~3!

In the remainder,q(t) will be changed in to the delta func
tion d(t) when a source durationt50 is considered. Recip
rocally, in the space domain, since ablation occurs when
density of the laser light intensity overpasses a cert
threshold,18 the acoustic source distribution is considered

gA~u!5H 1

2a
, 2a<u<a,

0, other,

~4!

for this generation. Additionally, the distribution for the the
moelastic generation is assumed to be proportional to
light intensity.19 Therefore a normalized Gaussian function

gT~u!5
1

2aAp
e

2q2

4a2 , ~5!

represents the acoustic source in this generation. In Eqs.~4!–
~5!, the anglea is determined by the beamwidth and th
cylindrical radius asa5 arctan(b/a); see Fig. 1~b!. Here
gT(u)
Pan et al.: Laser line source radiating in cylinders
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andgA(u) will be changed into the delta functiond~u! when
a source widthb50 is considered.

Then, two componentss rr ands ru of the stress tensor a
any point of the surface must comply with the followin
boundary conditions:

H s rr ur 5a52F0f ~ t ! (
n52`

1`

gA~u22np!

s ruur 5a50,

, ~6!

for the ablation generation,18 or

H s rr ur 5a50,

s ruur 5a52F0E
0

t

f ~«!d« (
n52`

1`
]gT~u22np!

]u
,

~7!

for the thermoelastic generation.17 In Eqs.~6! and ~7!, F0 is
a certain loading in N.ms.m21 related to the laser line pulse
andn stands for the number of clockwise (n.0) or counter-
clockwise (n,0) roundtrips of the generated acous
waves. Let us underline that adopting these expression
normal loading is considered in the ablation generation,
~6!, and a dipolar force is represented in Eq.~7! for the
source shape in the thermoelastic generation.20 Additionally,
if the pulse duration ist50, the ablative source is impulsive
and it shows a step-like evolution in the time domain for t
thermoelastic generation since thermal diffusion is neglec

III. TRANSFORMED SOLUTIONS AND NUMERICAL
INVERSE SCHEME

The two-dimensional Fourier transform of the displac
ment field over the coordinateu and timet is now consid-
ered, and it is noted asUi ( i 5r or u!. On notingn5kua,
whereku is the component of the wave vectork along theu
direction, the nonzero components of the displacement
given position and time are then as follows:

ui~r ,u,t !5
1

4p2 E E
2`

1`

Ui~r ,n,v!e2 j ~nu2vt !dn dv.

~8!

Doing so, the wave motion equations and the boundary eq
tions can be linearized, providing explicit forms for the p
tentialsw andx under either generation regime. Compone
of the displacement are then obtained for ablation genera

Ur~r ,n,v!52
F0a

~c112c12!Dn

sinc~ya!

~11 j vt!2

3H S n22
kT

2a2

2
2BTDBL

Jn8~kLr !

Jn8~kLa!

1n2~12BL!
a

r

Jn~kTr !

Jn~kTa!J (
n52`

1`

ej n2np,
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Uu~r ,n,v!5
j nF0a

~c112c12!Dn

sinc~ya!

~11 j vt!2

3H S n22
kT

2a2

2
2BTD a

r

Jn~kLr !

Jn~kLa!

1~12BL!BT

Jn8~kTr !

Jn8~kTa! J (
n52`

1`

ej n2np, ~9!

and for thermoelastic generation,

Ur~r ,n,v!5
j n2F0a

v~c112c12!Dn

e2a2n2

~11 j vt!2

3H ~12BT!BL

Jn8~kLr !

Jn8~kLa!

1S n22
kT

2a2

2
2BLD a

r

Jn~kTr !

Jn~kTa!J
3 (

n52`

1`

ej n2np,

Uu~r ,n,v!5
nF0a

v~c112c12!Dn

e2a2n2

~11 j vt!2

3H n2~12BT!
a

r

Jn~kLr !

Jn~kLa!

1S n22
kT

2a2

2
2BLDBT

Jn8~kTr !

Jn8~kTa! J
3 (

n52`

1`

ej n2np, ~10!

where

Dn5~n22kT
2a2/2!22n21kT

2a2~BL1BT!/2

1~12n2!BLBT ,

BL5kLaJn8~kLa!/Jn~kLa!, ~11!

BT5kTaJn8~kTa!/Jn~kTa!.

Note that in Eqs. ~7!–~9!, kL5vAr/c11 and kT

5vA2r/(c112c12) are the scalar wave vector of the long
tudinal and transverse waves, respectively. Additiona
sinc(na)5sin(na)/(na) is the sinc function, andJn8(x) is the
derivative of the Bessel functionJn(x).

Now, let us focus on the calculation of the integral in E
~8!. When dealing with an elastic material, the integra
shows discontinuities for particularku values. They corre-
spond to poles associated with the zeros of the disper
equation,

Dn50, ~12!

that describe the cylindrical Rayleigh waves2 and Whisper-
ing Gallery waves.3 The integration thus appears to be n
consistent with the Fourier transformation. A suited nume
cal integration method should, therefore, be applied.
each value of the angular frequencyv, the integral on the
1539Pan et al.: Laser line source radiating in cylinders
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 Redistr
real axis of the variableku is calculated by means of th
method suggested by Weaveret al.21 In this scheme, the Fou
rier transform is generalized by replacingv by a complex
variablev2 j d with a small, constant, and imaginary partd.
With this change of variable, Eq.~8! becomes

ui~r ,u,t !5
edt

4p2 E E
2`

1`

Ui~r ,n,v2 j d!

3e2 j ~nu2vt !dn dv. ~13!

The benefit of this method is twofold:~i! it preserves the
application of the fast Fourier transform algorithms for t
final inversion, and~ii ! the integrand is a nonsingular func
tion that may now be integrated numerically. To perform t
numerical integration, the valued50.01 rad.ms21 has been
chosen for the auxiliary parameter in the following nume
cal calculations.

IV. EXPERIMENTAL VALIDATION

Using the inverse scheme described in Sec. III, the n
mal component of the displacement can be calculated
either generation at the surface of various cylinders. The
culated normal displacements are compared to the exp
mental signals for two aluminum cylinders of radius 4.
and 2.06 mm. A Nd:YAG laser is used for ultrasonic wa
generation in either the ablation or thermoelastic regime.
pulse duration is 20 ns and infrared light emission is o
tained at 1064 nm with a maximum burst energy output
340 mJ. The collimated optical beam is focused by mean
a cylindrical lens~the focus length is 150 mm!. The line
length and width are about 4 cm and 0.1 mm, respectiv
Using an optical heterodyne probe with a power output
100 mW and with a sensitivity5 of 10214 m.Hz21/2, the nor-
mal displacement is measured at the surface. See Ref. 2
the detail experimental setup. In this paper, the observa
angle is the difference between angular coordinates of
line source and point receiver in the cylindrical referen
frame.

The experimental and calculated normal displaceme
generated by a laser line source of 20 ns duration and
mm beamwidth under ablation generation (a54.99 mm) and
thermoelastic generation (a52.06 mm) are shown in Fig. 2
and Fig. 3, respectively. The observation angle is 180°.
aluminum density considered for calculations isr
52690 Kg.m23, and the stiffness coefficients arec11

ref

5111.3 GPa andc12
ref559.1 GPa.23 The calculated wave

forms have been scaled vertically by a constant correspo
ing to the source strength to bring the amplitudes of the
signals into the same scale. In this paper, all the time sc
in the figures are dimensionless variables obtained by di
ing time by a factortL , the arrival time of direct longitudina
wave (tL52a/VL , whereVL is the velocity of longitudinal
waves in the studied cylinder!. This dimensionless time fa
vors the comparison, since the time scale remains uncha
for the same material with a different radius.

As shown in Figs. 2–3, the calculated and experimen
wave forms are in very good agreement for both generatio
The time, shape, and relative amplitude of each arrival
identical. Especially, the arrivals of the first (R1) and the
1540 J. Acoust. Soc. Am., Vol. 115, No. 4, April 2004
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second (R2) roundtrip of the cylindrical Rayleigh waves an
their dispersive behavior~the component of the low-
frequency part travels relatively fast! are clearly observed in
both wave forms. The arrival of the third (R3) roundtrip
cylindrical Rayleigh wave is also calculated and measure
the thermoelastic generation. It is clear that such a cylindr
Rayleigh wave has the similar shape and dispersive prop
as the spherical Rayleigh wave studied by Royeret al.5 The
experimental and calculated direct longitudinal wave~L! and
the reflected transverse wave~TT! are observed under th
ablation generation, whereas they are not observable u
the thermoelastic generation. This phenomenon can be
plained by the different directivities of the two generation4

Moreover, this difference of the directivity between ablati
and thermoelastic generation can also explain the rela
amplitude difference of the reflected longitudinal waves~LL!

FIG. 2. Experimental~top! and calculated~below! normal displacements
generated by a laser line pulse of 20 ns time duration and 0.1 mm be
width under the ablation regime at an observation angle of 180° for
aluminum cylinder of 4.99 mm radius.

FIG. 3. Experimental~top! and calculated~below! normal displacements
generated by a laser line pulse of 20 ns time duration and 0.1 mm be
width under the thermoelastic regime at an observation angle of 180° fo
aluminum cylinder of 2.06 mm radius.
Pan et al.: Laser line source radiating in cylinders
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and the head waves~HW! that are observed for both regime
The ray trajectories ofL, LL, TT, andHW waves are shown
in Fig. 4. Following arrivals~not marked in Figs. 2–3! with
small amplitude are bulk wave modes resulting from
multiple reflections of the longitudinal and transverse wa
within the cylinder.8 A comparison of the relative arriva
times and amplitudes of these bulk waves emphasize
very good agreement between experiment and theory. A
tionally, this comparison validates a more general calcula
scheme than that already published,10 since the time duration
and beamwidth are taken into account here, whereas
Green’s function was considered previously.

V. EFFECTS OF TIME DURATION AND BEAMWIDTH

Analyzing the effects of the source beamwidth and
time duration of the laser is necessary for the applicat
purpose. As presented in Sec. IV, cylindrical Rayleigh wav
various longitudinal and transverse bulk waves are cle
observable in the experimental wave forms for two alum
num cylinders. If further attempting to recover elastic co
stants by measuring the time arrivals of selected waves,
possibly raises such a question as whether these wave
still observable for a very small cylinder. To respond th
question, one must study their effects on these wave mo
In other words, one must understand how the shape and
tive amplitude of a selected wave mode change along w
the size of the cylinder.

For such an analysis, numerical simulation instead
experiment is preferred. The simulation can be performed
the present model. Even though these effects can be stu
by experimenting on cylinders with radii covering a wid
range, simulating is relatively direct, complete, and cle
The numerical simulations are carried in two folds:~i! study
the effect of the source time duration by varying the radius
the cylinder while excluding the effect of the source bea
width; and~ii ! study the effect of the source beamwidth
varying the radius of the cylinder while excluding the effe
of the source time duration.

A. Source time duration

First let us analyze the effect of the source time durati
Since a laser pulse generally has a fixed time durationt, this
effect is analyzed at differentt/tL ratios by varying the ra-
dius of the cylinder. The source beamwidth is assumed to
zero to exclude its effect. The low limit oft/tL is zero, and
its upper limit is estimated as two if supposing no bulk wa
is observed when half the equivalent wavelengthlt5tVL is
greater than 2a, the diameter of the cylinder. Applying th

FIG. 4. Ray trajectories ofL, LL, TT, andHW waves observed in Figs. 2–3
Hereuc is the critical angle for aluminum rods.
J. Acoust. Soc. Am., Vol. 115, No. 4, April 2004
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e

numerical inverse scheme described in Sec. III, normal
placements at an observation angle of 180° for alumin
cylinders under either ablation or thermoelastic genera
are calculated fort/tL ratios of 0, 0.02, 0.1, 0.2, 0.4, 0.8, an
2. Results are shown in Figs. 5–6, where the wave forms
vertically scaled to obtain the same maximum amplitude
each of them. To fix ideas, the ratio between maxima
tained fort/tL equal 0 and 2, is 26 and 2 for Fig. 5 and Fi
6, respectively. Under both regimes, the surface and var
bulk waves are losing more of their relatively high-frequen
components, and their amplitudes are becoming flatter u
they have completely disappeared, when ratiost/tL increase
from 0 to 2. Since the time duration of the pulse acts a
low-pass filtering with its bandwidth inversely proportion
to t, it cuts off more of their relatively high-frequency par

FIG. 5. Calculated normal displacements at an observation angle of 180
aluminum cylinders under the ablation generation for different ratios of
source time durationt over tL the arrival time of the direct longitudina
wave.

FIG. 6. Calculated normal displacements at an observation angle of 180
aluminum cylinders under the thermoelastic generation for different ratio
the source time durationt over tL the arrival time of the direct longitudina
wave.
1541Pan et al.: Laser line source radiating in cylinders
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whent increases. Owing to this filtering, two successive e
oes cannot be distinguished if the delay between their ar
als is less than the time duration. Considering the direct l
gitudinal L and once reflected longitudinalLL ~the time
arrival is tLL5&tL) waves, it comes that they cannot b
separated ift/tL is greater than 0.4. This is in agreeme
with the evolution of the wave forms plotted in Figs. 5–6.
other words, if time arrivals are required for nondestruct
evaluation~NDE! purposes, cylinders with a radius less th
1.25tVL should not be chosen. For a laser source of 20
time duration, this radius limit is 0.16 mm for an aluminu
rod.

B. Source beamwidth

Now let us analyze the effect of the source beamwid
As a finely focused laser generally has a certain beamw
b, this effect is analyzed at differentb/a ratios by varying the
radius of the cylinder. The low limit ofb/a ratio is zero, and
its upper limit is two. Here the source time duration is a
sumed to be zero to exclude its influence. As shown in Fig
and Fig. 8, normal displacements at an observation angl
180° for aluminum cylinders are calculated forb/a ratios of
0, 0.02, 0.05, 0.1, 0.5, and 2 under ablation generation an
0, 0.02, 0.05, 0.1, 0.3, and 0.5 under thermoelastic gen
tion. The wave forms are also vertically scaled. The ra
between maxima obtained forb/a equal 0 and 2 is 9 for Fig
7, and this ratio forb/a equal 0 and 0.5 is 3 for Fig. 8. In th
ablation generation, Fig. 7, the amplitude of the direct lon
tudinal wave~L! and that of the directly reflected wave (3L)
propagating back and forth along the cylinder diameter
crease whenb/a changes from 0 to 2, and no filtering occur
Relative amplitudes of other bulk waves and surface wa
flatten, until they completely disappear. However,HW arriv-
als are still observable. Increasing the source width acts
low-pass filtering in then domain. As detailed in Ref. 24
this filtering changes the source directivity, and enlarging
source size favors the generation of longitudinal waves

FIG. 7. Calculated normal displacements at an observation angle of 180
aluminum cylinders under the ablation generation for different ratios of
source beamwithb over the cylinder radiusa.
1542 J. Acoust. Soc. Am., Vol. 115, No. 4, April 2004
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direction normal to the interface for this generation. In t
thermoelastic generation, Fig. 8, since the source directivi
of two generations are different,LL waves are observabl
whereasL waves are no more distinguishable. Wave form
are therefore more affected by increasing source size in
generation than in the ablation generation. Conseque
bulk LL andHW waves are not observable whenb/a reaches
0.5, but they are slightly affected by the source directivity
ratio b/a up to 0.3. For a laser source of 0.1 mm beamwid
the cylinder radius limit is about 0.3 mm for NDE purpose

When experimental signals are considered, both effe
should be considered simultaneously. Therefore, for N
application using bulk waves, a radius of 0.3 mm appears
a minimum limit for the sample size with our experiment
devices.

VI. APPLICATION TO THE MEASUREMENT
OF ELASTIC CONSTANTS

As an inverse problem, it is generally considered to
cover the elastic constants by the time arrivals of acou
waves detected through the laser ultrasonic system. As
scribed in Sec. II, two independent elastic constants,c11 and
c12, are related to the isotropic plane of a transversely i
tropic cylinder, and they link with the longitudinal and tran
verse wave velocitiesVL andVT by the following equation:

c115rVL
2

c125r~VL
222VT

2!. ~14!

Since the mass densityr and radiusa of the tested cylinder
can be easily measured, these two velocitiesVL and VT

should be obtained at the same time for the measurem
Now let us determine how to measure the two velocit
under either ablation or thermoelastic generation.

First let us look at the experimental waveform und
ablation generation in Fig. 2. The longitudinal wave veloc
VL can be determined by measuring the arrival time of
direct longitudinal wave~L!, or the reflected longitudina

for
e

FIG. 8. Calculated normal displacements at an observation angle of 180
aluminum cylinders under the thermoelastic generation for different ratio
the source beamwithb over the cylinder radiusa.
Pan et al.: Laser line source radiating in cylinders

content/terms. Download to IP:  129.22.67.107 On: Mon, 24 Nov 2014 04:16:05



ns

th
n

d
e
c

th
-
th
-

s
n
io
am
e

te
ho
th
en
e

ed

of
t by
the
to
ted
ing

al
po-

two

cal-
ia-
-

ra-
ss-
to

are

m
d

ca

the

mal
duli

 Redistr
wave ~LL!. The transverse wave velocityVT can be deter-
mined by measuring the arrival time of the reflected tra
verse wave~TT!, or the head wave~HW! afterVL was deter-
mined. The arrival time of head wavetHW links with VL and
VT by the formulas tHW5tL(b1cotanb) and b
5sin21(VT /VL). Owing to their relative amplitudes,L and
HW waves are chosen for the measurement. Although
cylinder Rayleigh wave has a high amplitude, it is not co
sidered here since it is dispersive.5 The following bulk waves
are also not considered as they have relative low amplitu
Then let us look at the experimental wave form under th
moelastic generation in Fig. 3. The longitudinal wave velo
ity VL can be determined by measuring the arrival time of
reflected longitudinal wave~LL!. The transverse wave veloc
ity VT can be determined by measuring the arrival time of
head waveHW after VL was determined. The cylinder Ray
leigh wave is also not considered for the same reason a
the ablation generation. Following bulk waves, having u
dergone several reflections with or without mode convers
at the cylinder interface, could also be used since their
plitude can be high. However, they are not considered h
since recovering of their exact paths is not a trivial mat
The above measurement schemes of both regimes only
true for experiments at an observation angle 180°. If ano
observation angle is chosen as presented in the experim
setup of Clorennec and Royer,15 a different scheme can b

FIG. 9. Moduli of the analytic signals associated to the calculated nor
displacements in Fig. 5. Crosses show the positions of the maximum mo
considered for the wave arrivals.

TABLE I. The deviations of the elastic constants determined from the
culated wave forms under ablation~Fig. 5! and thermoelastic~Fig. 6! re-
gimes for varioust/tL ratios.

t/tL

Ablation regime Thermoelastic regime

(c112c11
ref)/c11

ref (c122c12
ref)/c12

ref (c112c11
ref)/c11

ref (c122c12
ref)/c12

ref

0 0.3% 22.0% 20.9% 21.5%
0.02 0.5% 25.2% 1.4% 1.5%
0.1 21.3% 26.9% 26.7% 28.4%
0.2 27.9% 213.1% 29.6% 213.1%
0.4 216.0% 220.8% 29.7% 213.5%
J. Acoust. Soc. Am., Vol. 115, No. 4, April 2004
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found after acoustic waves are identified by the publish
model10 or the model presented in Sec. II.

It is also direct and complete to analyze the effects
source time duration and beamwidth on the measuremen
processing the calculated wave forms. First let us look at
effect of time duration under ablation generation. In order
determine the arrival time of selected waves in the calcula
wave forms in Fig. 5 of the last section, a signal process
published by one of the authors25 is applied to locate the
wave arrivals. The moduli of the analytic signals25 associated
to wave forms in Fig. 5 are shown in Fig. 9. Numeric
interpolation is further adopted to precise the maximum
sitions corresponding to the arrivals ofL and HW waves.
These positions are marked with crosses in Fig. 9. The
elastic constants are calculated fromtL the arrival time of the
L wave andtHW the arrival time of theHW wave, and they
are compared to the reference values in Sec. IV used to
culate the wave forms. As reported in Table I, their dev
tions increase ast/tL turns to 0.4, and it is difficult to deter
mine the elastic constants whent/tL is greater than 0.4. Then
let us look at the effect of beamwidth under ablation gene
tion. As shown in Fig. 10, applying the same signal proce
ing yields the moduli of the analytic signals associated
wave forms in Fig. 7. The determined elastic constants

al
uli

l-

TABLE II. The deviations of the elastic constants determined from
calculated wave forms under ablation~Fig. 7! and thermoelastic~Fig. 8!
regimes for variousb/a ratios.

b/a

Ablation regime Thermoelastic regime

(c112c11
ref)/c11

ref (c122c12
ref)/c12

ref (c112c11
ref)/c11

ref (c122c12
ref)/c12

ref

0 0.3% 22.0% 20.9% 21.5%
0.02 3.5% 0.8% 1.5% 1.7%
0.05 3.5% 0.7% 1.5% 1.8%
0.1 3.5% 0.6% 1.3% 1.5%
0.3 ¯ ¯ 1.6% 24.9%
0.5 3.5% 23.9% ¯ ¯

2 3.3% 22.6% ¯ ¯

FIG. 10. Moduli of the analytic signals associated to the calculated nor
displacements in Fig. 7. Crosses show the positions of the maximum mo
considered for the wave arrivals.
1543Pan et al.: Laser line source radiating in cylinders
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TABLE III. Elastic constants measured for aluminum rods of various radii.

Regimes a ~mm! b/a t/tL c11 ~GPa! c12 ~GPa!

Ablation ~Fig. 2! 4.99 0.02 0.013 110 61
Thermoelastic~Fig. 3! 2.06 0.05 0.032 111 58
Thermoelastic 1.00 0.1 0.064 110 61
Thermoelastic 0.50 0.2 0.128 113 62
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also compared to the reference values. As listed in Table
their deviations are of the same level whenb/a turns to 2. It
could be concluded that the laser beamwidth does not a
the elastic constant measurement for ablation generation
also reported in Table I, the effect of the source time durat
under thermoelastic generation is of the same order of m
nitude as under ablation generation, and similar comme
can be suggested. But the effect of the source beamw
under thermoelastic generation is a little different from th
under ablation generation. As also listed in Table II, the b
waves are not measurable whenb/a reaches 0.5, because th
directivities of two regimes are different.4

Finally, let us carry the same signal processing on
perimental signals under either regime shown in Figs. 2
Additionally, two aluminum rods with radii of 1.00 and 0.5
mm are further chosen for the measurement under a t
moelastic regime. The measured elastic constants are
ported in Table III. These values are very close to that in
reference.23 The deviations for the measured elastic const
c11, estimated from the simulation results in Tables I and
are 4%, 6%, 7%, and 10% for the aluminum rods of ra
4.99, 2.06, 1.00, and 0.50 mm, respectively. The correspo
ing deviations for another elastic constantc12 are estimated
to be 5%, 7%, 8%, and 13%. Here, the relatively large
viation for a pair oft/tL and b/a ratios is assumed to tak
into account of both effects of the source time duration a
beamwidth. These deviations remain low, even for the cy
der whose radius is close to the minimum limit estimated
Sec. V. Actually, these deviations will be much smaller if t
measured elastic constants are compared to the referenc
ues.

It can be concluded that the waves are correctly ide
fied, and that the method used to measure the time arriva
suitable for such a purpose of elastic constants recovery

VII. CONCLUSION

A theoretical model has been presented to predict
acoustic field generated by a laser line pulse extended in
beamwidth and time duration under either the ablation
thermoelastic regime at any point of a homogeneous
transversely isotropic cylinder. Experimental and theoret
normal displacements under either regime were obtained
compared for aluminum cylinders. Very good agreements
observed in the time, shape and relative amplitude~i! of the
cylindrical Rayleigh waves with different roundtrips, and~ii !
of the various longitudinal and transverse bulk waves pro
gating through the cylinder or reflected at the free circu
surface.

The effects of the source beamwidth and time durat
have been analyzed by varying the radius of the cylind
oc. Am., Vol. 115, No. 4, April 2004
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The source time duration under either regime acts as a l
pass filtering with its bandwidth inversely proportional to
width in time. The source beamwidth affects the directiviti
of both longitudinal and transverse waves for either regim
Enlarging the source size favors the generation of longitu
nal waves in a direction normal to the interface for ablati
generation. For NDE applications using bulk waves, a rad
of 0.3 mm appears as a minimum limit for the sample s
using a laser of 0.1 mm beamwidth and 20 ns time durat

To recover the elastic constants, the velocity of the lo
gitudinal wave could be first determined by measuring
arrival time of the direct longitudinal wave for ablation ge
eration or that of the reflected longitudinal wave for the
moelastic generation, and then the velocity of the transve
wave could be determined by measuring the arrival time
the head wave for either generation. The source beamw
slightly affects the elastic constant measurement, wherea
measurement error enlarges as the source time duratio
creases. Such a measurement scheme including the s
processing is further justified by results on experimen
wave forms detected on aluminum rods under ablation
thermoelastic generations.
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