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PREFACE

This technical report comprises publications on the reflection of

ul trasonic waves at a liquid-solid interface made between January 1975

and the present . During this period a number of publica tions have been

made on other subjects; however, we prefer to concentrate on the

reflection problem in this technical report in order to present a

unified picture of the development of this subject. A later technical

report will cover other subjects.

The report begins with the English language version of a paper

whose Russian-language counterpart was included in Technical Report

No. 11. It may be worthwhile to point out that our Russian colleagues

were impressed with the paper enough to make it the lead article in

Akusticheskii Zhurnal for the year 1975.

In this paper we were able to get agreement between theory and

experiment at the Rayleigh angle suff icient to permit us to plot them

on the same graph. (Up until this time theory and experiment were

agreeing only qualitatively so that such a comparison was not possible.)

The agreement was made possible by advances both in experiment and in

theory. The experimental advance was the use of a transducer which

produced a truly Gaussian amplitude distribution in the incident beam

(see Technical Report No. 8). The theoretical advance was the retention

of higher-order terms in the power series expansion of the phase shift

upon reflection than had been used previously by Brekhovskikh. This

led to a complicated expression for the reflected beam, a power series

expansion in Fresnel integrals, which had to be evaluated by computer.

ii 
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A mathematical improvement resulted from interaction between the

author and Werner G. Neubauer and Larry Flax of NRL. Rather than a

series expansion , a closed-form solution in terms of error functions

was introduced. This is contained in the second paper.

In the third paper we show that a considerable improvement of the

agreement between theory and experiment results from the use of the

theory of Bertoni and Taniir, wi th modif ication to account for the

propagation distance of the incident beam. The data in this paper also

are very carefully taken.

The fourth paper , given at the XV International Conference on

Acoustics-Ultrasound in Prague , is a summary paper describing the

application of the theory of Bertoni and Tamir to the results on

stainless steel. In this paper we also indicate that a corrugated

interface makes possible coupling to a surface wave which propaga tes

in the negative-x direction along the interface. The fifth paper shows

that this negatively directed surface wave causes the reflected beam to

be displaced in the opposite direction from that observed at the

Raylei gh angle.

The sixth paper shows not only that the displacement observed at

liquid-solid interfaces can be observed at water-sediment interfaces,

but also that the backward displacement phenomenon might exist because

of the periodicity resulting from the granularity of the sediment .

Furthermore, the water-sediment interface corresponds to a water-solid

interface for which VL > V > V~, a situation which previously had not

been observed to give a displacement of the reflected beam. However,

such a displacement does exist for this class of liquid-solid reflectors,



iv

as we show in the seventh paper. The displacement is observed near the

critical angle for water-plexiglass, not the Rayleigh angle, however ,

for there is no Rayleigh angle.

The eighth paper is an application of the surface wave phenomena to

the detection of subsurface flaws in metals. The surface waves generated

at the Rayleigh angle are described in the theory of Bertoni and Tamir

as “leaky waves” because the energy “leaks” from them back into the

liquid to become the reflected beam. The ninth paper shows how these

leaky waves can be used to detect subsurface flaws in solids. The final

paper beg ins a study of the effect of the introduction of a layer on the

solid.

M. A. Breazeale
February 1978
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Energy redistribution of a Gaussian ultrasonic beam reflected from liquid—solid interface
M. A. Breazeale. Laszlo Adler . and James H. Smith
Department of PI~tslcs. University of Tennessee, Krm xville , Tennessee
(Submitted February 4. 1914)
Akust. Zh.. ~~~,, 1—10 (January-February 1915)

The problem of the reflection of an ultruonlc beam from a liquid—solid interface Ii considered. The concept
of ‘beam displacement” ii reexamined by studying the internal structure of the reflected beam. This study ii
carried out by means of a transducer which produces a Gauss ian dist ribution of energy across the beam width.
Experiment al results show that the energy of the reflected beam is redistributed into two or more beams for
ang les near the angle of optimum generation of su rface waves on the Interface. Reasonable agreement Is ob-
tained between theory and experiment for water —alumi num and water—brass interfaces.

1. INTRODUCTION this reason, It is necessary to carry out the analysis In
the second approximation, to include the second—o rderConsider an ultrasonic beam incident on a liquid— solid terms in relation (1). In this higher approximation, theinterface. For a wide range of angles of incidence this ‘beam displacement” loses Its meaning. The profile ofproblem can be mathematically described by solving the the reflected beam is not the same as that of the Incident

boundary—Value problem under the assumption of energy beam, i.e ., there is an “ energy redistribution” In the re-
conservation . At the critical angles, however, experi- flected beam . (Figure lb would no longer be the samemental verification of the calculated results is oomph — as Figure la.)
cated by the fact that the reflected beam appears to be
‘displaced .’ This effect is especially pronounced at the Brekhovskikh 2 has developed a detailed theory for
angle for excitation of surface waves along the interface, the reflection of a bounded ultrasonic beam at a liquid—
as has been demonstrated by Schoch .1 The ‘displacement’ solid Interface. From this theory he obtained an expres-
of the reflected beam is attributed to the fact that a beam sion for the amplitude of the reflected beam and for the
does not behave as an infinitely extended plane wave, as ‘displacement’ of the reflected beam. Brekhovsld kh
Is tacitly assumed in the simplified theory , also pointed out that the structure of the reflected beam

is in general different from that of the incident beam , i.e .,
The situation is shown in Fig. 1. An ultrasonic beam that there is an “ energy redistribution .” He obtained an

is incident upon an interface at an angle O~ (approximately expression for the amplitude distribution in the reflected
the angle at which surface waves are excited on the in- beam as a function of the distance along the interface , and
terface). The bea.m, assumed to be infinitely extended in a solved- a special case under the assumption that the in-
direction normal to the figure , is displaced a distance 

~ cident beam is accurately described by a step functi on .
upon reflection . In developing a theory to describe this
effect , one Includes the mutual phase relation of partial In a comparison between theory and experiment, we
waves In the reflected beam by expanding the expression have encountered the fact that a step—function distribution
for the phase shift upon reflection d’(p) into a power series in the Incident ultrasonic beam leads to diffraction effects
of the form which confuse the compari son . For this reason, we have

developed a transducer which produces an amplitude dis-
0(p) —0+0’ (p—a) + ‘1,0” (p—a)’ . . . ,  (1) tributior, in the incident beam which is accurately described

by a Gaussian function? The Gaussian function ampli tude
where distribution produces a single well-defined beam without

80 8’O diffraction lobes . The purpose of the present work Is to0—0(a), 0’ ~~ .,,, 
_ (~~) 

,...., ‘ show how closely the experimental results obtained with a
p—k sin 0, a—k sin O., k— 2n/ x, Gaussian distribution of amplitudes in the incident ultra-

sonic beam agree with those calculated from the approx-
X = the ultrasonic wavelength in the liquId, O~ is the angle imate extension of the Brekhovskikh theory.
of incidence, and 0 is the angle of Incidence of a wavelet
In the Incident beam. By carrying out this analysis In the 2 . ENE R GY REDISTRIBUTION OF A
first approximation, one finds that the displacement is REFLECTED GAUSSIAN BEAM :

THEORY
~~~~~~~., (OO \ ~~~~~~~~~~~ 

(2)
s, o p / ,_ In order to represent the beam as a superposition of

plane waves , Brekhnvsklkh writes the field in the plane
In this approximation, the beam profile of the reflected z = 1 (at the interface) as a Fourier integral. By Intro-

beam (I.e., the amplitude di stribution of the reflected ducing the amplitude reflection coefficient V(0 0), which Is
beam measured parallel to the Interface) is the same as a function of the angle of incidence °0. the general form
the beam profile of the Incident beam . Such profiles are of the solution to the wave equation which describes the
sketched on FIg. 1 as Fig. la and Figure lb. reflected beam Is written as

In m aking a comparison between theory and experi-
meat, It has been found that there Is nominal agreement *,~~ ( z )_ çV ( 0 e) ex p ft [ a . x+ 1 -i ’iJ)
between the measured “displacement” and that calculated
from relation (1); however, the experiment Is compli- X f{exp (_ -L- ~-u ’) } F ( x+0’+V ~~?u)eIu , (3)
cated by the presence of unexpected refl ected beams. For -—

1 So,. Pbye. Acaut.. VoL 21, No. 1. JuIy .Augusr 1915 Copyrigld 01915 American Inst it ute of Physics 1



[3]

~ 

+T,+T4+T,+T,+T,) +(T,+T,+T,,+T,,+T,,+F,,+F,J’J. (8)

where

_

~~~~

,/ 
~~~ 

E(x)— $(x)$ (x) — A’(exp(—28(x+0’) ’fli(Ti +Ts

1 Ts—.C(aa)—C( u,); (9)

Ts—_ZB’O”’ [u
s ain (45—u s5)+2cos(-~-ui’)

FIg. 1. Pint-order representation of the reflection of an ultrasonic wave at
a liquid— solid interface. a) Ineldent beam cross section: b) reflected beam 

—an15~~~ (.!~~uia)_2cos (—i-ui’ )] (10)

cross section.

T,”.’—8 ~~-~ -B50”~ (x+0’) 
[

~~ 5 sin (j — ~5s) —S(us)

where 1 is the normal distance between the transmitter a
and the liquid— solid Interface, u = (x+~~’— ~ )N~~~,~ 

—u ,ain (j - uiS) +s (u 1 ] ;  (11)

is the variable of Integration In the orIginal Fourier In-
tegral, and F(x +4’ + ‘fi u) describes the incident beam a - fl

functional dependence on the amplitude distribution along Ti __4BsO”(x+O’Yt [ ain (r ~s)  
— sin ( 1_u 5) J ;  (12)

the interface. tIn Eq. (3) the higher approximation, In-
is itclusion of second-order terms in Eq, (1)~ has beenmade.j 

[
(J0 ~~~~ +j -uscos(j -.us)

For the present purposes , F(x+4’ + 1W u) Is to be
ii lit ‘ ita Gaussian function . Such a function does not change ap— —

preciably over a distance of one wavelength along the IT 
*) — ,‘suut l-~-u,) —— u,005 f  —~) + _-z-C(uJ] ;

‘2 ‘ 2 ~ 2 12
(13)propagation direction . This satisfies the requirement

imposed by the manner In which Eq. (3) was derived.
The Gaussian function describing the Incident be im can [21 1 . ( n

) 
‘+o.9cos ( j -u.)

’
be written

F(x+0’+ 1’
~~~~s)’ A exp(—R(x+0’+i~~~~u)’J, (4) +~i_ui’sin (—i- a’) _0.9cos(-i-.u,) ] ;  (14)

where A and B are experimentally determined constants
which depend on the characteristics of the transducer.
The amplitude of the reflected beam then may be obtained [23i~ sin (-i--as)  —2,zS(u,)

by substituting Eq. 4 into Eq. 3:
—2.5u, sin (-i-s’)’ +2sS(ui ) ] ;  (15)

*~ i1,(x) ”j ’ V(0,)exp(1(ax+Vk’.+a’)iJ)

(16)
XA J {[ezp (_i _~~

. 
~ t )  ] exp(—R(x+0’ +1~~~ u)’J }du. (5)

r,——zs’,” [—ass’ cos (-i-us’) +2 sin (-i-us’)
A solution to Eq. (5) can be obtained if the limits on
the integrals are defined as follows: ‘Cbs (*u is)_ 2 s inti-uu’) J ,  (17)

is,— — (a+x+0’); (6)

T,,—--8B’ 1L~~~~0=1 (z+0’) [—us cos (i-- isa’) +C(us)
and

(7) +u,cos (+us’)_C(ss) 1~ 
(18)

where a is the half-width of the Gaussian beam at a point
where the energy decreases to l/e of its maximum value . Ts, __4BsO”(z+0’) ’ [—coa (- i-- u,’) + coa ( f  ~‘)] (19)
Then, using e”tY — cosy — I sin y to express the first ex-
ponential under the integral, and expanding the second ex-
ponential into a power series, one obtains a series whose T.,—’ O”’B’ [—2a u~’ cos (‘i -us) “+ -i-ui sin (-i- ~~~~

)

‘

terms are integrable.4 Terms up to fourth order are kept
In the followi ng expressions . The energy distribution for ~~~~~~~~~~~~~~~~ — ± — u , sin (~—s, I +_ r S(s.)];( 

;

~~~

,)

i it ‘a  ‘ ‘ is

the reflected beam Is then obtained by multiplying the 1~~ 2 2 1 12
integrated form of Eq. (5) by its complex conjugate: (20)

2 Sos. Phys. Acoust., Vol. 21, No. 1, Ju Iy•August 1P15 Ireazeaie St SI. I
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o9cos ( ) width . This beam , produced by a new transducer ,3 is in-
T,,— — V ~~~~(x+0’)LP [1.Iuss

~~n (j..us) + - cldent on the same Interface at the same angle of inci-
dence . In addition to the abs~~.ce of diffractio n lobes,

(-i- a’) ‘—o.ocos(-fu )
’
J ; (21) there is less divergence In the Gaussian ultrasonic beam.

The Gaussian distribution was obtained by using a
narrow electrode at the back of the quartz transducer and

T~.__0”Bh (z+0’) [.-2.5u s cos (-i- ~~5) +2itC(us) grounding the entire front plane . Fri nging of the elec-
trical field in the quartz transducer material closely ap-

(-i-u i )
5
_2ac(u .) ] ;  (22) proximates a Gaussian function If the ratio of the width

W of the back electrode to the thickness T of the trans-
ducer material is 2 < W/T < 4 .

where the C(u ) and S~u) are the cosine and sine Fresnel The ultrasonic beam profile emitted by these tran s—
1ntc~ rals, respective ly.  The othe r parameters have been ducers cou ld be obtained by using the goniometer system
deter mined experi m en tall y, and Eq. (8) has bee n program— with the sample removed . All measurements with  the
med for a computer calcu lation . goniometer system were mad e at a frequency of 2 MH z .

A plot of the energy di stribution obtained by using the
3. ENERGY REDISTRIBUTION OF A new transducers both as transmitter and receiver is given

REFLECTED GAUSSIAN BEA M : in Fig. 4. The experimental poi nts hav e been fitted by a
EXPERIMENT Gaussian functIon of the form , A exp(— Bx2), whe re A = 1

A p p a r a t u s

The experimental apparatus is shown In Fig. 2. The

the signal from the receiver transducer being displayed
on an oscilloscope . Two aspects of the arrangement are

electronic system Is a standard pulse arran gemen t , with 

Fig. 2. Experimental a pparatus (dia-
uniqu e, however: the goniometer and the transducers .
In the experimental situation both the driver and the re—

gram of gonlometer. 1) Specimen(re-ceiver transducer are mounted on the goniometer and this ‘1 flector); 2, 3) rotating arms : 4) mov—

,-‘
~~~-‘ ~~~~~ 

able em itting transducer: 5) movableunit is placed in a tank of water. 
st_a recetvinp transducer.G o n i o m e t e r  s y s t e m .  A schematic diagram of

the goniometer Is shown In Fig. 2. The system is de- -

signed so that the face of the specimen (or reflector) forms
a vertical plane at the center of a circle formed by rota-
tion of the two arms. A vernier scale on each arm permits
the angular position of each arm to be read to two minutes r~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

of arc . Both arms have t ransducer holder stages mounted 
.~~ , ., •~

on riders that allow the transducers to be moved up to
50 cm in a radial direction. In addition, the transd ucer ~\ ~ ~on the receiver arm can be moved perpendicular to the ~. 

. I

arm (or radius) . This way accurate scanning of the re-
flected be am can be accomplished . The reflectors have 

/~ 
I :dimensions of 10x 5 x 2 .5 cm and have machined surfaces.

1 1:
T r a n s d u c e r . Details of the behavior of an ultra- ~~~~ ~~ ‘..sonic wave reflected from an interface depend fu ndamen— -

tally on the energy distribution in the cross section of the ...-.-,

incident ultrasonic beam Isee Eq. (3)J . The mathematical L ~~_ — ~~~~~ —

inte rpretation of the results Is facilitated if the energy ‘9 
— .  . .-..-—.-- ~~ IP~

dis tribution In the Incident beam cross section can be de— / .Jscz-ibc d In a simple relation such as a Gaussian function a
The experimental measurements are also more straight: ... .

forward if one uses a Gaussian function distribution in
the ultrasonic beam. This can be demonstrated by schli cren 

/ . 
~~~

•

photography. 
.
~,. f  ~

Figuro3a isa schlieren photograph of a 4 MHz ultra-
so~~c bea m from a n arro~’ transducer incident at an angle 

. \.
.:. 

~~~of 35 dog upon a water— aluminum interface . This beam
hais a step function distilbution of amplitudes near the
t ransducer. The interpretation problem resulting from
tb~ diffraction lobes is obvious . Figu re 3b shows an ul-
trasonic beam of approximately the same width and fre— FIg. 3. Schllere n photogra phs of traniducer outputs. a) Stcp-functio~ out-
qucncy with a Gaussian amplitude distribution across Its put; b) GauuI ~tn output.

3 Sos’. Phys. Acoiji t.. Vol.. 22. No, I. Jt.!y.August 1915 Srea seals ci aL

_____________ — - . . . _ ~~ - — — r - - - - ~ . ...



[5]

F and B = 0.016 . The agreement between the calculated
It

J 

\~~~ 
curve and the experimental points indicates that tho ultra-

- sonic beam produced by the new transducers is accuratel y
described by a Gaussian function.

E x p e r i m e n t a l  P r o c e d u r e

To be able to compare experimental results on the
(2 - . energy distribution in the reflected beam wtth the the-

oreticai predictions , I t is necessary to determine both 4”
and 4’~ . In addition to determinin g the slope of the mea-

J~ Z0 -
‘~~ 8 ~~ 28 18.i sured and calculated phas e shi ft 4’ done previously, 5 one

F15. 4. Cmii sectton of transducer output. can determine 4” directly by measur ing the “displace—
inent,” and compare these results with those calculated
from the theory of J3rckhovskikh. The quantity 4”' Is then
the slope of 4” at the appropriate angle of incidence .

- M e a s u r e m en t  of 4” . From relation (2), the
quantity 4” is the negative of the “displacement.” This
Is measured as follows . The transmitter arm of the go-

- . - niometer is set at the desired angle of incidence and the
receiver arm is rotated until a maximum signal is ob—
ta.tned on the oscilloscope . The receiver transducer Is
then shifted laterally (perpendicular to the receiver arm)a ’, 

S— - ~~~~~~~~~~ -. -.-- ~ - --- In both directions . An increase of received signal In-
7 .:~7T~ dicates the direction of the “disp lacem~nt .” A maximum

in the received signal locates the position of the displaced

‘~~~~
‘ . .j’ ’ : -~ beam. This displacement Is then measured for diffe rent

., .
~~~~~~~~~ 

. angles of Incidence . A correction is made for the fact
,~

- .j ~
’. - that the motion is perpendicular to a radius rather than

5 -  - . _5 - .

- - ‘-u ,.., 
~~~

‘ 

- 

parallel to the Interface , as assumed in the theory .

M e a s u r e m e n t  of t h e  e n e r g y  r e d i s t r i b u -
‘~ ‘ - ‘~~ - t i o n .  The energy redistribution is more meaningfully

I—
’ - studied by measuring the energy distribution in the re— 

. 
~~~~~ flected beam both at the angle at which surface waves

are excited on the interface (maximum displacement) and

I ‘ ,~~, . . at angles at which displaceme:c, Is imperceptible. The
- . - ~~ - - . procedure was as follows .

By means of the goniomcter , the incident beam was
-• \ ,  set at a previously chosen angle of incidence . The re-

- - - ceiver arm was set at the same (reflection) angle. The\ -. , r ~~ - receiver transducer was then displaced perpendicular to
the receiver arm in Increments of 2 mm In both direc-
tions. The receiver transducer output was monitored by
means of the oscilloscope. Considerable care was neces-

Ftg. 5. Sdslteress photographs of actual energy re4 tstt tbutt~r, to reflected
Gaunlan ultrasonic beam, a) (ii < O~; b) Oj ” ~~ 

the angle for excitat ion sary to determine the exact angle of incidence for max —
inium displacement .of Rayleigh suaface wavex; C) Ot > O~ .

4. RESULTS AND DISCUSSION
-— —- -— — —.—-—— —- Careful schlleren photography has shown us that even

b . with the transducers which produce a Gaussian dlstribu-

as multiple beams when the angle of incidenc e is that at
4’ which surface waves are excited on the interface (max-

4 

J 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ tion of energy in the lnèident beam, the beam is reflected

Imum displacement). This is shown in Fig. 5b for a
water—brass interfac e. FIgs.5aandsc are schlteren
photographs for angles of Incidence respectively smaller
and larger than this angle.

I —4’---— Data from scans of the reflected beams with the go—-II -/0 -57 I V IQ JO a~ mm
niometer system for angles corresponding to Figs. 5a and
So are shown in Fig. 6. A brass reflector was used . An

Fig. 6. Cou section of reflected Gaussian beams at Ot c~~(a) and (~~> Incident angle of 10° Is well below the longitudinal critical
angle for brass; an angle of 54° is well above the angle

4 1~~. Ph~ . Acouat. , Vol. 21. No. 2 . Jidy-Augusi 2915 $,ease.i. ci 51. 4

- — — — - — —
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for excitation of surface waves . A straightforward cal-
culation from the simplified theory gives an energy re- 2” _________________________________

flection coefficient of ’ 80’I at 10’ and 100% at 54’. These
20values are consistent with the maximum values of the

curves in Figure 6. l6• -
The displacement (of the reflected beam In a direc-

tion parallel to the interface) as a function of the angle of /2
incIdence was determined for a water— aluminum inter-
face and a water— brass interface . The results are shown 1
in Figs .? and 8. Experi mental data are indicated by poi nts.
The curves arc the results of computer calculations based ~‘ -

on the theory of Brekhovskikh . On these curves the val-
ues of the critical angle for the longitudinal wave In the -

cisolid and for t he shear wave In the solid (°cs), as 
-. I I Iwell as the optimum angle for excitation of surface waves 20 48 68 10

on the interface (O il) arc indicated . The maximum dis-
placement of the principal beam occurs at OR . Also , at
OR there Is an energy redistribution as shown In Fig. 5b. ~~ 8, Compariaonbetweendisplacernentand_4~forwa~~~

_ brassj nter
(ace.

The graphs in Figs .7 and 8 are plots of the negative
of the quan tIty 4” , as indicated in Eq. (2) . That value of
most importance to the following comparison between the-
ory and experiment Is the maximum value occurring at - E ____________________

= 30.5° for aluminum and 0R = 47.0° for brass . The 
;o 

- 

/
values of these quantities evaluated from these data and
used in the computer calculation of Eq. (8) were (4”)fl =
— 14.5 mm for aluminum and (4”)R -‘16.5 mm for brass . - 

a
£75 b

curves , although this was a much less precise measure-
ment . The values used in the computer calculation of
Eq. (8) were (4”)j l — 5 mm2 for aluminum and (4’5)R 

- o~~~ \ o

The quantity 4’” could also be determined from these o

t o  0
—7 mm2 for brass.

E n e r g y  R e d i s t r i b u t i o n  in t h e  
. \,~ / 

- 

~~
8

P r e s e n c e  of S u r f a c e  W a v e s  2 4 2~Cfl1 2 -
cm

Measured values of the energy as a fu nction of posi-. Fig. 9. Energy redistribution In a Gaussian ultrasonic beam reflected from:
t ion of the receiver transducer for ultrasonic waves re— a) a water—aluminum inter face; b) a water—brass interface; t~ = in both
flected from a water— aluminum inte rface at the angle cases.

= 30.5° are shown in Fig. 9a. The solid line is cal-
culated from Eq. (8) with values of the various param-
eters as follows: 4” =— 14.8 mm, 4”' = — 5  mm 2 , a = 8 Energy redistribution in an ultrasonic Gaussian beam
mm , A = 1, B = 0.016 . from a water—brass interface is shown in Fig. 9b. The

angle of Incidence was the optimum angle for surface
wave generation Oj~ = 47 .0’. The theoretical curve was

lit calculated from Eq. (8) wIth the following experimentally
determined parar~metcrs : 4” =— 16.5 inni , 4” “ — 7  mm2 ,
a = 8  mm , A = 1, and B = 0.016 .

Figs .9aand9b indicate that an Incident Gaussian beam ,
/ i  - upon reflection at the angle of optimum generation of

surface waves , is redist ributed into mult iple beams (two
S of uhich were detectable over the distance of traverse of

- 

JL 
Both the experimental and the theoretical curves In

the receiver transducer). The schliere n photograph
• - Figure Sb indicates that the re are actually more than two

reflected beams .I- .
‘CL
I f’J I 

5. SUMMARY
-4

29 90 It has been suggested in this paper that an ultrasonic
beam reflected from a liquid— solid Interface at the angle

Fig. ). Comparison between ‘dIsplacement’ and — V (fint der ivative of at which surface waves are generated has a different en-
phase shi ll upon reflection) as a function of incident angle for w ater—al- ~m rgy distribution from the Incid ent beam . Therefore , the
eminum Interface, concept of the “beam displacement” exp resses only a

$ Soy. Ph~a. Acoust., VCL 21, No. 2. Juiy .Aupst 1P15 Ircaxea). c* ii.



[7]

gross effect. Applying the mathematical analysIs which can consIder the finite extension of the beam as a super-
was introduced by Brekhovskikh, an analytic expression position of par tial plane waves whose mutual phase rela-
was derived for the reflected amplitude for the case of tions are sensitive functions of their angle of reflection.
an incident Gaussian beam. The theory was experimentally The Individual plane wave components are therefore super-
tested for water— aluminum and for water—brass inter- Imposed with mutual phase relations which differ from
faces. The transmitter and the receiver transducers were those of the Incident beam. The change of the mutual phase
specially designed apodized transducers with a GaussIan relations of the plane wave components Is interpreted as
output. Both the theoretical and the experimental results the physical origin of the “beam displacement,” or , in
Indicate that the Incident Gaussian beam is redistributed fact , the energy redistribution .
by the reflection process Into multiple beams. The posi- - -

tion and the relative heights of these beams are functions
of the transducer characteristics. They depend also on 1A Sct~ ch. Acust lca 2 18-19 (1952)the liquid— solid Interface through the first and second t

j.,
’ 

M. Brekbovsldkh. Waves in Layered Media . Academic Press, New Tact’
derivative of the phase shift upon reflection . There Is (1960).
fair agreement between theory and experiment concerning ‘F. D. Mast tn andM. A. Breazeale, 3. Acoust. Soc. Am. 49. 1668.1669
the position and height of the secondary beam, while good (1911). —
agreement is obtained for the position of the principal ~i. S. Gradahteyn and I. M. Ryzhik, Table of Integrals, Series, and Products.

beam. Academic Press, New Trek (1965). -

‘A. L vas Buren and M. A. Breazeale. 3. Acont. Soc. Am. 44, 1014-1020
To understand the “displacement” phenomenon, one (1968).

Sac. Phy~. Ac ou ,~ . Vol. 21, No. 1. July .Augu .s 1915 Breazeale ci al I

_ _ _  - —--‘-- — . — - - -
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Reflection of a Gaussian ultrasonic beam from a liquid-solid
interface *

M. A. Breazeale and Laszlo Adler
Department of Physics, The University of Tennessee, Knoxvi lle, Tennessee 379 16

Larry Flax
Naval Research Laboratory, Washington, D.C., 20375
(Received 11 December 1973; revised 8 February 1974)

A Gaussian distribution of amplitudes in an ultrasonic beam reflected from liquid—solid interfaces is
used in the reexamination of the concept of “beam displacement ” which occurs at the angle of
excitation of surface waves on the interface. Experimental results show that the energy of the
reflected beam i~ redistributed into two or more beams at (or near) this angle. The theory of
Brekhovskikh has been extended to include both a Gaussian input beam and the second derivative of
the phase shift upon reflection. Reasonable agreement is obtained between theory and experiment for
water—aluminum and water—brass interfaces. For water—beryllium and water—stainless steel the
agreement is fair.

Subject Classification: 35.24, 35.26; 20.30: 45.10.

INTRODUCT ION profiles are sketched on Fig. 1 as Fig. 1(a) and Fig.

Consider an ultrasonic beam incident on a liquid— 1(b).

solid interface. For a wide range of angles of incidence In making a comparison between theory and experi-
this problem can be mathematically described by solving ment , it has been foundt ’  that there is nominal agree-
the boundary value problem under the assumption of ment between the measured “displacement ” and that
energy conservation. At the critical angles, however , calculated from Eq. 1; however , the experiment is corn-
experimental verification of the calculated results is plicated by the presence of unexpected reflected beams.
complicated by the fact that the reflected beam appears For this reason, It is necessary to carry out the anal-
to be “displaced. ” This effect is especially pronounced ysis in the second approximation to include the second-
at the angle for excitation of surface waves along the order terms in Eq. 1. In this higher approximation, the
interface , as has been demonstrated by Schoch, ’ The “beam displacement ” loses its meaning. The profile
“displacement ” of the reflected beam was attributed to of the reflected beam is not the same as that of the in-
the fact that a beam does not behave as an Infinitely ex- cident beam; i.e., there Is an “energy redistribution ”
tended plane wave. In the reflected beam. [FIgure 1(b) would no longer be

the same as Fig. 1(a). -]The situation is shown in FIg. 1. An ult rasonic beam
is incident upon an Interface at an angle ~ (approximate- Brekho,rsklkh2 has developed a detailed theory for the
ly the angle at which surface waves are excited on the reflection of a bounded ultrasonic beam at a liquid—
interface) . The beam, assumed to be infinitely extended solid interface. From this theory he obtained an ex-
in a direction normal to the figure , is displaced a dis- pression for the amplitude of the reflected beam. Bre-
tance A upon reflection. In developing a theory to de- khovskikh also pointed out that the structure of the re-
scribe this effect , one defines the reflection coefficient flected beam Is in general different from that of the In-
as a complex quantity ~ ~ and includes the mutual cident beam, i. e., that there Is an “energy redistri-
phase relation of partial waves in the reflected beam by butlon. ” He obtained an expression for the amplitude
expanding the expression for the phase shift upon re- distribution In the reflected beam as a function of the
flection ~(p) Into a power series of the form 2 distance along the Interface, and solved a special case

0 (p ) = + 0 ’( p — a) +~~ 0”(p — a)2 ÷ . . .  , (1) under the assumption that the incident beam is accurate-
ly described by a rectangular function.

where 0=0(a) , O ’= (aØ/8p ),.~ , 4 ”= (8 20/ ap 2) ,_, , and
p = k sin8, a = k sinO 0, k = 2mr/X , A = the ultrasonic wave- In a comparison between theory and experiment , we
length in the liquid , 8~ Is the angle of incidence , and 8 have encountered the fact that a rectangular function dis-
Is the angle of Incidence of a wavelet in the incident tribution in the incident ultrasonic beam leads to dif-
beam. By carrying out thi s analysis in the first ap- fraction effects which confuse the comparison. For this
proximation, one find s that the displacement is2 reason, we have developed a transducer which produces

A — / ‘ - ‘2’ an amplitude distribution In the incident beam which is
- — ‘u” ~~~~~~~ 

- — , ‘ ‘ accurately described by a Gaussian function. 4 The
In this approximation , the beam profile of the re- Gaussian function amplitude distribution produces a sin-

flected beam (I .e., the energy distribution of the re- gle well-defined beam without diffraction lobes. The
flected beam measured parallel to the Interface) is the purpose of the present work is to show how closely the
same as the beam profile of the incident beam. Such experimental results obtained with a Gaussian distri-

866 J. Acous t . Soc. Am. . Vol. 66, No. 3. September 1974 Copyright C 1974 by 11* Acoustical Society of A,usric. 866
. - -— r
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I. REFLECTION OF A GAUSSIAN BEAM-THEORETICAL
/  CALCULATION OF ENERGY REDISTRIBUTION

—— 
~~~~ 

z O  
In -order to represent the beam as a superposition of 

/  ______ 
plane waves , Brekhovskikh writes the field in the plane

(a) 

~ \‘ ~, /  
(bJ z = 1 (at the interface) as a Fourier integral . By intro-

/  ducing the amplitude reflection coefficient V(8 0) , which
\~ / Is a function of the angle of incidence 80,  the general

z~~t form of the solution to the wave equation which de-
scribes the reflected beam is written as

FIG . 1. Reflection of an ultrasonic wave at a liquid— solid in-
terface. (a) Incident beam cross section. (b) First—order rep- 1 +i I 2 2t,b f1(X ) = — ~~ - V(80) expjz ~ax+l (k — a )resentation of reflected beam cross section. S 2

xf  {ex~(_ i  ~~u2) } F[x +o 1 + v~~~7t u]d u ,
butlon of amplitudes in the incident beam agree with (3)
those calculated from the appropriate extension of the where 1 Is the distance between the transmitter and the
Brekhovskikh theory . liquid—solid interface , u = (x + 0’— ~)/~/~~T? , ~ is the

.
5 is ..

a,. .

FIG. 2 . Experimental arrange-
(a) ment . (a) Apparatus . (b) Dia-

gram of gonlometer.

Spec men

~~N~~~~~~~~~~~)

~~ .d. Rotating Arm
Rotat ng Arm

Transm itter Receiver
Transducer Transducer and Riders
and R der /

~~~~~~~0

(b)

1. Acoust. Soc. Ant., Vol. 66. No. 3, Sep*.s*er 1974 
—

~~~~~
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iPreii (X) = V(8 0) {exp i [ a x + 1  ‘1(k 2 — a2 ) ] }

x Af  ~ [
exp (_ i~~~u2)]

X exp [— B(x + 0 ’ + 
~[~~~~~yr z ,)2 J } dii . (5)

er~o:~~~~~ o~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

the

- • . ~: 
func-

lPr.t i = {exp i [ax + 1 ~~ — a2 ]}

(a) Regular Transducer 
x {exp [_ ~~~~~,~~~

‘)Z ]
~ 

, (6)

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Ør~~ce

For the purposes of improving a~~r t - L n ~~ It betwcen
theory and exper iment, one can also define ( 1i ~~its on
the Integral2 as follows:

(b) Apodized Transducer . 
~~~~~~~ 

(ir0 ”) ”2 (a +x ~~0 ’)

FIG. 3. Schlleren photographs of transducer output s. (a) Rec- andtangular function amplitud e distrIbution . 0 )  Gaussian amplitude
distribution. 

- 

= (irO “) _ hh ’2(~ — x — 0 ’)

where a is a measure of the w idth of the Gaussian beam
over which the Integration is taken. In this case, the

variable of integration in the original Fourier Integral, reflected beam is described by
and F(x + 0’ + v’~~~~~ u) describes the incident beam func-
tional dependence on the amplitude distribution along the
Interface. (In Eq. 3 the higher approximation, InclusIon _____________________ _____________________

of second-order terms In Eq. 1, has been made.) I I I I

e Mso.~,,.d— Cslc,Iot.d Gs~suan
For the present purposes, F(x + 0’ + ~~~~~~~ u) is to be 0.8 — Curv e —

a Gaussian function. Such a function does not change
appreciably over a distance of one wavelength along the 

— -

propagation direction. This satisfies the requirement
Imposed by the manner in which Eq. 3 was derived.
The GaussIan function describing the incident beam can ,~ 0.4 -

be written

F(x+Ø ’+v c~~~ u) =A exp [— B(x+4 ’+ ’/~~~~u) ’],  
0.2 — —

0- —~ eu* I I
where A and B are experimentally determined constants - 20 . 20 . (0 0 (0 20 20

which depend on the characteristIcs of the transducer. Recelu., Shift (mlllim.t.ri)

The amplitude of the reflected beam then may be ob- FIG. 4. Energy dIstribution in the ultraeonlc beans emItted by
tam ed by substituting Eq. 4 into Eq. 3: the apodized tranaducera.

J. Acoust. Soc~ Am., Vol. 66. No. 3, September 1974 
— -- — — — — _____________________
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— 
( 1 + i ) A V (9 0) e x pi l a x + l I i  :.&i _ 2B20 ”(x + 0 ’)2 1 r— B (x + 0 ’) 2~~ f [fl2Vc;0” +~!÷ B ( x+ 0 s) %~~Tn 1

4r .f S —  
4 ’/B0 ”+ i/ 2 I 4B20 ”2 +1 j  eXP

L4B2O P?2 
~ j~er 2

erfI,’i’Blrip ” ii B (x ÷ 0 ’) \~~~~
]
~, . (8)— ______

- 2 ‘/Bc b” + i/ 2

This function can be evaluated by computer and the prod- 2 Transducer
uct i,I6~~ formed to evaluate the energy distribution as a

Details of the behavior of an ultrasonic wave re -function of position x. Such a function is no longer a
flected from an Interface depend fundamentally on thesimple Gaussian function.
energy distribution in the cross section of the incident
ultrasonic beam (see Eq. 3). The mathematical inter-II. REFLECTION OF A GAUSSIAN BEAM-

EXPERIMENTAL MEASUREMENT OF ENER GY pretation of the results is facilitated if the energy dis-
tribution in the Incident beam cross section can be de-REDISTRIBUTION scribed In a simple relation, such as a Gaussian func-

A_ Apparatus tion. The experimental measurements are also more
The experimental apparatus is shown in Fig . 2. The straightforward if one uses a Gaussian function distri-

bution in the incident ultrasonic beam. This can beelectronic system is a standard pulse arrangement , demonstrated by schlieren photography.with the signal from the receiver transducer being dis-
played on an oscilloscope. Two aspects of the arrange - Figure 3(a) is a continuous -wave schlieren photo-
ment are unique , however: the goniometer and the graph of a 4-MHz ultrasonic beam from a narrow trans-
transducers. In the experimental situation both the ducer incident at an angle of 350 upon a water—aluminum
driver and the receiver transducer are mounted on the interface. This beam has a rectangular function distri-
goniometer and this unit is placed in a tank of water. bution of amplitudes near the transducer. The interpre-

tation problem resulting from the diffraction lobes is
1. Goniometer system obvious. Figure 3(b) shows an ultrasonic beam of ap-

proximately the same width and frequency with a Gauss-A schematic diagram of the goniometer is shown in
Fig. 2(b). The system Is designed so that the face of the ian amplitude dtstributio~ across its width. This beam,

produced by a new transducer, 4 is incident on the samespecimen (or reflector) forms a vertical plane at the Interface at the same angle of incidence. In addition tocenter of a circle formed by rotation of the two arms. the absence of diffraction lobes, there is less divergenceA vernier scale on each arm permits the angular posi in the Gaussian ultrasonic beam.tion of each arm to be read to two minutes of arc. Both
arms have transducer-holder stages mounted on riders The Gaussian distribution was obtained by using a
that allow the transducers to be moved up to 50 cm in narrow electrode at the back of the quartz transducer
a radial direction. In addition , the tran sducer on the and grounding the entire front plane. Fringing of the
receiver arm can be moved perpendicular to the arm electrical field in the quartz transducer material closely
(or radius). This way accurate scanning of the re- approximates a Gaussian function if the ratio of the
flected beam can be accomplished, width W of the back electrode to the thickness T of the

24 I I I 
_____________________________________________________________2.  

I I I I 1 1
20 — e Esp.rim.sstal —

Calco løt.d Was., -

• Eapasisasntal
— Cakulas.d(6 — -. —

— ( 6 —

1, — 
Wat~~ - Alueth.,n, 

- j  
~ —

14
I

I i s —
aa F Ia4 —  I

4 —
-

~~~~~~~~~~~~~~~~

U _ _ _ _  

_ _ _

0 —
8CL 9C5 ~R ~~~~~~~~~~~~~~~~ 0 - -

-

I I I III I I I I 
ØCL 0CSSR

- 4
I I I~ I(0 20 20 40 30 60 ‘0 te

Incid.,,t AegIs (d.gr..s) tO 20 30 40 30 60 70 ~
FIG. 5. “DIsplacement” of a Gaussian beam incident upo n a lncid.et Aug i. (dig’...)

water—alumi num interface , ac a function of the angle of m ci- FIG. 8. “Displacement” of a Gaussian beam Incident upon a
dence . water—brass interface as a function of the angle of IncIde nce.

1. Acoust. Soc. Am., Vol.86, No. 3. September 1974
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I I 

•
~~~~~~;.,6

i 
isey l l a

-
~~ (al ~~v7Q0

transducer material is 2 < W / T< 4 .

The ultrasonic beam profile emitted by these trans- ~ -~~

ducers could be obtained by using the goniometer sys- - S

tern with the sample removed. All measurements with
the goniometer system were made at a frequency of 2
MHz. A plot of the energy distribution obtained by using
the new transducers both as transmitter and receiver
is given in Fig. 4. (The transmitter is approximately
five times as wide as the receiver.) The experimental
points have been fit by a Gaussian function of the form
Ae , where A = I and B 0.016 cm 2 . The agreement
between the calculated curve and the experimental points
indicates that the ultrasonic beam produced by the new -
transducers is accurately described by a Gaussian func-

id 8,035~
48 I I 1 I I

FIG . 9. Schlieren photograph of Gaussian ultrasonic beam re-
- • (.pstha.esaI 

— 
flected from a water—brass interface. (a> & e <O R . (b) 9 0 =8 R

— CaIcuuiate4 energy redistribution Is evident . (c) O ,>8~.

32 — —

— 
WaS., — S?a,ni,,, S’e.i

I
= 24 - — tion. Since secondary diffraction maxima are no longer
o present, one could accurately describe these devices as

6 - - “apodized tranducers. ”

- - 
III. RESU LTS

For various angles of incidence, one can follow the

- -— ~~~~~ _______________________ position of the maximum in the ref lected beam . With in
0 

~
‘
ci ~ :s 9

~ ~~~ the approxlmations oftheSchochtheory , ap lot of thepro-
j ectlon of the distance moved by the receiving trans-

- 
i~ I I I I I ducer onto the plane of the face of the reflectIon would

0 20 30 40 50 60 70 ~Incid.nf Ang le idsg,.ss) be the “displacement.” P1ots of this quantity for aluinl-
FIG. 8. “DIsp lacement ” of a Gaussian beam incident upon a nusn , brass, beryilium, and stainless steel are given in
water-.stalnlesa ateel interface as a function of the angle of In- Figs. 5—8. SuperImposed on the experimental data are
cldence. plots of — 4 ’, as Indicated5 in Eq. 2. The critical angle

J. Acoust. Soc. Am., Vol. 59, No. 3. September 1974 ________________

- -——-—-- -—- -- -—-— - .  ‘ ________ 
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-20 -K) 0 (0 20 30 40 
- 
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Recei,~er Shift (eillinteters) DISTN’~~ ALQ63 I~4TEW~~E instil

FIG . 10. Energy distribution in the ultrasonic beam reflected FIG. 12. E nergy redistribution in an ultrasonic beam reflected
from a brass interface for 6~<9~ and O~> O~ . from a water—brass interface at 0 o =8 R =47~.

for the longitudinal wave in the solid (°~~
), and for the ian functions of the same form as that for the incident

shear wave in the solid (8~~), aswellas the optimum angle beam shown in Fig. 4. An incident angle of 10° is well
for excitation of surface waves on the interface (e s) are below the longitudinal critical angle for brass; an angle
indicated, It is characteristic that the values of — q ’ at at 540 is well above the angle for excitation of surface
the angle for excitation of surface waves 9 R are consis- waves. A straightforward calculation from the simpli-
tently greater than the measured “displacement.” This fied theory gives an energy reflection coefficient of 80%
results from the fact that , at 9,~, there is in fact an at 10° and 100% at 540~ These values are consistent
energy redistribution , rather than a simple “displace- with the maximum values of the curves in Fig. 10. The
ment ” of the reflected beam . other reflectors produced similar results.

Careful schlieren photography has shown us that even Scans of the reflected beam with the incident beam
with the apodized transducers, which produce a Gauss- striking the surface at the angle 9R allowed a measure of
Ian distribution of energy ln the incident beam, the beam the energy redistribution. These results can be com-
is reflected as multiple beams when the angle of m ci- pared directly with the theoretical predictions from
dence is that at which surface waves are excited on the either Eq. 7 or 8, if one separates out the effect of the
interface. This Is shown in Fig. 9(b) for a water— “specular ” beam described by Neubauer, °
brass interface, in which the null strip described by
Neubauer 7 Is visible. Figure 9(a) and 9(c) are schlieren Figures 11—14 give the experimental data points obtained

by squaring the magnitudes measured across the re-photographs for angles of incidence respectively smaller flected beam, correctIng for the fact that the receiverand larger than this angle. moves perpendicular to the radius rather than parallel
Scans of the reflected beams with the goniometer sys- to the Interface. Special attention was paid to making

tern for angles respectively smaller and larger than the the receiver angle exactly equal to the angle of m ci-
angle for surface wave excitation gave undlsplaced dence. Because of this, the maximum Is consistently
Gaussian distributions. The results for a brass reflec- “displaced ” a smaller distance than expected from the
tor shown In Fig. 10 are typical. The curves are Gauss- value of 0 ’ at the angle 

~~~~ 
or , indeed , from the ex-

perimental data in Figs. 5—8.
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Superimposed on the experimental data in Figs. 11—14 TABLE I. Parameters used in calculating the
are theoretical curves calculated from Eq. 8. For ref- theoreti cal curves .
erence , values of the “displacement ’~ ~~~~ 

predicted by 
Bthe Schoch theory are Indicated. The fact that the peaks 

—
in the experimental data are consistently wider than the Aluminum — 9  —33 10 0.012
theoretical curves is probab ly associated with the fact Brass —1 2 .4 —43 10 0. 0076
that the receiving transducer does not have the ideal Beryllium —2 —13 10 0.016

Stai nless steel —7 —18 10 0.012infinitesimal width . Values of the parameters 0 , 0
a, and B used in the calculation for each material are
listed in Table I. The values of 0 ’ were determined by
the positions of the maxima in the experimental data , beans has a different energy distribution from the m ci-
The value of 0” is not readily measured; thus , a value dent beam .8 Therefore , the concept of “beam displace-
was selected which produced best agreement between mént ” expresses only a gross effect.
theory and experiment. The value of B was determined The existence of a transducer which produces a truly
by projecting the Gaussian function shown In Fig. 4 GaussIan distribution of amplitude has made it possible
onto the interface. The value of a came from the follow- to make a direct comparison between experimental re-
tog considerations. sults from fou r different interfaces and a theory based

on the approach of Brekhovskikh . Both the experimentalThe photograph of Fig. 9(b) , as well as the experi- and the theoretical results indicate that the incidentmental data of Figs. 11—14, show secondary beams in Gaussian beam is redistributed in the reflection process
addition to the main beams. Such secondary beams are into multiple beams. The positions and relative in-not predicted by the theory—even including the term in tensities of these beams are functions of the transducer
0 “—unless the Gaussian function is truncated . A finite characteristics. They depend on the characteristics
value of a is a measure of the position at which this of the liquid—solid interface through the first and second
truncation occurs. The value a = 10 gave the secondary derivative of the phase shift upon reflection. The sec-
peak at 34 mm in Fig. 11 for the aluminum data and ondary beams also seem to be associated with truncation
improved agreement near — 5 mm. This value was of the incident beam . There is reasonable agreementmaintained for the other curves to determine the extent between theory and experiment for the aluminum and theto which the secondary peaks would be predicted by theory brass inte rfaces, while the agreement for the berylliumfor these materials as well. - and the stainless steel interfaces is less good. In all

cases, the experimental value of the “displacement ” is
different from that predicted by Schoch. ’ This dif-

IV. SUMMARY AND CONCLUSIONS ference is quite great—a factor of 26—for beryllium .

The behavior of an ultrasonic wave at a liquid—solid
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angles of incidence. At the angle of incidence for which and critical comments of Werner G. Neubauer during the
the surface waves are excited, this description is in- period one of the authors (M.  A. Breazeale) was Visiting
adequate. Schoch’s introduction of the idea of a “dis- Scientist at the Naval Research Laboratory. It is a
placement, ” while an Improvement , also proves to be pleasure also to acknowledge the contributions of James
inadequate. At this angle one observes that the reflected H. Smith to the experimental aspects of this problem.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~ A 1 

- - 8Research supported In part by the U. S. Office of Naval Re-
search .- 

‘A. Schoch, Ergeb . ExaktenNaturw ise . 23, 127 (1950); Acustica
EXPERLf~NT 2 , 18— 19 (1952).

~~ M. Brekhovsklkh , Waves in Layered Media (Academic,- 

~~ J. Diachok and W . 0. Mayer, IEEE Trans. Sonics Ultrason .~~~~ New York , 1960). -

16, 219 (1969),
i
i’ . D. Martin and M. A, Breszeale , J. Acoust. Soc. Am . 49,
1668— 1669 (1971).

-(0 0 (0 20 ’
30

’
~~~

‘Ref . 2 , p. 101.
6The values of —0 ’ could be obtained by numeri cally taking de-

_______ rivatives of curves of ~ such as those given by A. L. Van-
Buren and M. A. Breazeale, J. Acoust . Soc. Am. 44, 1014—

40 ~ 1020 (1968).
C~STANCE ~~~~~ NTERF~~E (fret) TW. G, i4eubauer , J. Appi. Phys. 44, 48 (1973),

FIG. 14. Energy redistribution in an ultrasonic beam reflected M. A. Breazeale , L. Adler , and .1. H. Sm i th , Akuat . Zh. 20,
from a water—stainless ateel Interface at 8~ = = 39. 8. No. 4 (1974).

J. Aeouet Soc. Am., Vol. 50, No. 3. SepI.mber 1974
_ _ _ _ _ _ _ _ _



[16]

Paper No. 3

Interaction of Ultrasonic Waves Incident at the Rayleigh Angle onto a
- Liquid-Solid Interface (H. A. Breazeale, Laszlo Adler , aud

Gerald W. Scott), J. Appl. Phys. 48, 530-537 (1977).

_ _  - 
- — - -- -_ _ _ _ _ _ _ _ _ _ _



[17]

Interaction of ultras onic waves incident at the Rayleigh
angle onto a liquid-solid interface

M. A. Breazeale , Laszlo Adler , and Gerald W. Scott
Department of Physics, The University of Tennessee, Knoxvi lle, Tennessee 37916
(Received 2 June 1976; in fmal form 25 October 1976)

The behavior of a Gaussian ultrasonic beam incident on a liquid-solid interface at the Rayleigh angle, the
angle at which surface waves are excited on the interface, has been studied in some detail. The reflected
beam is displaced in the manner predicted by Schoch; however, the “Schoch displacement” in general is
too large. Good agreement is obtained between experimentsi results and the theory of Bertoni and Tamir ,
which assumes that the incident beam couples resonantly into a leaky surface wave at the Rayleigh angle
and that the energy reradiated from this leaky surface wave interferes with specularly reflected energy. The
propagation distance of the ultrasonic beam is explicitly included in describing the ultrasonic wave
reflection at the Ray leigh angle.

PACS numbers : 68.25.+j , 43.35.+d. 68.30.+z

I. INTRODUCTION developed a theory which predicted the lateral dis-
placement of the ultrasonic wave after reflection . TheA wave incident on a plane interface can experience “Schoch displacement” is attributed to the fact that thetotal reflection under certain conditions - At the smallest physically realizable ultrasonic beam does not behaveangle at which total reflection occurs , one part of the as an infinitely extended plane wave as is usually as-reflected (or refracted) beam propag ates tangentially sumed in solution of boundary-value problems. Schochalong the surface. Interaction between this tangential included the mutual phase relationship of partial wavescomponent and other (reflected or refracted ) components in the reflected beam by expanding the expression for theleads to a lateral displacement of the reflected beam. phase shift upon reflection into a power series. TheThis interaction takes place because the wave has first derivative of the phase shift is identified as thepenetrated into the second medium—even under con- “Schoch displacement” .ditions of total reflection .

Brekhovskikh5 extend ed Schoch’s theory , and by in-Even though these observations are consistent with cluding the second derivative of the phase shift he de-electromagnetic theory , and even though Newton’ in rived an expression for the amplitude distribution of1704 suspected that a light wave , upon total internal the reflected beam, This theory subsequently was modi-reflection at a glass-air interfac e , penetrates into the fied to account for a Gaussian amplitude distribution inair , a direct demonstration of the effect did not appear the incident b-t am , and an apod ized transducer whichuntil Goos and H~nchen~ modified Newton ’s original produced a Gaussian amplitude distribution6 in the m ci-experiment by bringing a silver layer into contact with dent beam was used in a comparison between theorya portion of the glass surface at which total reflection
took place. Lateral displacement of the totally reflected
beam was demonstrated by direct comparison with a
portion of the same beam reflected from the silvered -

area in which negligible penetration occurred . The effect
88 ____is greatest at the critical angle , and becomes le ______

pronounced for larger angles of total reflection . An -:
extensive survey of this subject is given by Lotsch ,’ _________________________________
who also mentions the acoustical analogue.

An ultrasonic wave incident upon a liquid-solid inter-
fac e exhibits two critical angles—one for the longitudinal 

_______

wave in the solid and one for the shear waves . For 
______

angles much larger than the critical angle for shear
waves , total reflection also is observed. Near the
shear wave critical angle , the reflected beam is dis - -

placed in a manner analogous to the optical beam. But LIQUID —it turns out that a different mechanism Is responsible ‘ ‘-
~ 

~~~~~~~~~~~~~~~~~~~~~~~ 

~~~ lDfor most observed displacements of ultrasonic waves •
By using schlleren photography , Schoch4 was abLe to

demonstrate a displacement of the reflected beam by
photographing the ultrasonic beams in the liquid . As 

FIG. 1. Schlieren photograph of an ultrasonic beam incident onshown in Fig . 1, the reflected beam is displaced a a liquid-solid (aluminum) interface at the Rayleigh ai~ le. Thedistance ~ laterally along the Interface; however , the reflected beam , as indicated , is split Into two components: a
angle of maxImum displ acement is somewhat greater specular beam and a beam displaced a distance laterally down
than the critical angle for shear waves . Schoch also the interface. Secondary beams are visible at greater distances.
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and experimenL 7 A closed-form analy tical solution onl y if both source and poin t of observation are at the
imp roved the theory and simplified the calculation. 8 interface . In the present work we point out that it is
Nom in al agreement between theory and experiment was necessary to include the ultrasonic wave propagation
obtai ned for water-aluminum and water—brass inter- distance (from the emitting transducer to the interface
faces , and poor agreement was obtained for water- to the receiving transducer ) in order to account for the
bery ll iu m and water—stainless-steel interfaces, In spite effect of diffraction. Although it is not necessary to
of no minal agreement between theory and experiment , include the propagation distance in the analogous optical
these theoi-ies were no t totally satisfactory since the problem , Horowitz and Tamir ’7 recognized that it
phy sical mechanism responsible for the displacement could be included . Since the dependence of this distance
did not enter explicitl y. Furthermore , they accounted is omitted from the theory of Bertoni and Tamir , ’5 we
for the displaced beani onl y, A numb er of theorists 5’9 ”  show how it enters, A detailed comparison is made of
and experimenters’2-’4 hav e correctly associated the the theoretically pred icted energy distribution with ex-
displ aced beam with the excitation of surface waves on perimental results obtained with an ultrasonic gonio-
the in terface , have pointed out that Lord Rayleigh meter using apodized transducers.
studi ed surface waves on a free solid interface , and
have labelled the angle at which the displacement is a II . THEORY
maximum 9R to distinguish it from the critical angle - j5_ J~7for shear waves in the solid . An incident bounded beam is represented by a

Fou rier transform pair as
Exp erimental studies of the reflection of ultrasonic

waves from such solids as bery llium and Al203 revealed 1’ t,,~(x , z)= ( 1/2 7r) f V(k~) exp {i(k~x+k ~z) J d k ~ (1)
a second reflected beam which is not displaced , bu t is
specularly reflected . This beam also is visible in Fig. and
1. It is separated from the displaced beam b y a  “n ull v(k ) = f  v, (x ,0) exp (— ik2x)dx , (2)strip since the two beams are out of phase. -~~ DC

Bertoni and Tamir” introduced a new theory to ex- where k~ and k8 are the x and z components of the wave
pl ain the acoustical Ray leigh-angle problem. This number k= 2r/~ . v,~~(x , O) is the amplitude distribution
theory is based on earlier work’6 to describe the Goos- of the incident beam at the liquid-solid interface. A
H~nchen effect in optics. Their postulated mechanisms solution for the reflected wave can also be written in
include a specular wave and a reradiating surface wave , the form of a Fourier integral as
which they call a “leaky wave” because it leaks energy

v (x ,z) = ( 1/2 i r ) j  V(k )R (k ) expiz (k 1x — k z f l d kback into the liquid as the displaced beam. They present n j  1 .~ 8 8 8

a solution for the reflected field which is strictly valid (3)

Here R(k8 ) is the reflection coefficient given as

R(k ) — 
(2k2 —k 2) 2 — 4k 2[ (k 2 — k~) (k~ —k 2) J ”2 _ (ik /p) [ k~ — k~) / (k2 — k~) 1”2 (4)x — (2k~ — )2 — 4J~[k~L- k~)(k~ — k~ J~~2 

+ (ik /p) (k!~ — k~) / (k2— k~) ] ”2

where kd and 1e8 are the wave numbers corresponding to attenuate as it progresses along the x direction. Energy
the longitudinal (compressional) and shear (transverse) is continuously “leaking” away from the solid region to
waves , respectively, in the solid and p is the density the liqu id region. This leaky wave , then , is a modified
ratio of solid to liquid. R(k 8 ) displays a complex char- form of the Ray leigh wave.
acter which implies that k8 can be generalized to a From the experimental results we wish to report ,
complex variable and R(k~) can be represented in the one cannot reliably evaluate ’, because of diffrac tion
complex plane. Bertoni and Tami r recognized the com- effects. We therefore follow Bertoni and Tamir’5 and
plex character of k8 and investigated its singular points , introduce the relationship between a and the Schoch
The Integral In Eq. (3) is evaluated along the real axis , displacement A3 :
so singular points on and near the axis , particularly
those whose real parts lie between and k , will ‘~a = (ksln8 — k s i n O  )~ +a~ 

(6)
strongly affect Its value. The pole near the real axis In
this interval is located at where 9~ is the angle of incidence. As will be shown .

A, can be calculat ed from measurable physical quanti-
k, =k s in O8 +~~~y , (5) ties, If 8~ = 9,, then

where 8, is near the Rayleigh angle. This pole repre- 
— 2 ~~ 17sents a resonance of the system in the form of a prop- a —

agating wave: exp(ik,x) = exp(iksin9,x-. ax) . This wav e Bertoni and Tamir ” introduced a simpler function for
is similar to Rayleigh waves , except that the presence 11(k) —In order to carry out an analytical Integration
of the imagi nary part a in Eq. (5) causes the wave to for Eq. (3)—in the form
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experiment we assume losses are negligible - cor-
responds to the geometric reflection and R~ accounts)~ / for the Leaky-wave contribution The reflected field can
be calculated if the analytic form of the incident beam
is given. For this experiment a specially designed6- — — - Z  ‘h  
Gaussian t :ansducer was used , and the incident beam
is described as a Gaussian function:

SE A M S  1~ ,~ (X 0)= exp[— (X/ w o) +ik ~x] , (12)ii’- ’2wo cos8~

INCID ’ 

N\ 

~~~~~~~~~~~~~~~~~~~ FLECT ED

¶

E AM  

illuminated by the incident beam. Substituting Eq. (12)
where w0 is the half-width of the area on the interface

I LIQUID 
into Eq. (2) as an initial condition yields

V(k 8 ) =  exp [— (k8 — k ~) 2 (~wo) ’]
(13)

- cos9~SO L I D/ Z which , along with Eq. (9), is inserted into Eq. (3) to
/ find the reflected field . The resulting reflected field/ is written in two terms as

I /

I / V,.,,, (x , z) = V0 (x ,z)  + V, (x,z ) ,  (14)

where

-Z = h  
VQ

~~
,z) =

~~~k k k
1 / kj _ ko ) f  exp[_(k, _ k i)S (4w0)2 1

X e x p [j ( k r _ k z) d k  (15)

and

1 1k8 —k 0 ’J ’ 1k,_— k1\ exp[— (k8 —V,(x ,z )=  
~~ I~k k )  -~ ~tk 8 — kp) cos 8~

FIG . 2 . Coordinate systems. Typical intensity distributions Xexp [i(k x — k,z ) } d k ,. (16)are superimposed for incident and reflected beams.

The field V0 represents a specular or geometrical
acoustic reflection , the type which occurs with varying

1 1 ( k) —  k8 — k p’ (8) amplitude at all angles . Its integrand is unaffected by
— k, — k8 ‘ the poles at k6 .  The field V, represents the leaky-wave

contribution , whose integrand is strongl y affected bywher e k~ is the complex conjugate of k,. Equation (8) the pole at k,.results from a Laurent expansion around the pole k8,
and therefore is a good approximation only in the region Bertoni and Tamir” evaluated the integrals in Eqs.
near th e pole , the region of interest in our experiment . (15) and (16) for z =0 , i. e., at the interface. For z ~0 ,

which describes our experimental situation , the inte-11(k8 ) then is written in the form grals can be evaluated only if the relationship between
11(k) = R0(k 8 ) + R , (k) ,  (9) k, and k, can be found, For the electromagnetic case,

Tami r and Bertoni , ’6 following the approach ofwhere Horowitz and Tamir , ’T approximated k, by the first
R0(k 8 ) —  k, — k 0 three terms of a Fresnel expansion(10)

~ 
/ (k,— k s i n 8) ’\k,= k c o s e —( k ,—k sin8) tan

(11) ‘~ 2k cos38 , 
. (17)

— k, k8 — k, ‘ (The physical assumption in arriving at this expression
where k1 is a specific value of k~ corresponding to a is that only those plane wavelets are considered whose
particular angle of Incidence , and k0 is identical to k,* propagation direction is essentially the same as the
if the losses are negligible. In our comparison with direction of the central beam. )

TABLE I. Properties of solids used in calculation of Schoch displacement .

V3 V5 VR A5Material p (x 101 cm/eec> (xii) t em/eec) (xlOS cm/eec) (mm)
Aluminum 2 .71 6.40 3. 106 2.848 15.87
Stainless steel 7 .85 5.80 3. 130 2 .827 43.10
Aluminum oxide 4.0 10.70 6. 360 5.690 88, 13
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refers to a lateral shift of the geometrical center of
the reflected beam and was prethcted by Schoch as

.4
2x I r ( r — s )  ____________________

— As = - P ~S ( S_ l ) )
[ 1+6S (

_ Q
2S (3 2

~~] 
,

(23)

where

(24)s=Q ,~-)2~ r=(~~)2, q ( ~a)2 ,

V is the velocity in the liqu id , V, and V, are the shear
and longitudinal velocities in the solid , VR is the
Rayleigh velocity, p is the ratio of the densities of the
solid and the liquid , respectively, and x is the wave-

FIG. 3. Goniometer used in making intensity measurements, length of the sound in the liquid . From physically mea-
surable quantities the Schoch displacement can be
calculated .

By substituting Eq. (17) into Eqs . (15) and (16) one Three materials were used in this experiment—alu-~can solve the integral exactly (see Append ix of Ref . 17). minum oxide , aluminum , and stainless steel . All were
The relationships between the fixed and reflected co- immersed in water. The calculated Schoch displace-
ordinate systems shown in Fig . 2 are ments at 2 MHz for these materials are listed in Table

x~=xco s9— ( h— z ) s i n 9 , (18 I. These values of the Schoch displacement were used
in the calculations of the reflected field from Eq. (14).

z =xsin8 + (h — z) c o s O . As will be seen in the data , the Schoch displacement
is a convenient mathematical concept , but it does not

These relationships and the results of Tami r and accurately represent the lateral shift of the reflected
Bertoni” are used to evaluate the expressions for V0 beam.
and V1 in the reflected coordinate system:

v0~~,~) =R 
exp[— (~,/w~

)2 + ik ix~I , (19)0 7r”2w~cos83
Mm,hm,m Am~II~ud. 437 mV S.,. P,offl1
P.,k I,oc.Ho., 52 mm

____ 5I.cfrod.V,(X,Z~) = 2 V o(x~, Z~) (i — 
IT ’W, ex~(v 2) erfc(v)) , (20) N.If S,,m Width 36 .6mm XMTI 6.33 DDD

W.Nc Push, 40 cm
where

y= !~E —
~~~~~ 

+j ~~!L (sin9 , _ sin8R) wP (21)
A, Wr X

and
‘. 1/2

w,= w ( i _~~~~ (z,— x ~tan83)) . (22)
200

Here erfc Is the complementary error function , w Is
the half-width of the Incident beam, and A, is the
Schoch displacement which is characteristic of the
interface. Since these expressions are to be compared
with experiments performed at the Rayleigh angle
(i.e., for 83 = 8,) ,  we have used Eq. (7) to relate a and .-

~~~~ 
~~~~A,. ~~c.lvar P.sItI., (mm)

The total reflected field at any point is given by the
5.a ..~ 4.(vector) sum of two complex numbers V0 and V1. The ‘

~~ 

.
Sfield ampiitude is equal to the modulus of the sum; the 

~ .‘relative phase is computed from the quotient of the real
and imaginary parts of V0 + V1. Both field amplitud e 

4,

and relative phase were calculated by use of FORTRAN .
Energy is proportional to the square of the amplitude. -‘

One of the Important parameters which influences the
dletribution of the reflected amplitude is the so-called
Schoch displacement, A3 [see Eqs. (20) and (21)]. A

5 
FIG. 4 . Amplitude and phase profile of incident beam.
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III.  EXPERIMENTAL APPARATUS wavefront contours in transducer-beam profiles , and
(3) tracing wavefront contours in Rayleigh-angle reflec-A. Goniometer tions. A technique devised for detecting a constant phase

The experimental apparatus consists of a two-crystal led to improvements which allowed approximate , but re-
system. Pulsed ultrasonic waves are produced by a peatable , measurements of relative phase. Moving the
standard gated amplifier and are displayed on an oscil- oscilloscope trigger fro m the Arenberg trigger output
loscope. The transducers are mounted on a goniometer to the transmitter cable causes the transmitter pulse
in such a manner that the ultrasonic beam , reflected to trigger the oscilloscope sweep and allows relative
from the metal interfac e of interest , is scanned by the phase measurements,
movable receiver transducer. Figure 3 shows the The Arenberg trigger output is coincident with itsgoniometer removed from its water tank . For operation gate , but these signals are both timed by a rate gen-it is immersed in water up to a point about halfway be- erator in the Arenberg which is not synchronized withtween the top of the specimen holder and the base of the external rf inpu t (from the VFO) . Therefore , thethe column on which the arms mount . The left arm gate and trigger pulse do not occur at the same pointcarries the transmitter and the right arm carries the (or phase) on the rf waveform each time the gate opens.receiver (the slide moves the receiver perpendicular to If the oscilloscope sweep is triggered by the Arenbergthe arm). The transducer carriages can be moved gate , the envelope of the pulse remains stationary onradially along the arms and clamped at radii between the CRT trace , but the rf waveform jitters back and5 and 50 cm.

forth inside the envelope. When the oscilloscope sweep
The specimen holder accommodates rectangular is triggered directly by the trans mitter pulse , it syn-

blocks (2x4 in.) up to 1 in. thick and right-circular chronizes with the rf waveform , and the waveform re-
cylinders (3 in. in diameter) up to a few inches long, mains stationary on the CRT while its envelope jitters .
Either specimen type is restrained so that its front
(reflecting) face coincides with the rotation axis of the In this latter condition , the displayed signal from the
arms . Figure 1 also shows a cylindrical aluminum oxide receiver is locked in phase with the transmitter driving
specimen in place. The aluminum oxide cylinder is signal . All of the pulses are coherent with one another
2.5 in. in diameter , so an aluminum ring is used to because they originate from the same cw source , and
adapt it to the holder. the oscilloscope trigger circuits fix the phase point on

the rf waveform at which the sweep starts . The only
B. Transducers remaining phase changes result from changes in the

propagation delay of the acoustic signal along its water
For the present investigation , the transducers were path , and these are observable on the CRT as move-

1-in. -diam x-cut quartz crystals plated with conducting ment of the entire waveform across the screen .
material (.gold or silver) on one side. The plated side
was used at the front , or water , side. The rear elec- The slide motion of the receiver confines it to a plane
trode was a metal strip aligned to be symmetric about in the propagation path of the acoustic wavefronts. The
a diameter of the crystal , parallel to the gonlometer wavefronts are typically curved , so there will be a point
axis. This electrode arrangement produced an ultra- of tangency with the receiver plane as the front ad-
sonic beam with a Gaussian profile. 6 A 6.35-mm elec- vances. The signal detected by the receiver at the point
trod e was used in the transmitter to produce a narrow of tangency occurs earlier in time than signals detected
beam with good signal amplitudes at the receiver. The elsewhere in the receiver plane , and it appears farthest
receiver had a 3.68-mm electrode which consistently left on the CRT trace. This point was designated the
produced narrow beam profiles. Figure 4 is the ampli- “maximum phase excursion”, and was defined as zero
tude and phase profile made with these transducers at
2 MHz. The amplitude profile is fitted with a Gaussian
curve of the form A exp[— (x — ~L)’/ b’]. This Gaussian
amplitude variat ion across the wavefront makes possible 1.0 I

a detailed comparison between theory and experiment, *
~~TER-AI,O,
e,. e~. 14.3.,
Z .SOO ny,, -- . I

An Arenberg unit was used in its pulsed-amplifier

=

since it is the case that was solved analytically. • 

ThEORY—

C. Amplitude measurement 
_

‘4 mm

Z 0 5 •mode. It functions as a gate, turning the input fro m the w ‘
3— $external variable frequency oscillator on and off and 

~~ ~~~~~~~~~~ 
• / : 

\
feeding it into the amplifier section . The output is a

long . Amplitudes were measured by reading the voltage \ ~

tone burst , I .e., a burst of 2 MHz rf about 16 ~sec 1 ,

developed across the receiver crystals fro m an V ‘,i~ V ~oscilloscope. ______________ 
\_~j

-20 -10 0 10 20 30 40 50
D. Phase measurement DISPLACEMENT (awi)

Several potential applications motivated efforts to FIG. 5. Reflected intensity distribution for a water—aluminum
measure ph ase—(1) goniometer alignment, (2) tracing oxide interface.
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1.0 I I the mimimum values obtained was called the Rayleigh
angle. In each case, the lowest minimum was accom-

WATE R - STAII’LESS STEEL panied by a rapid variation of the phase in its neighbor-
hood , amounting to as much as 180° of shift . This phase0, 0,, ’ 30.8°
variation provided some additional confidence in the
identification. ’3>.

3-

0.5 
$ \~ EXPERIMENT + In earl y experiments the receiver and transmitter

LI3- arms were set at equal angles . Ultimately, enough

I’

Z 800 mm 

THEORY —

evidence was collected to demonstrate that the gonio-
m eter could not be aligned perfectl y and that a genuine

\ + R ayleigh phenomeno n could exist and be identified with
the arms at slightl y different indicated angles . As the

___________ __________________________ critical angle for a particular minimum was approached.
-20 .ib 0 ib 20 30 40 50 the arms could be manipulated independently and the

DISPLACEMENT (mm ) desired angle found by watching the oscilloscope CRT
presentation. This techniqu e produced angle settings

FIG . 6. Reflected intensity distribution for a water—stainless repeatable within ± 5’ of arc. The difference in arm
steel interface at z7 - 800 mm . angles at the final settings are typical ly 20’ of arc , or

less . This figure is consistent with estimates of the
alignment accuracy. Once the arm angles were set ,

relative phase for all experimental measurements , amplitude and phase measurement followed procedures
described in Secs. II and III . Amplitude measurementsChanges in relative phase were recorded in 90° in-
were made at position intervals of 0.5 mm.crements according to the distance the waveform moved

to the right on the CRT. All relative phases were V. RESULTSrecorded as negative with respect to the maximum phase
excursion. The reflected intensity distribution for a water—alu-

minum oxide interfac e is show n in Fig. 5. The solid
IV. EXPERIMENTAL PROCEDURE curve is calculated from Eq. (14). The crosses are

experimental points. The total water path length z , was
Reports of other experimenters established a range 800 mm. The incident beam width was 2w = 6.35 mm.

of values where the Rayleigh angle for a material was The incident angle a 1 was equal to the Rayleigh angle
expected to lie. Starting at angles 1—2° below the ex- ~y 4 

which was 14.7° . The reflected field was scanned
pected range , the transmitter and receiver arms were across 95 mm , from —15 to +50 mm. Zero is approxi-
set at equal angles. Then the receiver was scanned mately the center of the incident beam. The theory
through the full range of the cross slide , and the loca- predicts two minima. The second minimum was not
tions and values of all local maxima and minima in the observable experimentally because the aluminum oxide
amplitude were noted . The slide was set to a position specimen was not wide enough , but the position of the
corresponding approximatel y to the center of the m ci- two peaks and the first minimu m agrees reasonably
dent beam. The oscilloscope was set to indicate zero well with the calculation .
relative phase at this position, and relative phase was
observed as the slide was scanned away to the right and The stainless steel has smaller Schoch displacement
left . Locations of large or sudden changes in phase and produced a different reflected intensity distribution
were noted .

The arms were repositioned and the scanning proce-
dure repeated at intervals of 15’ of arc. As the 1.0 I
Rayleigh angle was approached , the maxima and minima

and one minimu m would become an absolute minimum , e, ’ e,’ 30.8
occasionally shift ed position and relative value slightly, WATER STAI?’&ESS STEEL 

~~~~ THEORY

i .e. ,  its amplitude would decline to a value less than Z °  400 mm

those of the other minima, If the Rayleigh angle was
passed over , the amplitude at the absolute minimum a3- 

/ 
~ EXPERIMENT .

would pass through a minimum of its own and start to ~ 0.5
inc rease again . When the Rayleigh angle was overshot , ~
the arms were returned to the nearest angle below It ,
and the increment of angle change was made smaller.

plex , so it was frequently necessary to follow the be- 
~~~~~~~~~~~~~~~~~~~~~~~~~~ J ~

The overall behavior pattern of the minima was corn-

havior of several minima individually through a range -20 -10 ~ 10 20 30 40 50
of angles . The result obtained would be a group of DISPLACE MENT (mm )
angles , each of which corresponded to the lowest ampli-
tude reached by one of the minima. Of these angles , FIG. 7. Reflected intensity dist r ibution for a water—stainless
that angle corresponding to the lowest amplitude among steel Interface at z, = 400 mm .
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1.0 I I I I I For the case ‘;hown in Fig . 9 we also measured the
phase in the refl ected beam and compared wi th  theory .
A s can be seen , the measured phase is in nominal

WAT E N - A UMI NUM
- 0 8,,’ 30.5 ° agreement with theory. The phase variation indicates

Z 400 mm th at the center of the reflected beam is-out of phas e
THEORY by as much as 8a w ith  respect to the end points. This

am EXPERIMENT • phase p lot is actually a measure of the beam profile
of the reracl i atecl beam , indicating that the wavefrontz 0.5

boundary-value problems .
z 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

is far f rom being planar as is usuall y assumed in basic

_____________ 

\

~~~ 

Finall y,  as a test of the sensitivity of the theory to
the incident angle, we kept the distance 2 =400  mm and

_____________ ___________________________ incre ased the incident angle by 0.5 ° incre ments . Two
-20 -10 0 10 20 30 4b ~o calculated curves for 0.5 ° and 1.0° greater than the

DISPLACEMENT (mm ) Rayleigh angle are given in Fig . 10 . As can be seen .
the theory also is sensitive to incident angle in this

FIG . 8. Reflected intensity distribution for a water-aluminum range , as it should be.
interface .

VI. SUMMARY
The behavior of a Gaussian ultrasonic beam incident

as shown in Fig. 6. The incident beam width was 6.35 on a liquid-solid interface has been studied in some
mm and the total path was 800 mm . The incident angle detail at the Rayleigh ang le—the angle at which surface
was the same as the Rayleigh angle for water—stainless waves are excited on the interface. The reflected beam
steel which is 30.8° . A wider retangular specimen of is displaced in the manner predicted by Schoch; how-
stainless steel was used in this experiment. Now the ever , the “Schoch displacement ” in general is too
second minimu m is observed experimentally. There is large. Good agreement is obtained between the experi-
also good agreement between theory and experiment, mental results and the theory of Bertoni and Tamir
The effect of the changing of the water path length Z~ 

which assumes that the incident beam couples resonantly
was investigated by reducing its value to 400 mm. The into a leaky surface wave at the Rayleigh angle. The

length of each arm of the goniometer wan reduced by energy is rerathated from this leaky surf ace wave and
one-half; all other parameters remained the same . The interferes with specularl y reflected energy . For water—
result is shown in Fig. 7. It is clear that there is a
strong distance dependence on the beam distribution
which shows up in the difference between Figs. 6 and
7. The agreement between theory and experiment is
nominally the same at the two distances .

~ 
dependence to the theory has ac- WATER-ALUMINUM AThe addition of z

counted for the diffraction effect . In Fig. 6 the sec- Aa tondary maximum between 40 and 50 mm results from z= 400 mm a
diffraction. Somewhat less-pronounced maxima appear ~ .

in Fig . 7 , as well. Calculation shows that these sec- - 
a A
A

ondary maxima vanish as z ,, approaches zero . These 0.5
secondary maxima also are visible in schlieren photo- W

Agraphs such as Fig. 1. -
a

Aluminum was the third material studied . Aluminum
has the smallest Schoch displacement of all three ma-
terials , which is 16 mm for 2-MHz ultrasonic waves .
The Rayleigh angle is 30.6° for a water-aluminum
interface. Both theory and experiment indicate (see
Fig 8) that the reflected beam has only one major -40 -X -20 -10 10 20 20 40 50
peak . This is quite different from aluminum oxide and _ 0
stainless steel . For aluminum the proper setting of ‘

~~ 
-2W a

Slight deviation fro m the Rayleigh angle produced
the incident beam angle required careful alignment.

significant changes in the intensity distribution. For 
~~ 

.,
~ ~

•
example , a change of 6’ of arc produced the intensity 

- /distribution shown in Fig . 9. The position of the prin-
cipal maximum has not changed much; however , a
secondary maximum is now visible at 28 mm displace-
ment , with another barely perceptible at 40 mm.  FIG. 9. Reflected intensity distribution and phase profile for
Fu rthermore , the energy distribution has changed near a water-aluminum interface for an angle of incidence differing
the specular beam and to the left of zero disp lacement. from 9~ by 6’ of arc .
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resulting from diffraction. These three effects are
ALUMINUM included in the present treatment.
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ULTRASONIC WAVE REFLECTION AT A PLANE INTERFACE

N. A. Breazeale

The University of Tennessee , Knoxville , Tennessee USA

The reflection of an ultrasonic wave at a plane

interface has been studied in considerable detail in

recent years. If the incident beam is infinitely extended ,

one can make a-general definition of the energy reflection

coefficient and solve the problem in closed form . In a

special case , such as a wate~ —s€ainless steel interface ,

the reflected energy as a function of the angle of

incidence behaves as shown in Figure 1. Two critical

angles are obtained . One for the long itudinal wave in the

stainless steel , and one for the transverse wave in the

stainless steel. At these angles the theory predicts that

the energy is totally reflected. The reflection coefficient

I 

_ _ _

~~ 0.6 - 
WATER - STAINLESS STEEL 

~ £ 
-

‘~ 0.4 - -

— Ca~cu lsted
A Experi men tal

0.2 - ed ecsa
I I I t i  I I it “

~
4 $ 12 iS 20 24 25 32 ~$ 40

Inci dent  Ang)e (degree s)

Fi gure 1. Energy Reflection Coefficient for Ultra-
sonic Waves Incident on a Plane Interface.

has unit ma gnitude. However , in attempting to verify the

theory one typicall y obtains data such as those shown in

— 114 —
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Figure 1. The experimcntal data follow the theoretical

curve for incident angles below the critical angle for

shear waves in the stainless steel; 29 , but above this

angle there is cor ,siderable discrepancy between the theory
- and experiment. The theory predicts unity, but the experi-

ment shows a deep minimum at 3P. 
- 
The reason for this

discrepancy lies in the fact that the actual ultrasonic

beam is not infinitely wide. As Schoch 1 has shown , the

reflected beam is “displaced” down the interface and does

nc’t strike the receiving transducer. Using the theory of
Schoch , one can calculate the magnitude of this displace-

ment. The variation of the displacement with ang le of
incidence is shown in Figure 2. The maximum occurs at 3l ,

in agreement with the data in Figure 1. The reason for

this displacement is that the incident beam is phase

~ i i i I 
- 

I I

- 
• Experinental —

— Calculated

32 - —

~~ 24 - 
WATER — STATh LESS STEEL —

- -

- •LMiaøe s6 ~h,_
~ •
0d ~~~~~~~

I I i  . I i i  I I I I
10 20 30 40 50 ~o 70 80

Incident .kngle (degrees)

Figure 2. Schoch Displacement as a Function of the
Angle of Xnci~ ence.
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matched with a surface wave which propagates down the

interface . The ang le at which this occurs is often

referred to as the Raylei gh ang le 9R since such surface

waves were studied by Lord Raylei gh.

In Figure 2 it can be seen , however , that the calculated

displacement is considerably greater than the value measured

because , in fact , the energy is redistributed when it is

reradiated by the surface wave . -

Coupl ingwith Surface Wave s Propagating in the +X Direction

The situation can be described in terms of the

coordinates shown in Figure 3. The incident beam has

z

~~~~~~~~~~~ ~~~~~~~~efle~
’ted

SOLI D - - - -

Fi gure 3. Coordinate s Used in Solving the Reflection
Problem.

coordinates and the reflected beam ICr and

our experiments we used an incident beam which has a

Gaussian profile 2 as shown. The reflected beam then has

an intensity distribution that is not simply a Gaussian

function displaced from the orig in. It is more compli-

cated , as indicated .

By using the theory of Bertoni and Tamir 3 one is able

to redefine the reflection coefficient. Assuming a Gaussian

- 116 -
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incident beam , one find s a different reflection coefficient
for each of the partial plane waves in the Fourier trans-

form representation of the reflected beam. In order to

obtain the energy distribution in the reflected wave , one
must make a point-by-point integration over the partial
waves. The result is that with an incident Gaussian ampli-

tude distribution

exp [- (x/w0)
2 + ik~x~V. (x,O) (1)

- - rc w0 cosO~
the reflected wave has an amplitude distribution made up
of two parts : a specularly reflected component and a corn—
ponent reradiated by the surface wave ,

Vrefi (XS Z) = V0(x ,z) + V1(x ,z) . (2)

The specular component has the form

exp [- (x /Wr)
2 + ikjxr)V 0 (xz ) r 

. - ( 3 )
~~~ W COS O~

The reradiated component has the form

,cw
V1 ( X Z )  2V0(x ,z )  (1 — —

~~

_

~~ 
exp (12)erfc (1)J , ( 4 )

where 
~

— .~~~~ + i ~~~ (sinO ~ Sif lO
R

) W (5)

and 2 -

w
~ 

— w (l — 
4~~~r 

— Xr 
tan9 j)~ -

Here erfc ~1s the complementary error function and is
the Schoch - displacement ” which is characteristic of the
interf ace. The total ‘reflected field at any point is
given by the (vector) sum of the two complex numbers V0
and V1. The energy is proportional to the product of this
sum and its complex conjugate .

The use of this theory now makes possible a detailed

comparison between theory and exprriment such as that

— 117 —
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shown in figure 4. As can be see m , the calculated curve

for a wa te r—sta in less  steel inte:face agrees quite  well
with experiment . Data for other solid-liquid combinations

~e have tried are in similar agreeme flt.

1.0 5 I I

- WATE R - STAINLESS STEEL

e~~
- 9 R . 3 O .8 

r~. . 
-

Z . 8 0 0 mei
~
‘ %‘~ 

Theory —

- 
Experi ment +

_2r
O -10 I’O 20 30 40 50

- Disp lacement (an )

Figure 4. Energy Distribution in an Ultrasonic Beam
Reflected at the Rayleigh ?ng le.

Coupling with Waves in the —x Direction

According tb the theory of Bertoni and Tan~ir a surface

wave which propagates in the negative IC •direction can be

generated under special circumstances. A corrugated inter-

face produces such a - 
wave . We have been able to sho~

unequivocally that such a phenomenon exists . The energy in

the reflected bean~ is “displaced” in the negative X~
direction. This subject currently is under investigation .

(Resea rch supported by the Office of Naval Research.)
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Backward displacement of waves reflected from an interface
having superimposed periodicity

M. A. Breazeale and Michael A. Torbett *
Department of Phyiics. The University of Tennessee. Knoxville, Tennessee 37916
(Received 21 June 1976)

An ultrasonic beam incident on a liquid-solid interface with supe ri mposed grating is shown to be
displaced in a backward direction at certain angles of incidence predicted by the theory of T. Tamir and H.
I.. Bertoni [J. Opt. Soc. Am. 61, 1397—1413 (1971)J. The analogy between the ultrasonic phenomenon and
the corresponding optical phenomenon is cited.

PAc~S numbers: 43.35.+d , 68.35.+q

An ultrasonic wave, incident on a liquid -solid Inter- wave reflection at a liquid-solid interface, we decided
face at a certain angle of Incidence , can couple into to verify the correctness of this prediction for ultra -
leaky surface waves, with the result that the reflected sonic waves, even though the corresponding optical
beam is displaced laterally down the interface. ’ experiment is yet to be repo rted.
Recently, we studied this phenomenon in some detail2 The situation is diagrammed In Fig. 1. A beam ofand showed that the theory of Bertoni and Tamir 3 agrees width 2w incident at an angle 9~ couples to a leaky wavewell with experiment. 4 The theory of Bertoni and Tamtr t

propagating in the negative x direction indicated by thein fact is an adaptation to the acoustical problem of a heavy arrow. The optimum angle for this to occur istheory previously used to described the reflection of given’ aslight at a dielectric Interface. ’ In the optical theory,
Tamir and Bertoni’ also point out that if the interface 

ino~ =~~L.(.~~ _ K 5) = v115 (_ ~~
_ _

~~_) (1)has a periodic structure superimposed , it is possible
to cause a leaky wave to propagate in the backward
direction. In such a case they predict a backward beam where d is the period , I is the frequency, V1~, is the
displacement. In view of the close analogy between propagation velocity in the liquid , and V5 is the propaga-
light reflection at a dielectric interface and ultrasonic tion velocity of the leaky wave. At this angle the incident

456 Applied Physics Letters, Vol. 29, No . 8, 15 ~~tober 1976 Copyright ® 1976 American ln sti ~~te of Phys ics 456
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•
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,L~ .

FIG . 1. Diagram of ,nciil, nt l,eam coupling to a backward-di-
rected leaky wa ve to pr~, lu . backward displacement of re—
flected beam .

beam is phase matched to a space harmonic of the leaky
wave. This leads to a reflected beam laterally displaced
in the negative v direction , as indicated.

1~.
The angle of incidence given by Eq. (1) is dependent

upon frequency f, so that for certain frequencies the
right-hand side can become greater than unity. This
cor responds to an imaginary angle of incidence; i. e.,
the phenomenon does not occur for any real angle e~.We used this fact to produce the first unequivocal FIG. 2 . Backwared displacement of 6-Mh z ult r asonic beam at
demonstration of this phenomenon as follows, a water-brass grating interface .

Schli eren photography was used to visualize ultrasonic
beams in water reflected fro m a brass interface upon
whi ch were ruled parallel grooves of period d= 0 . 178
mm and depth 1=0. 025 mm. Using V,,,= 1.49X 1O ’
cm sec and V5 =2 .Ol 5X lO’  cm/sec . one predicts 9 ,
= 4 10  fo r 6-MHz ultrasonic waves. At 2 MHz , 9~
becomes im aginary, so the effect would not be observ-
able at 2 MHz.

A 2-MHz apodized t quartz transducer was used to
generate either 6- or 2-MHz ultrasoni c beams. Figure
2 shows the result for 6 MHz. The reflected beam is
displaced in the backward direction in the manner
indicated in Fig. 1, because a leaky wave is excited in
the grating interface. (The direction of this leaky wave
suggests that a grating coupler intended as a thin-film
optical beam coupler would be more efficient if it had a
configuration different fro m that sketched in FIg. 13 of
Ref. 5.)

Without making any adjustments except changing the
frequency to 2 MHz , we obtained the photograph shown
in Fig. 3. The negative displacement is no longer
visible because the leaky wave is not excited at 2 MHz.

Measurement of the angle of Incidence in Figs. 2 and
3 results in 9 , =22. 50 , which is considerably smaller
than predicted from Eq. (1). The reason for this dif-
ference probably results from the fact that the value
VR = 2 .015 x 10’ cm/sec is the velocity of a Rayleigh
surface wave on brass, whereas the quantity appearing
In Eq. ( 1) should be the velocity of the negatively direct-
ed leaky wave, whose magnitud e at present is unknown. FIG. 3. UltrasonIc beam (2 MHz) incident on water-brass
If one uses the measured angle of incidence in Eq. (1), grat ing Interface . Backward displacement Is no longer
one can calculate the velocity of this leaky wave as observed .
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1.47 x 10’ cm/sec. This means that the velocity of these are also indebted to the Office of Naval Research for
leaky waves differs considerably from the velocity of research support.
the Rayleigh surface wave on a plane interface. Furthe r
experiments will be required to determine whether
there is any fundamental significance to the fact that
this velocity is close to the velocity of ultrasonic waves
in water. * Present address: Ford Motor Company, Detroit , Mich.

In conclusion , It is possible to demonstrate in a direct t A . Schoch , Ergeb . Exakten Naturwiss. 23, 127—234 (1950);
manner that ultrasonic waves can couple into a back- Acustica 2 , 18—19 (1952).
ward-propagating leaky wave if the reflecting interface 2 M. A . Breazeale , Laszlo Adler , and James H. Smith , Akust .
has a superimposed periodic structure. (This Is an Zh . 21, 1—10 (1975) [Soy. Phys. Acoust. 21, 1—6 (1975) 1;

M .A . Breazeal e , Laszlo Adler , and Larry Flax , J. Acoust .indirect verification of the validity of the prediction of 
~~~~~~ Am . 56 , 866— 872 (1974) .

Tamir and Bertoni’ that light beams can undergo a 3~~• L . Bertoni and T. Tamir , AppI . Phys. 2, 157—172 (1973).
backward beam shift. ) This fundamental observation has 4 M. A. Breazeale , Laszlo Adler , and Gerald W . Scott
implications in optical beam coupler technology as well (unpublished) .
as surface-acoustic-wave technology . 5T. Tam ir and H. L. Berton i , J. Opt . Soc . Am. 61,

1397—1413 (1971).
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FORWARD- AND BACKWARD-DiSPLACEMENT OF ULTRASONiC WAVES REFLECTED F1~OM
A WATER-SEDIMENT INTERFACE

M. A. Breazeale~ and L. BjØrnØ

Fluid Mechanics Dept., Techn . Univ. of Denmark , 2800 Lyngby , Denmark

An ultrasonic wave incident on the interface between
water and sediment has been studied by schlieren
photography. Evidence is given that the incident
beam may couple to backward—directed , as well as for-
ward—directed leaky surface waves, with the result
that the reflected beam m ay be displaced either in
the forward- or the backward-direction depending upon
frequency and grain size.

I NTRODIJCT ION

An ultrasonic wave , incident onto a liquid—solid interface at a certain
ang le of inc idence , can couple with leaky surface waves. This coup l i n g
causes the reflected beam to be displaced laterally down the in t e r f ace
[1] .  Recently , this phenomenon has been studied in some detail [2-4]
and it has been shown t h a t  the  theory of Bertoni  and Tamir  [5 ]  agrees
well with experiments . The theory of Bertoni  and Tamir is in fact an
adap ta t ion to the acoustical problem of a theory previously used to
describe the reflection of light at a dielectric interface [6]. In the
optical theory , Tamir and Bertoni also point out that if the interface
has a periodic structure superimposed , it is possible to cause a leaky
wave to propagate in the backward direction , giving rise to a backward
beam displacez~ent. Such a backward displacement of an ultrasonic wave
reflected from a water-brass grating interface was demonstrated
recently [7].

The theories involving coupling of ultrasonic waves to leaky surface
waves , and their experimental verificat~ion, are considered only for
liquid-solid interfaces which exhibit a shear wave critical angle. A
shear wave critical angle is found if VL > V~ > V , where VL and V5 ~re

respectively the velocities of the long itudinal and the shear wave in
the solid , and V is the velocity of the (compressional) wave in the
liquid. For such interfaces , the reflection óoefficient as a function
of the incident angle has the behavior shown in Figure 1, in which the
critical angles for the long itudinal and the shear waves in the solid
are labelled and At the angle ]abelled °R’ leaky surface

waves can be excited (4) , and they lead to a disp lacement of the re-
flected beam as shown in Figure 2. This schlieren photograph of a
1 MHz ultrasonic beam incident onto a water-glass interface shows two
reflected beams, the displaced beam and the specularly reflected beam ,
with a null strip between.

~On leave of absence from Physics Dept., 
Univ. of ‘Penn., Knoxville ,

Tenn. 37916 , U. S. A.
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Heretofore, little attention has been given to experimental ant1~~.~ co-
retical studies of interfaces for which VL > V > V~ . In this case one

does not observe a critical angle for the shear wave in the solid , and
hence eR 

does not exist.This is the velocity relationship characterizing

a water-sediment interface, since, typically, VL 
= 1742 rn/sec, V = 1483

rn/sec and Vq = 382 rn/sec [8]. Even though tI~eory has not been devel-

oped to describe reflection from this class of interfaces in detail , we
report results of schlieren studies of the reflection of ultrasonic
waves at a water—sediment interface and interpret our results by anal-
ogy with results observed at a water—sol id interface.

THEORETICAL CONSIDERATIONS

If one assumes an infinite plane wave incident onto a water—solid in-
terface, one can calculate the ref lect ion coef f icient from [9] :

R = 
ZL 

cos2 20~ + Z~ sin — Z (1

cos + ~~~1’~~ 2O
~ 

+ z

where the normal impedances are defined by

p
1

V P 2VL 
______Z =  Z = Z = (2)

cos O. L cos O S cos 0
i L S

and the subscripts i , L , and S r e fe r , respectively, to the i n c i d e n t
wave , the t r ansmi t t ed  longi tudina l  wave , and the transmitted shear wave .
For tnree different water—sediment interfaces these equations give the
r e f l ec t i on  coef f i c i en t  as a function of the incident angle shown in
Figure  3. In these curves we see that there is a critical angle for
the longi tudinal wave , 0CL’ at which each curve goes to unity . There

is not a critical angle for the shear wave in the “solid” because
V > V~ . These curves should be a good description of the reflection

coefficient if the incident wave were plane; i. e. if the incident beam
were infinitely wide.

In the experiments the incident beam has a finite width-—as a matter of
fact, the incident beam has a gaussian distribution across its finite
width in order to get rid of diffraction side lobes. For this incident
beam , Figure 3 should be a reasonable approximation to the reflection
coefficient , but there may be detail in the actual experiment which
cannot be anticipated from Figure 3. -

Since there is a close analogy between light reflection at a dielectric
i n t e r f a c e  and u l t r a s o n i c  wave r e f l e ct i o n  at a l i qu id - so l id  i n t e r f a c e,
the  predic t ion  of a backward d isplacement of a l iqh t  beam has in f ac t
been v e r i f i e d  for  the  u l t r a s o n i c  analogue  [7 ] .T h e opti rn um ang le o f  inc i-
dence for  an u l t r a s o n i c  wave of beam wid th  2w to experience a backward
beam sh if t  by coupling to a leaky wave propagating in the negative x-
direction , see Figure 4 , is given by

sin = ~~~~~~~~ 
— J..] (3)

where d and f denote the period and the frequency, respectively,
while V and VR are the 

ultrasonic wave velocity in water and the



propagation velocity of the leaky wave, respectively. At this _
~~~

.

angle the incident beam is phase ma tched to a space harmonic of the
leaky wave, which. leads to a reflected beam which is laterally dis-
placed in the negative x-direction. Since the angle of incidence
given by Equation 3 is dependent upon both frequency and period ,
and since sin must have values between zero and unity for real
Oj, there is a relatively narrow range of grain sizes (which deter—
m ine the period d) for which any specific frequency would be expec-
ted to couple to the leaky wave.

EXPERIMENTS AND DISCUSSION

By using schlieren photography we have observed that the reflection
of an ultrasonic wave from a water—sediment interface nominally
behaves in the manner shown in Figure 3 for 0~ < 0

~L’ 
As the angle

of incidence increases the reflection coefficient increases, and
becomes fairly large for angles near to, and greater than, eCL the
critical angle for the longitudinal wave in the sediment. Nominal-
ly, then, the reflection can be described in analogy with a water—
solid model, as expected .

However , even with the qualitative nature of schlieren observa-
tions , one can see that between 0CL and 90

0 the reflection coeffi-
cient does not remain near unity as predicted by theory (see Fig.3).
In fact, the schlieren pictures indicate that the reflection coef-
ficient in this range of angles remains quite low — possibly one
tenth that predicted by theory . There are at least two reasons for
the difference between theory and experiment. First, the interface
is not sharply defined in the experiment, so that there is a finite
region over which the physical properties gradually change from
those of the liquid to those of the sediment. Second , the sediment
grains can act scattering centers for the incident ultrasonic wave.
This scattering of the incident wave , in addition to reducing the
reflection coefficient, also can lead to a small effect similar to
the backward displacement described above. If one uses the mean
grain size of 0.38 mm in Equation 3, and assumes that the leaky
surface wave excited at the water—sediment interface is of the Stone—
ly type with VR = 0.9V, then one can calculate that the angle for
optimum coupling with the leaky wa ve would be O~ = 590 for 2 MHz. At
an ang le of if lcidence of approximately 570 one sees the reflection
phenomenon shown in Figure 5, in which the striations in the reflec-
ted beam presumpably result from the interaction between the specularly
reflected beam and the backward-displaced beam . These striations vanish
for larger or smaller ang les of incidence. Evidently the coupling to
the backward-directed leaky wave is so weak that a clearly defined dis-
placement as that given in reference 7- is not present with this parti-
cular water-sediment interface. However , the photograph given in refe-
rence 7 does show striations similar to those in Figure 5.

Finall y, in the range of angles greater than the critical ang le for
the longitudinal waves °CT one observes reflection such as shown in
Figure 6, in which the reflected beam clearly is made up of two parts:
the specularl y reflected beam and a disp laced beam , with a null strip
between the two. Such phenomena have been studied in some detail for
liquid-solid interfaces characterized by VL > Vs > V [4]. However ,
the water—sediment interface used here is characterized by VL > V >
for which presently •ivailable theory is not applicable. As for as we
are aware , this photograph , taken at 1 MH z , is tl.e first direc t demon-
stration of the fact that a forward disp laced beam can be observed
slightl y above the longitudinal critical angle. The’ inàldent ang le
here is 62°, while the calculated critical angle is 0CL = 58.3°.
Coupling to the displaced beam in the manner shown here was observable

_ _  -___ - - - --



[~39)
from approximately 50

0 to ang]es somewhat greater than 620. This is
interpreted to mean that the fact that the interface is granular ,
rather than plane , leads to a coupling with the leaky surface wave
over a considerable range of angles depending upon the grain size di-
stribution . With water—solid interfaces for which similar phenomena
have been observed near the shear wave critical angle the excitation of
the displaced beam is a very sensitive function of the incident angle.
The phenomenon comes and goes within an angular span of only one de-
gree of so [4].

CONCLUSION

We have studied the reflection of ultrasonic waves from a water—sedi-
ment interface , and have found that the reflection phenomena nominally
can be described by analogy with the reflection of ultrasonic waves at
a water—solid interface . In addition , we observe phenomena which prob-
ably are associated with the backward displacement of the reflected
beam by the periodicity superimposed on the interface by the grains.
A very clearly defined beam displaced in the forward direction is ob-
served over a considerable range of incident angles slightly above
the longitudinal wave critical angle. Presently available tl-eory will
need to be modified to account for this phenomenon.

We conclude that in situations involving reflection from sediments
(such as those found in underwater acoustics experiments), or from
other interfaces which may have a superimposed periodicity , interpre-
tation of results must include the possibility that the incident beam
may couple to either a forward—directed , or a backward—directed leaky
wave. In sediments the density distribution at the interface is not
as sharply defined as in solids. Nevertheless , we observe coupling to
a leaky surface wave. The angle at which this coupling occurs is fre-
quency-dependent for the backward-directed leaky wave [7] but is in-
dependent of the frequency for the forward-directed leaky wave [4].
These phenomena are to be expected even for those interfaces charac-
terized by VL > V > V~ . These considerations might be important with
surface acoustic waves devices as well as underwater acoustics.
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Reflection of a Gaussian Ultrasonic Beam from
Water-Plexiglass Interface

Laszlo Adler

In most of our previous studies for reflection of Gaussian ultrasonic

beams from liquid-solid interfaces we were concentrating on the region

at or near the Rayleigh angle. For solid materials where the shear

velocity is smaller than the velocity of sound in the liquid no real

value of the Rayleigh angle and of the leaky Rayleigh velocity exists.

Such a material is plexiglass in water . Initial results for reflection
•
1

of a Gaussian ultrasonic beam from water-plexiglass interface were taken

by a continuous wave schlieren system and shown for several angles of

incidence on Fig. 1. A double beam above the longitudinal critical angle

(see Fig. lC) is observed which resembles the pattern one observes at the

Rayleigh angle for materials having real leaky Rayleigh velocity. The

reflection coefficient calculated for an infinite plane wave from the

plexiglass-water interface (Fig. 2) does not predict such behavior. The

appearance of the double beam above the longitudinal angle was also

observed for the sediment-water interface (see “Forward- and Backward-.

Displacement of Ultrasonic Waves Reflected from a Water-Sediment

Interface ,” M. A. Breazeale and L. Bj$ruø, Paper No. 6). The appearance

of the double beam above the longitudinal critical angle is an indication

that the finite beam couples to the interface and that the surface wave

is leaking back to the liquid. No theoretical treatment of this problem

is available at present. One needs to investigate the behavior of the

1

- - - . - . - .  — .
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2

reflection coefficient for f inite beams at the longitudinal critical

angle in order to describe this phenomenon mathematically. It may be

worthwhile to mention that this is much more a true analog to the optical

Goos-IIUnchen effect (observed at the critical angle for light waves from

dielectrics). The reflection phenomenon at the Rayleigh angle is not

really a true analog of the Goos-illinchen effect. .

~~~~—
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The Structure of Ultrasonic Leaky Waves and Their Interaction with
Subsurface Flaws (G. W. Scott and Laszlo Adler, Materials
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The Structure of Ultra sonic Leak y
Waves and Their Interaction with
Subsurface Flaws

Abstract by G. W. Scott and Laszlo Adler
Recent experi,nents and theoretical efforts indicate that the

interface at the Rayleigh angle produces a specula r reflectio n , Group at Oak Ridge National Laboratory , received
u ’hich carries energy back into the liquid from the point of his BS and MS degrees in physics from M. I .T . and
incidence , and a leaky Rayleigh wave, which propagates along - the University of Tennessee . He served with the
the interface and con tin uously radiates into the liquid. Because U.S. Navy fro m 1957-1968 in various conventional

interaction of a bounded ultrasonic beam with a liquid-solid G. W. Scott , a development engineer with the NOT

the leaky wave penetra tes only a f e w  wavelengths below the . and nuclear ship propulsion plant engineering as-
solid surface , its p otential for  near-surface f law detection has - sugnment s . His NOT experience stnce 1968 in-
been investigated . An immersible acoustic goniometer system cludes the development ot methods, system de-
was used to m easure the amplitude and p hase distribution signs, and QA programs for the inspection of nu-

clear weapons and U-235 enrichment facilitie s atacross the reflected bea m from a water-metal interface for  an Union Carbide Nuclear Division , Oak Ridge , TN.
incident Gaussian beam. This amplitude and p hase distribu- For inquiries concerning this work , contact the author at (615) 483-8611,
tion , which had been successfully compa red to a theoretical X3-1922.
model, was found to depend on the following test para meters:

Specimens with and without artif icial defects were investi- Department of Physics at the University of Ten.
gated. The reflected (reradia ted) f ield is altered when defects nessee in Knoxville. He is also a consultant to the
are present , as shown by these goniometer measurements and - Nondestructive Testing Group at Oak Ridge Na-
by schlieren photograp hy. tional Laboratory. Dr . Adler is doing research in

frequency , distance , beam width , and material properties . Dr. Laszlo Adler is Associate Professor in the

- - - physical ultrasonics and its applications to NOT
and to biomedical problems. He teaches a course
on Principals of Nondestructive Testing to Physics

INTRODUCTION and Engineering students at the Univer sity of Ten-
Surface (or Rayleigh) waves have been studied in detail and - nessee.

applied to many NDT problems. ’ They are most often
launched and received by one or more contact transducers.
The ~‘leaky~ wave , so-called by Bertoni and Tamir ,2 has a THEORYsurface component with some properties similar to those of
Rayleigh waves. However , it is the differences between the
leaky wave system and ordinary Rayleigh waves which make Reflection at a Liquid -Solid Interface
leaky waves of potential value for NDT applications. Lord Rayleigh5 first demonstrated theoretically that sur-

Theoretical2” and experimental3’4 investigations have es- face waves can be launched along a solid-gas or solid-vacuum
tablished the structure and properties of the leaky wave sys. interface by the impingement of waves from the solid at a
tern and provided methods for computing the phase and characteristic angle , later named the “Rayleigh angle.”
amplitude of the field. Simple field configurations , such as the Schoch6 studied the impingement of a beam from the li quid
Gaussian incident beam , can be solved by anal ytical approxi- onto a liquid-solid interface; he observed an apparent lateral
mation; more difficult problems may require complete ma- displacement of the reflected beam at a characteristic angle
chine computation of the solution , which he also called the Rayleigh angle. Schoch also intro-

The leak y wave system, generated by impingement from a ducedthe treatmentofthe bounded(i .e., finite-width) beam as
liquid onto a li quid-solid interface, includes a specular , or a superposition of infinite (width ) plane waves. His treatment
directly reflected component , and a surface component which formed the basis for the Bertoni-Tamir theory2 in which the
radiates (leaks) energy back into the li quid. The behavior of reflected field is represented by
the surface component depends strong ly on the acoustic prop.
erties of the interfqce materials, and the interference between
the components in the li quid coupling medium produces the V~~f l (X ,Z)=f V(k 5)R(k 5)exp[i(k 5x — k,z))dk~.

x
unique features of the system. The coordinate axes are shown in Figure 1; the k’s are wave
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Z function of the acoustic velocities an~ densities of the interface

media.

Modeling Subsurface Flaw interactions

_\ 

The surface component of the leaky wave system decays
exponentially below the solid surface similarl y to the
Rayleigh wave. Therefore, it i s sensitive to subsurface flaws in

- the same region of material , about one Rayleigh wavelength

-~ 
-, The interaction with a flaw was modeled by writing the

reflected field as
INCIDENT ~ ~7LECTED 7 v r ,.r i(x ,z) v0(x ,z )+a (x ) v i (x ,z).

SEAM - BEAMS
- The defect tested was a side-drilled hole , represented as a

, 

below the solid surface.7

-~ cy linder of radius R, located at x,- . Then one can write

1, for x<x~-R

a a(x)=Fl- (1+ a) (x~~.+R l , for~~~R�x~~,~ +R
LIQUID L 2R

___________________ ___________________ 
a, for x >x~+R—S.. ~~~~~ ~~~~ ~~~~ ~-.., ~-.. 

S.~ , ~~- — I A

SOLID where a is the fraction of surface component amplitude re-
Figure 1 —Coordinate svstemr t and sche,natic illustrat ion of a maining after interaction with the flaw .
Ga u.~sian beam incident on a liquid-solid interface at the
Rayleigh angle . EXPERIMENTAL APPARATUS AND

PROCEDURES

Transducer Design and Operation
nu mber components in the coordinate directions; V(k~ is the For the present experiments it was necessary to have a
angular distribution of infinite p lane waves , and R(k ., ) is the well-defined beam, free of side lobes. The effective width was
interface reflection coefficient, not critical , althoug h the theory 2 predicts some potential dif-

In their development of an analytical approximation to the ficulties with very narrow beams. Gaussian amp litude varia-
reflection integral ( I i , Bertoni and Tamir show that it divides tion across the wavefront was desired because this case had
into two parts and can be written as been solved analytically, providing a good opportunity for

— ) careful comparison of theory and experiment.2 ~~~~~ X,z)--v,~x,Z +v 15x ,z,. For the investigation , the transducers (2 ) were fitted with
v (x ,z) represents a specular reflection , which resembles the 1 in. diameter x-cut quartz crystals, plated with conducting
incident beam in its amplitude distribution but is shifted 1800 material (gold or silver) on the li quid side. The rear electrode
in phase. v x ,zl is the surface component , which is in phase was a metal strip aligned to be symmetric about a diameter of
with the incident beam over part of the interface and out of the crystal , parallel to the goniometer axis. The transmitter
phase over the remainder; its amplitude distribution is, in was driven by a burst of 2 MHz RF, about 6 ~isec long, which
general , significantly different from that of the incident beam produced a pulse in the receiver abou t 20 ~zsec long.
and the specular component. Results showed that a 3.68 mm receiver electrode consis-

For a Gaussian incident beam , as used in the experiments tently produced the narrowest beam profiles , so that particu-
described below, Bertoni and Tamir2 obtained an analytical lar size was used in the receiver for all experiments.
approximation valid at the interface. In order to compare A 6.35mm electrode was used in the transmitter because its
theory with experiment, Breazeale , Adler , and Scott ’ cor - beam was narrower and diverg ing less rap idly at the distances
rected the approximation for points in the liquid halfspace. selected for reflection measurements, and because it produced
The expressions for the leaky wave field components are: larger signal amplitudes at the receiver. Figure 2 is the

2 ‘ ‘ amplitude and phase profile made with these electrodes.
3 V11(X~,Z~J=1 exp{ — ( x rlw )  +lk[X r5Ifl6p +(Zr Z11) cos6,,] }

2ir V’
~ Wrcos8;, The Acoustic Goniometer

4 V I ( X , . Z~~ -2V 1(x r,z r ) [1-.”{~~~r.. exp (y 2) erfc (y ) ]  Figure 3 shows the goniometer removed from its water
tank. For operation it is immersed in water up to a point about

where halfway between the top of the specimen holder and the base of
the column on which the arms mount . The left arm carries the

S Wr xr transmitter and the right arm carries the receiver (the slide
- 

‘ moves the receiver perpendicular to the arm). The transducer
carriage s can be moved radially along the arms and clamped

and at radii of about 5 to 50 cm.
The specimen holder accommodates rectangular blocks (2

I w r - w[l ÷ 21(Zr Z0) P’2 by 4 in.) up to 1 in. thick and rig ht circular cylinders (3 in. in
kw2cos(~,, diameter) up to a few inches long. Either specimen type is re-

The beam ha lfwidth w is measured at z, ,  0 , is the li quid- strained so that its front (reflecting) face coincides with the
solid equivalent of the Raylei gh angle , and a... is the so-called rotation axis of the arms. Figure 3 shows a cylindrical
“Schoch displacement. ” ~~ was derived by Schoch in his origi- a lum inum oxide specimen in place.
nal lateral displacement theory ” and was shown2 to be math-
ematically equivalent to a surface wave decay constant occur- Acoustical Measurements
ring in the Bertoni-Tamir approximation. It is a complex Amplitudes were measured by reading the voltage devel-
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- F igure 4 —intensity distribution of a reflected ultrasonic bea m
from a water-stainless steel interface at 400 mm water path.

In this condition , the displayed signal from the receiver is
locked in phase with the transmitter driving signal. All of theFigure 2—Acoustic goniometer. pulses are coherent with one another because they originate
from the same CW source, and the oscilloscope trigger circuits

Mao~n,on, An~p litcde 43 7 ~~ Sea” ~~~~H 
fix the phase point on the RF waveform at which the sweep

Peal, Locat ion 82 ,,~‘, starts. The only remaining phase changes result from changes
E lect ra4.,:

Ha lf 5eae~ Width 16.6,,,n,
~~~~ 6 . 3 5  in the propagation delay of the acoustic signal along its water

500 path , and these are observable on the CRT as movement of the
Water P0d’~ 40 c ,’, entire waveform across the screen.

Reports of other experimenters established a range of val-
ues where the Rayleigh angle for a material was expected to

300 lie. Starting at angles 1—2° below the expected range, the
transmitter and receiver arms were set at equal angles. Then
the receiver was scanned throu gh the full range of the crossI\

~~~~ 

Rayleigh Angle Identification

200 slide , and the locations and values of all local maxima and
minima in the amplitude were noted. The slide was set to a
position corresponding approximately to the center of the in-

00 cident beam. The oscilloscope was set to indicate zero relative
phase at this position, and relative phase was observed as the
slide was scanned to the right and left. Locations of large or

_____________________________________________ sudden changes in phase were noted.
30 40 50 60 70 ~~ 90 00 I t O  120 As the Rayleigh angle was approached , the maxima and

Rece(0e,  Po,,, ;o” ( ,,a,I
0 minima occasionally shifted position and relative value

$ -.., slightl y, and one minimum would become an absolute
S

-2” 
., minimum; i.e., its amplitude would decline to a value less than

those of the other minima.C C
4 4e The overall behavior pattern of the minima was complex , so

4 4
$ it was freq uently necessary to follow the behavior of several8 4t -o~ • minima individuall y through a range of angles. That angle

corresponding to the lowest amplitude among the minimum
-8n values obtained was called the Rayleigh angle. In each case,

the lowest minimum was accompanied by a rapid variation of
the phase in its neighborhood, amounting to as much as 180° of

Figure 3—Amplitude and phase of the acoustic bea m prof ile of shift. This phase variation provided some additional confi-
a Gaussian transducer. dence in the identification.

oped across the receiver crystals from an oscilloscope cathode Comperison of Reflection Theory and Experiment
ray tube. Amplitude and phase measurements were made on solid

Several potential applications motivated efforts to measure stainless steel blocks with total water paths (transmitter-
phase:4 I i )  goniometer alignment; (2) tracing wavefront ~ n- target-receiver) of 400 and 800 mm to observe the effect of
tours in transducer-beam profiles; and (3) tracing wavefront distance . The smooth curves compared with the measured
contours in Rayleigh angle reflections. A technique devised in tens i ty  data (computed by squaring the measured
for detecting a constant phase led to improvements which amp litudes) in Figures 4 and 5 are computed values of
allowed approximate but repeatable measurements of rela- a Iv ,,, , 12 =- v,1 v ,r .tive phase . Triggering the oscilloscope from the transmitter
pulse allows relative phase measurements . The agreement between experiment and theory is excellent.
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Figure 5 —Intensity distribution of a reflected ultrasonic beam
from a water-stainless steel interface at 800 mm water path.
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Figure 7—Schlieren p hotograph of the incident and reflected
f ield at the Rayleigh angle. The leaky wave is highly attenuated
by the near-surface defect.

F

Fig ure 6—Schlieren photograph of the incident (left) and re-
f lected f ield at the Rayleigh angle .

The Eflect of Near-Surface Flaws on Leaky Waves
A 6.35 mm (diameter ) hole was side-drilled 0.75 mm (about Figure 8 —Schlier en photogra ph of the inc ident and reflected

one-half shear wavelength) beneath the 2 x 4  in. surface of a f ield at the Rayleigh angle .
stainless steel block to form an artificial flaw. To illustrate the
interaction between the leaky waves and the flaw a series of
schliere n photographs was taken. In Figure 6 the inc ident interaction of leaky waves with the flaw was observed.
beam hits the surface at a point far from t’he flaw (the pointer To obtain more quantitative information about the varia-
indicates the positions of the flaw) . The two reflected beams tion of the reflected field when near-surface flaws are present,
correspond to the specular component and the reradiated the goniometer experiment was repeated at 400 mm water
leaky wave. The null point between these is due to interfer- path and the result is shown in Figure 9. The solid line is
ence. As the incident beam is moved toward the flaw , the leaky calculated from Equation 7.
wave which penetrates into the steel is interacting with the
flaw and is attenuated . In this case only the specularly reflec-
ted beam shows, as in Figure 7. When the incident beam is
moved farther to the right , the leaky wave is not attenuated as The agreement between theory and experiment for stain-
much by the flaw and the two beams again will be visible , as less steel indicates that the leaky wave component contributes
shown in Figu re 8. With this simple experiment we have dem- strongly to the total radiated field of ultrasonic waves from
onstrated that near-surface flaws can be detected by leaky water-metal interfaces. The intensity distribution of the re-
Rayleigh waves. The experiment was repeated with a flaw flection depends on the ultrasonic test parameters such as
drilled about two shear wavelengths below the surface and no water path length , beam width , and frequency as well as on
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Figure 9 —Inte ’nsity distribution of a reflected ultra sonic bea m
from a sta inless steel block u ’zth 6.35 mni hole located 6.4 mm
from incident beam center.

material prope rties. The leaky wave surface component which
penetrates into the solid is affected by the presence of near-
surface discontinuit ies.  It is demonstrated by schlieren
method and by goniometer measurement that the reflected
field is strong ly altered if a flaw is less than approximately
two shear wavelengths below the surface. This effect suggests
the possibility of using Rayleigh reflection methods to detect
near-surface defects.

Application to NOT Situations
Knowledge of the amplitude distribution s provides a basis

for the design of near-surface flaw inspections. More detailed
studies of this type would tell the designer the optimum loca-
tions of his transducers for maximum sensitivity and allow
precise location of flaws with respect to the transducer posi-
tions. The studies displayed here show that neither the center
of the specular reflection nor the classical “Schoch distance”
provides the optimum location for the receiver.

This work also shows that significant changes in phase
behavior occur when defects are present. The application of
electronic phase measurement to defect detection would rep-
resent a si gnificant step forward in the use of acoustic infor-
mation for materials inspection.
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APPLICATION OF ULTRA SONIC LEAKY WAVE S IN NDE

l.aszlo Adl er and Gerald W , Scott
Department of Physics , Un iversity of Tennessee

- 
Knoxvi l le , Tennessee

MlSTRJ~CT: Theoretical investi gation s by Berton i and Tamir ~i. Appl . Phys . 2 , 157 (1973) ] ind i ca t e  that  a
bound~~l TiT~~sonic beam incident at the  R a y l e i gh ang le  to a li quid—solid  Intcr face w i l l  produce a specularly
z -ef lcc ted wave and a “l eaky wa v e” w h i c h  pr opaga te s along the in ter face  and cont inuous ly  r ad i a t e s  energy in to  thc
li quid .  Since these leaky w aves  penetrate less than  a few w a v e l e n g t h s  in to  the solid , t h e y  should be a t t e n u a t e )
and scat tered by the presence of near -surface defects .  An immersible gonion lcter system was used to measure the
amp l i t u d e  d i s t r i b u t i o n  across the re f lec ted  f i e ld  from a w a t e r — s t a i n l e s s  steel in te r face .  M easure m ents  i n d i c a t e
tha t  the presence of nea r—sur face  defec ts  w i l l  a l t e r  the d i s t r i b u t i o n  of the r e f l ec t ed  f i e ld . Si m i l a r l y ,
a l t e ra t ion  of the theoret ical  c a l c u l a t i o n  for the reflected amp l i t u d e  is obtained when an attenuation mechanism
is assumed for the leak y wave propagation.

INTRO DUCT ION , c w
The appl icat ion of surface or Raylei gh waves to 

~ Cx ~ ) = — 2V (x z )[ I  — 
__

~~-_! exp(y
2

)e r fc (y ) J  (4)
0 r rNIlE problems has been known and we l l  inves t i gated for I r r

some t ime , 1 Most often a contact transducer launches
the waves and receives echoes re turning from cracks or where
other defects.  The technique described herein offers  wsome alternatives to conventional surface  wave r r (5)
techn i ques by generat ing the surface wave throug h f luid s rcoupling and using two t ransducers in a p i tch-catch andarr angement . It has been recently established by theo— 2j (z  —z )
ret ical 2 and exp er imental 3 inves t iga t ions  tha t  when a = + 

__.__..T__~.~_i .
w e l l — d e f i n e d  (e.g.,  gauss i an)  u l t r a son i c  beam fa l ls  kw 2cose
onto a l iqu id-so l id  interface the ref lected f ie ld  has P
two components: (1) a specular  r e f l ec t ion  and (2) a
surface or “leaky wave ” which propagates along the The beam ha l fwidth  w is measur ed at a0, e is the
interface and r ad iates  (leaks) energy back into the l iquid-solid equivalent of the Rayl eig h aggie , In5 Is
l i quid.  The to ta l  f ie ld , which  is the a lg ebra ic  sum of the so-cal led Schoch d isp l a ce m ent , and it depend s on
the two components , can be reas ure d and ca lcu la ted  in the ve loc i t i e s  and dens i t i es  of the t wo media.  The
terms of the ultrasonIc parameters and m a t e r i a l  proper— component V 0(a a ) i s  the spc-cula~ re f l e c t i o n  whose pro-
t ies of the in ter face .  The in forn a t ion  obtained lends f i l e  rescmb 1esr t~ e inc i dent  wave and V 1 (x a ) is the
i tself  to a quan t i t a t ive  techni que which provides “leaky wave ” com ponent which p e n e t r a t e s  alno~ t on e wave-

senoitivity to subsurface flaws . . l eng th below the inter lace ,  If a subsu r fa ce  ‘void or
flaw is present , the leak y wave w i l l  i n te rac t  w i t h  i t .

ThEORY

u l t r a son ic  w ave f r om a li quid to a solid inter face and
Schoch t was first  to study the imp ing em ~ent of an I

observed an apparent l a t e r a l  d i sp lace m ent  of the beam
at an angle which he referred tc as a Ray lei gh angle.
Schoch a lso  introduced the concept of t r ea t ing  a
bou nded beam as a superpos it ion  of i n f i n i t e  plane waves.
The reflected wave is represented by fr~

V J V(k )R(k ) e x p ( i ( k  x-k z) ]dk (1)refi x x x a. x

•

whcre R(k ) i s  the r e f l e c t i o n  c o e f f i c i e n t  and V(k )
depends o~ the beam d i s t r ibu t ion  of the in cident  ~eam .

SOLI DSchoch approximates the ref lec t ion  integral  for a
uniform inci .Jent  beam and obtains a formula which g ives I

I /lateral disp lac c-cent of the ref lected he..’m but pre—
serves an ampl i tude  p rof i le  s i m i l a r  to tha t  of the I /inc iden t  beam . Esgerimenta l res u l t s  of Rr caz ea le ,
Adler , and Smith 3 showed , however , tha t  the ref lec ted
beam has a d i f f e r e n t  p ro f i l e  even when the incident  beam
Is a gauss ian as i l l u s t r a t e d  on F igure  1.

flertoni and Tami r2 developed a new approximation
for the r e f l ec t ion  in t eg ra l  (Eqn. I)  and deri ve d a
soluti on for the gau ssi an incid ent  beams which ~s v a lid
at the Interfa ce. Adler , P ,re a zeal e, and Scott.~ added Fi g. 1. Schem atic I l l u s t r a t i o n  of a Ca iis sian
correctio n s to the Re r to n i - Ta in i r  co lu t io n  for d is tance  Ul t r a son ic  P. camn Inc iden t  on a I.i q t i i d—S ol i d  l imt , , r f ~ce a~
from the interface . Their solut ion is Wi~~t t~~fl ~~ the Ray lei gh Angle. Typ ical Intensity Patterns of the

V (x a ) Vo (x
~
z)  • V j (x rt )  (2) Reflected ficams Arc Also Shown .refl  r r

NOI )ELIN G SIIR SURF-ACE FlAW INTF .RACTI ON

I exp(—(x w )
2 . t k F X r S lflO p

S (Zr
_ T
o)COSOp J) Let us assume a cylin drical void w i th rad ius R

V0(x 
a ) --. - 

r r 
whose center is at x~. The reflected fiel d is e o ’J if i ’~r r 2s r ~ cose~ (3) as

and
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V1.~ri

(x ,l) — V0(x ,z) • a (x)V 1 (x ,z) (7) observing the RF disp lay on the oscil loscope of the
reflected f i e l d  amp l i t u d e ,  At tha t  angle  ther e is a

where so—cal led  “n u l l  po in t ” observed. This is  the point
where the spe cul ar ly  r e f l ec ted  wave interacts with time

(I for x<x~
_R leaky wave wIth 180’ phase s h i f t  betwee n the two com-

ponents as shown on Fi gure  4. The s a m pl e s  u sed were a

a(x) ~l — 
~~~~~~~~~~ 

(x_x
~
+R) for x _ R � x �x +R (B) s t a in less  St (’el block wi th  polished su r f ace s , one w i t h -

C C out any subsurface defects and one with a near-surface

LU for x>x~
+R - defect s imu la t ed  by a cy l i n d r ica l  ho le of 3 mm radius

dr i l l ed  a h a lf wavelength below tile surface .

where a is t im e f rac t ion  of surface wave ampl i tude
r e m a i n i n g  a f t er i n t e r a c t i o n  w i t h  t ime void.  Equat ions
(2) and (7) have been expe r imen ta l l y  ve r i f i ed .

REFLECTED FIE I .D MEASUREMENT

Figure 2 shows the goni onmeter system used to
erasu re the  r e f l e c t e d  f i e l d .  Time t r a n s m i t t e r  is sims—
pcnded from time left arm . The recei v er is  su spended

Fi g. 4. Received S i g n a l  at the  R a y l e i g h Angle .
The two Components of the Reflected Field are Separated .

RESULTS
~~

“ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- 

I The measured intensity (computed by squaring

~~ measured ampl i tude)  d is t r ibut ion of the reflected field
from a s t a in l e s s  steel b lock together  wi t h  t h e  theo-

~t - ’ ‘ 
-

l,C~ —i—
~~

- 1 —-  
‘ I ‘ T l

- I ~et ical  c a l c u l a t i o n  is shown on Fi gure 5. The smooth

0,’ e,. 30.4
wil e, ~‘

~
. 

~00 ,nm
-a._ i-~ ~~~~~~~~~~~~ ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ a

Fi g. 2 . Coniometcr Used in Mal :ing In t ens i ty  s
I-l ea sure mmnemi tS .

from tile cross—sl ide  n o t m m i t c d on time r ig ht a rm. The
c r o s s — s l i d e  c ar r i e s  the r ece ive r  a long  a path which is
perpendicu lar  to the goniometer arm . The t ransmitter

50 -10 0 10 20 33 ~O 50was driven by a 2-l~ Ii pu l sed  RF source. The recei ver
output was d i sp layed on the  de l ayed  swee p of an osc i l— ~u~~cc~~~ T (=~~

}

loacope for a s p l i t m m d e  and r e l a t i v e  phase- measure ments.
In t he  e x p e r i m e n t  both trans m itter and receiver were 

r ig.  5. Ref lec ted  In ten sity D i s t r i b u t i o n  from a
W ater—Sta in less  Steel Interface.sp e c i a l l y  des i gned 2— ~- iI z  g au s s i a n t ran sducers .  The

amp l i t u d e  and phase p r o f i l e  of the acous t ic  beam is curves are plots  ofshown on Fi gure 3 as obser ved 400 ma a w ay in water .
The a m p l i t u d e  d i s t r i b u t i o n  f i t s  a gaus s i an  funct ion  Ivwe)) .  For r e f l ec t ion  exper iments  both receiver and - refi ’ 1v 0 • v11 (9)

The to ta l  d i s t a n c e  between t r a n s m i t t e r  and r c - ce iv em i~~I’
~~~~~ £ 7 .  ~ Li, —V -
•.a t-,._ ,i — 400 vim . The Ra y l e ig h angle  for the in te r face  i s  30 .8 ’.

The orig in of the coordinat es corresponds to the  c d l i i- w..l.t a,.
of the incident beam. Both e x p e r im e n t a l  and t h e u r e t  i

d ue to the specular  r e f l e c t i o n , and a l a rge r peak (.~m md
some d i f f r a c t i o n  e f f ec t s )  at the r ig ht , due to the

- leaky ware component , w i t h  a w e l l - d e f i n e d  “n u l l  point ”
where the two components are interfering.

J\
~~ 

curves indicate that there is a s ma l l  peak at the left ,

Whe n the exper iment  is repeated under the same
condit ions but wi th  a near-surface  void in t he  st e el

‘a block , the intensity d i s t r i b u t i o n  is changed si gni f i-
can tly, as shown on Figure 6. For the flaw , oV Wa s

a ‘
~~ ~~ • ~~~~~~~~~~~~~~~~~~~~ us ed in p lace  of V 1 in Eqn. (9). The sub surfacA void

~~~— ,_,_ (__,
.

.—.---— .-———.—. 
is positioned 7 era from the center of the inc ide nt
beam. The add i t iona l  peak appearing be tween the

j : •
.‘ “.

• 
specular and leaky wave coripol~cnts is very si gni  f i  cant

• ‘.• Its center appears to g ive the locat ion of void x~ and
Its  w i d t h  the wid th  of t im e void 2R, rn ,r th ermore , the

.4 leaky wav e compon ent is hi ghly attenuated , as can he
seen by comparing Figure  5 and Fi gure 6. The same
effect can e a s i l y  be demonstrated qualitat i vely by

Fi g. 3. Asmm pl itud c and Phase Profile of the observing sch lier en pimoto grap hy as on Fi gure 7. On
incid ent Rc .mm . Fi gure 7a the irm ci d ’nt and cfle ctcd field is shown (I

a stainles s steel block. The pos i tion of t u e ~i ib su r l . ’~
t r a n S m i t t e r  nm-m s are P os i t io ned to th e Ray le ig h  angle void (mar ked by t i m e  p o i n t e r )  is  far from t im e inci d i ’nm t
ki ib t r a , m-dm , c er s  equal di stanccs teem , time reflec tor l earn , lime reflect cml f ie ld  is not m t  er a c t 11mg WI t im t he
(spec imen). The R ay l e igh  n m n g l c  can be I d e n t i f i ed by flaw. Roth specular component and tim e leaky wave
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components are present with the “null point ” between with the experim e nt. From t he  reflected field
them. As time in cident beam is moved toward the void at distri bution one may obtain 110th position and s ize of
one point the leaky wave component of t h e  r e f l e c t e d  a subsurface flaw . Time interaction of the  l e a k y wave
f i e ld  is hig hly attenuated due to the interacti on with with a void was also demonstrated by schlicr cn
the near—surface void as shown on Figure 7b. photography.
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(b)

Fi g. 7. Schlier en Photography of the Incident and
Reflected Ultrasonic Fields. (a) The “Leak y Wave” is
Not In te rac t in g  with the Void ; (b) The “Leak y ha -ic” is
in t e r ac t i n g  w i t h  the Void. The posi t ion of the Void is
M arked by the Pointe r ,

Conclusions

When a gau ’s ian bean inc ident  at the Ray l e i g h
ang le to a liquid-solid inteTface is reflected , the
refle cted fie ld d i s t r i b u t i o n  has two i n t e r a c t i n g  cormpo —
nents: (I) sp - cu l ar ly reflected w . m v m - 5  and (2) surf ace
“le ak y waves” r .i diat i n g b,,c~ to the l i qu id .  The
reflec ted arnp i i tude d~ s i r i l & m t i o n  can be described lit
ciosed ana l y tte form in t eI m-s of ultr a sonic test
param eters and the phyr. i. -a l  pm - ope i t i e ’  of the l i quid
and solid , A , ‘-a r- -iurmacc void c Jrm lie readeled as an
a t tenu at i on  r ,e ’h .m ni a. armi iI m nrp orat ed into the  a n a l y t i c
expees slon. The calct , Ij th ’r t  ag r ees reasu m iab l y we l l
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REFLECTJON OF A GAUS SIAN ULTRASONIC BEAM FROM
A120 LAYER-STAINLESS STEEL IN WATER AT THE

RAYLEIGH ANGLE *

Laszlo Adler and D. A. McCathern
Departmen t of Phy sics

The Unive rsity of Tennessee
Knoxville , Tennessee 37916

ABSTRACT

The problem of u l t rasonic  wave ref lect ion at a Rayleigh angle  from

A12O3 layer— sta in less  steel in water was invest igated.  The so-called

leaky Ray le i gh veloci ty  was measured by using an optical schlieren

technique to identify the Raylei gh angle.  The magnitude of the measured

leaky Raylei gh velocity for tie coated surface is smaller than the corres-

bonding leaky Raylei gh vel oci ty for either stainless steel or for A1203.
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Recent experimental investigations by Neubaucr
1 and Breazeale, Adler

2 . . 3
and Scott based on the theory of Bertoni and Tarnir have established that

a mode of el astic en ergy propagation can exis t at a liquid-solid interface.

Excitation of this so-called leaky Raylei gh wave takes place when an

ul trasonic beam of Gaussian distribution is incident at or near the Raylei gh

angle to the interface. The reflected ultrasonic beam contains a so-called

null strip which is ;he result of the 1800 phase di f f erence betwe en the

specularly reflected beam and the rcradiated leak)’ Raylei gh wave. Figure 1

is a schlieren pho tog raph of the incident and reflected ultrasonic beam

from a water-stainless steel interface below, at, and above the Rayleigh

angle. The null strip appears when the inciden t beam is at the Rayl eigh

angle. It has been suggested 1 that this nul l  strip could be used to

identify and evaluate the Rayleigh velocity for the interface by using

CR SInO
R 

- (1)

where C
R 
is the leaky wave veloci ty, 0

R 
is the measured Rayleigh angle ,

and C~ is the velocity of sound in water. The leaky Raylei gh velocity

can be ca lcula ted  exac t ly  from theory4 by solving for the roots of

secular equation
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~ (CT/Cw) - (CT/C)
where one solu t ion  for C i s iden tified as CR. C

1 
and C

L 
are the shear

and long itudinal velocity of the solid and and p are the density of

water and the solid , respectively.

The objective of this paper is to report experimental observations

of the reflection of an ultrasonic wave from a semiinf’inite solid t%hcn a
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thin layer of solid is added to its surface. This is an important

problem for testing materials under coated surface , as well as for some

surface wave device applications. The solid layer-solid in air is treated

by Farnell and Adler.
5 According to their analysis, one has to

distinguish between loading [CT 
(substrate) > C

T 
(layer)) and stiffening

[C
T 
(layer) > C

T 
(substrate)) of the layer on the substrate. In the case

of loading the Raylei gh veloci ty is lowered; in the case of stiffening

the Rayl eigh velocity will increase. No theoretical treatment of the

“leaky Rayleigh wave” propagation for the water-solid layer-solid exists

at the present time. It is hoped that the experimental observations which

are described in the next paragraph w i l l  stimulate some investigators.

- Turning toward our experimen t, the sample used is a stainless steel

block with dimensions 2.5 cm x 5 cm x 10 cm and it is coated with a .24 mm

thin aluminum oxide layer on the largest surface (shown on Figure 2).

The thickness of the layer is less than the wavelength corresponding to

the 2 MHz ultrasonic beam used in this experiment. The incident beam

had a Gaussian distribution and a half width of 4 nun. Us ing a schli eren

optic technique to observe both incident and reflected beam from the

coated surface, the angle was adjusted until the null strip appeared ,

indicating the presence of a leaky Rayleigh wave. This angle was recorded

to be 350~~ The corr sponding leaky Rayleigh velocity for the coated

surface then is 2.61 x 10~ cm/sec. The leaky Rayle i gh ve loc i t i e s  were

measured from water-stainless steel and from water-Al 203 surface in the

same way. The results are given together wi th cal cula ted values (f rom

Z~. 2) in Table 1. The agreement between measured and calcti]ated values

for both cases are in good agreement. It appears that the A1203 layer

on steel lowers the value of the Leaky Raylei gh velocity. The same

— --- - - , _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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result was obtained on stainless steel when a zirconium oxide layer

coating was used. These results are the opposite of what one would

expect for the air-solid layer-solid case based on the theory of Farnell

and Adler. -
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List of Figures

Figure 1. Reflection of a Gaussian Ultrasonic Beam from a Water—

Stainless Steel Surface for Incident Angles

a. 25° -

b. 30.5° (Rayleigh angle)

c. 40°

Figure 2 . Stainless Steel Block with a 0. 24 mm Thick A1203 Layer

Coating. -
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