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During the year prior .to the contract with ONR, the
% principal investigator had a similar contract. During
that year the principal investigator had developed the
theory and algorithms of the prediction of the scattering
of light by sound and the inversion procedure of
investigating the sound figlds from the scattered optical

data. For the purpose of this report, these theories

o will be known as the direct theory and the inversion
theory.
During the Spring of 1980, the principal investigator

trained two students, Mr. Charles Fray and Mr. John R. Laflin

S, Forrar? -
PR T«,'”“ Py

in the aspects of acousto-optic interaction.

Stetenge

[ " The objective of this contract was to allow the

i principal investigator and his graduate students to work
” with colleagues in the Physical Acoustics Branch of the
Naval Research Laboratory, Washington, DC to implement
algorithms on their computer data acquisition system.

During the stay at NRL, Mr. Fray, in conjuction

with others, developed a modelling system which would

precidt the colored schlieren patterns of ultrasonic

fields. The output of this model was by colored

b
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television display of computed values. The work of

oA
23

Mr. Fray will be continuted by those at NRL.
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Mr. Laflin pursued the inversio; problem. That is,
he developed a computer based exprimental system to
acquire acous.o-optic data and process it to reveal the
complicated near field of an ultrasonic transducer.

The principal investigator directed the students,
collaborated on a new theory for tomographic processing
acousto~optic d;ta, and generally supported the Physical
Acoustic Branch with theory and concepts in acodsto—optics
and scattering of sound.

During the extension period of the contract ffom
September 1980 to May 1981, substantial progress has
been made in the graphic routines associated with poth
the direct theory and inversion theory.

Attachment A is a preprint of a manuscript resulting
from the tomographic work which was presented .o the
Acoustic Imaging conferences, Monterey, CA, Spring 1981.
Attachemnt B and C are abstractg of papers presented at
the Fall 1980 meeting of the Acoustical Society of

America, Los Angelzs, CA.
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- \Fourier domain along radial spokes which is inconvenient for ;
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| TOMOGRAPHIC EVALUATION OF SOUND_FIELDS
. - i‘
BROM.TACOUSTOTOPT.IC. DATA ) ]
:
L
BILLED3 Cook*E and._Johu. F,_Laflin®
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ABSTRACT

The principles of computerized transverse tomography can be
applied to the acousto-~optic ﬁeconstruction of the local sound
pressure of an ultrasonic field. | For sufficiently mnarrow heams
of ultrasound in the low megahertz region, the total optical
phase retardation of an interrogating light beam can be ccnsi-
dered as a projection of thé sound field pressurc. (Fourier
techniques for the numerical reconstruction of the pressure field
yield es intermediate steps =a Fourier domain associated with the
angular spectrum of plane waves QOmprising the sound ficld.) Con-
sequently the sound field can be recoustructed in other xegions
than the plane of interrogation.f In this work we discuss two al-
ternative methods for acquiring data. One method builds the .

erm smar mte m s s am e camsompmore = o=

LR SR

mnumerical processing by DFFT algorithms. The other procedure hu-
:ilds the Fourier domain in a neaﬁly rectangular format compatible
with two-dimensional DFFT algorithms. With this lattex method,
%it is possible to evaluate the pressure along a line with limited
data and a one-dimensional DFFT. !

H
\
[l

* Work supported in part by Physical Acoustics Center Program at
lesearch Laboratory, Code 5130, Washington, N.C.
-+ 20375, e e e s .
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)_ {bration Cook and Berlinghieri have described one method of data
3L |collection which we will call Met;hod A.  Acousto-optic data is

“. |tated about a line AA' parallel to the transducer surface and lo-

. ;transforms.
]
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A sound field of low ultras&nic power, low uitr.sonic fre-
quency, and mnarrovw beam width behaves as an optical phase grat-—
ing. Collimated light passing through such a sound field experi-
;ences an optical phase retardation proportional to the iocal
sound pressure, integrated over the light path. Yhis constitutes |
a "projection” of the sound field and nunerizal methods of compu- !
teéxrized: tTansvetse. tomography can__ be appli ed__to_estimate _the |
local sound pressure. ]

ST f

Nunmerical techniques using Fourier transforms arxe useful in
pressure field evaluation since an intermediate step_yields the |
Fourier donain ‘associated with the angulax__spectrum__of_ _plave
waves comprising _the sound field, Moreover,_ by _modification. of !
the phase te’rms')df'each p'lan'&owave of the angulax_ spectrum,,_l_t_.l.sj
possible t_o__c_Qr_ls.':Lti..c_t,_.t.h_e_squn,d_f_;‘e_lsl_at...dJﬁc_nenn-p1an.es.\_.1u_

puted from a set of acousto—optlc data taken over a single -
transverse. -pla.ne:_l‘.lxe__tp_tal_ﬁxeld -ho.wauam.cannok be_constructs=_
led _everywhere _sificeS-evanesgienttiavesinzarihe) sound. souxce_are i
not accounted for. This total field concept is valid when the
sound field can be described by 'the Helmholtz equation, thus el- '

iminating application to non—linear or highly attenuated soundl
fields.

In a series of papersl"3 directed toward transducexr cali-

‘lcollected at the terminus of the light paths as shown in Figure
1. These light paths are para11el to each other and are in a
plane parallel to the surface of 'the transducer. Sufficicent data
can be acquired from :mterrogathn of the field in one direction
if the field is symmetric. 1If the field is not symnetric, Method
A Involves rotation of the transducer about an axis normal to the
transducer surface, such as CC'. |

crmemer e s s e werese & .

l

Here, we present an alternaﬁive method of data collection
which we will call Method B. In Method B the transducex is vro-

cated in the plane of the light paths. The line AA' is also per—
pendicular to the light paths. '

awm- - memmie e mves seraeen

i
] ]

! We will demonstrate how both methods allow the generation of ;
|data in the angular spectrum (plane wave dccomposition) domain .
lwith both phase and amplitude information to allouw evaluation of ,
ithe pressure field at the plane of measurement using Fourier

other wordsiiianiestinate of most Lof the _sound_ﬁ@ld,_qamu_be___qom:_ gAY
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.3 | Data acquiredUsindTMerhod{A buildsithelangulaxispectrum do- | 3
4 Imain in a polar format through a series of one~dimensional Four- i _Y4
_5 {dier transforms. The pressure field at the plane of measurement | 35
_5 |can then be obtained by a two- dimensional inverse Fourier trans- | _6
_1 {form. DFFT algorithms, however, Erequire data to be in a rectan—; __T
_8 igular format. Two alternatives are to interpolate the rectangu— | _8
_9 ilar data from the polar data or to pexfecxm a  Hankel ; _9
10 |[(Fourier-Begsel) transform. _ The  pelar ‘data hecomes less demse | 10
il @wayifion. theTI®tigin. _so _interpolation hacomes  questionalble ; 171
12 {there. On the other hand, development of efficient_algorichms | 12
13 (fpiCHankelZt2anSfoxus is now an active area of rescag:_c_:h.l"" _!_;3.
1L ' 14
J:_S.- 'Method B_exhibits three attractive features. The first is | 15
16 {that through . "aN3eries df one-dimensional transforums the_angular_j 16
17 |spectrum domain can be built in & format which closely _approxi~ | 1T
: 13 |mates a rettangulariraster®IOhe second feature is that the data | 18
; 19 lcollected by_this method lies midway betueen the_angulax. _spectrum| .19
‘ 20 |domain andiihélJTimB-space dorain. JRvaluation of the pressuxe.! 20
3 21 |field at the plane of measurement, therefore, xequires only a AR Y
22 |sexies _of _invexrse, one=dimensional transforms._.A. _third_feature | 22
] 23 |is_that acoustic prés§iralcanbelcompited38lonEEa Jine_transvexse.| 23
3 2h |to the direction of sound pﬁopagation by a single inverse 2L
! 25 lone-dimensional transform. ' ’ 25
4 26 4 . ’ 26
% A 21
*‘ 23 |2.0 THEORY OF METHOD A 28
29 ' .
20 Consider a harmonic sound field being produced by a planax | .32
3L |transducer. Let the pressure at a distance z from the transducer | 3L
32 |be expressed as ' 22
3 33
3h .3_2‘ .
3. p(x,y,z,t) = B(x,y,z)exp(~jut) (1) |32 1
3% ' b 36 !
; k7 A 31 |
38 {In the following discussion the t'ime variance will be dropped for S8 i
32, iconvenience. . 392 ;
Lo o i
.f;l_ Line integrals across the pressure ficld at zt+z, can be 3} 3
22, written i ) LY y
u3 ' )"3 ¥
E ';
2 Bxzo) = fhx,y,20)dy 2) | 32
af i LY
[} s
:3 Where the limits of this integral and others are taken from minus :’3‘5
?\L iinfinity to plus infinity. P(x,z,) can be seen as a "projection” --‘5-;)'- )
1 ".l iof the pressure field p(x,y,zg). | ;»,-
, 3 . - S - R
F“ | |
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In the [design. of: thls experineit Tip(k Zs) igs obtained from.
esSign.on: Ltals: expexinent,.ip o/. &Sz

measurement of the Raman-Nath'parameter 'V defined as
]

V(x,zo) = [21k/2] B(x,20) - (3)

where A is the optical wavelength in_vacuum and k is _the medium

changes_in acoustic pressure. This parameter V. is_ a _weasure _ of ;

Piezo-optict.cozificient which relates the index of refraction to

REBlokehbnlaleh bl

EHEYopLical PlhaseLretardation induced by the sound field. Tt is 13
a comton paramter used in most theories and cam be inferred from | 1%
acousto-optic _measurements..._This parvameter,. in_oux case, is to | 13
be measurediasiiatphasorss: Varicus. techuijues. for. acquiring__the| 10
necessar gb.agg.é.nd_amnlii:nie_ni.nfgma_t.ign_qa.n_bg_ﬁ,ound..irw,t.\aa_l.:l:__ L7
terature/ S NGEENNGNGEN_ A

Bis)

N
o

We willl'showithel relation between the projected. pressuxe_and' 20
the Fourier domain assuming p(x,;z,) to be a measurable quantity.' 21
 Substituticn_of a_two-dimensional transfori expression_into._the! 22

integral of Equat{onti(R):pives’ NGNNCGACEY 23
i )
S B0 = [ff kg szgdexnl i(ina ) laydiedl,  (4) 1 28
* ]
] it

whexé k, and k, are components of: the acoustic wave vector k .} .22
The integration of the y-—variatéle can be completed yielding the _31_9
Dirac~§ function 276 (k). The: sifting properties of the 3L

§ function upon integration over }k produce the desired result 32

o lw
=l

lw fw
O\\i§

. P(x,2,) = 1/21rfp(ikx,0;zo)exp(jkxx)dkx . (5)

|
1
I

9
(e ha]

» t
This result, sometimes referred "to as the “Fourier
projection-slice theorem,” states that the Fourier transform of a
projection is a slice of the Fourier transform of the projected
function. In other woxds, the one-dimensional transform of
ﬁ(x,zo) produces a single line in the Fouricr domain. This line; -
lies perpendicular to the direction of the light paths, that is: i3
the line of interrogation. Consequently, if one rotates the

LV
N

P
i
P;

gy~
N

1

i
transducer as specified for Method A in equal angular increments! -"-;3
I(essentially around the sound field axis), the projections obta—; -,,‘_’
|ined are related to values in the Fourier domain located along; -~
radial lines. In other wordsl taking a discrete one-dimcnsionali \71
transform of the projections p (x,zy) yields values shown as cir-; =%

s
cles in Figure 2. This result is not restricted to sound fields' ——O

and—is-a-general-result of: projectiontheory. -— -—--mrrm oy 22
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3| The previouslyistatédidifficuley igiin’Ehelinversion of data | 3
'L [in the Fourier domain to the time-space domain from the polar L
_5 |format. In addition to interpolation to a rectangular format, | _5
: 5 |Mersereau and Oppenheim sugges. other schemes to circumvent this &
1 problem.? t 1
3 8 { .8
3 9 i ]
A 10 13,0 THEORY OF METHOD B ! ) - 10
v | - 11 [FIST _LIZE 0° SITLE o . 11
| 12 Consider the origin of the (x,y,z)_coordinate axes to be the | 12
:" 13 ipointY of.iEintersection of the acoustic_axis and_the_plane:of the ; 13
;E 1h [1ight slice. Again, z is the acoustic axis, ‘The light path 1L
- 15 |slice will_now be at an_angle | with_the y-axis. We can write ] 15
16 |the projectigRESESthesprRssure field_with the netation changed to.! 16
17 laccount for_the angle as ! 7
i8 | . 18
19 ¢ 29
20 | TR (7).~ B0, €6). 20
21 , : ) Sar
22 : . 22
) _f_‘3_ where_dy' is_along theilight_paths.atiavidnglesgLvith the y-axis._ %’S
L 2u . 28
22 The Fourier domain pressure ican be expressed as ) 25
e 26 . 26
] ) (kyeokys2) = Polkyoky)exp(ik,z) | o | 28
2 28 . P z) = Polky,kydexp(ik,z £9
,é- 29 PiRysRys Po\XxsKy plak, 29
3 30 30

3L lwhere py(ky,ky) is the Fourier component at z = 0 and k, is the 3t
32 |z-component o¥ the acoustic wave vector. Ve again substitute the | 32
33. |Fourier description of the pressure field in Equation (6) and in-}| 33

3 34 |corporate Equation (7) to give 3u
35 32
36 ‘ - 36
3 37 D = 3 . : Koz 'dko 37
. T B(x,8,2) = fffolinlydenplilioaetkyyti eyt dlodley  (8) | 2%
k- 32 : 39
e %‘-Q- The light path slice and the x-axis defines a new coordinate -;-":‘)
e —]-; system (x,y',2z'). This is related to the (x,y,z) cooxdinate sys— .T*.:f::
; e ltem by the transformation . a2
53, i3
i’:’;_ y = y'cosd + z'sing Ttl
22 z = —=y'sing + z'cos¢ ) | -2
%‘fi ; ' ke
,'Q Substituting this expression '1ntof Equation (8) and collecting: :—';(-
;'-;—; terns of integration of dy', we find the integral 1
5. | 0
51 s od ol et A1t oo ad ol t s ol
S [ermtithyeent —tapindhy g dndhyeont —lusind) —010) 5 -
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1

Z" ‘ ky' =ik,tan a (11)

o 2,
—— .
13
[}
]
-

3 |we can write the Dirac-§ functiod of Efquation (10) as 211(5(ky~

:_9: ky'). Equation (8) can now be w#itten as _ __9_
0 —_ H 10
L -7, 7)-= 127 J Po Gy 38 Uegmiey X )
13 NSNS 13
b exp[ j(kyxtkyz'sing + kzz'cosq'))]dkxdky C12) | 1k
15 ‘ 13

i T — T

—— — 2 . e 4= e e S P JES,

17 | The integral over dy' can be_ evaluated using the sifting__propey~! 1T

18 |ties of theEiFuteiohlii iz | 8
19 22
20 AED ADDRESS T 20
21 B(x = 1/21 [ Bo(ky,ky') X P 2L
§Z ‘ p(x,9,2) /f"f%( xsKy') %
23 L -] 23
o) : Voteg ' - 4 ol
éi expl j(kyxtky 'z singtkyz' cosd)]dky, (13) _5:)1
21 |Since the origin of the coordinate system is in the plane of the .f.’-?.
28 light path slice, we have z' = zé, = 0. Equation (13) now becomes _f?ig
29 29
30 30
-~ 2. ',‘
L B(%,0520) = 1/2m [ By (ky kg Yexp( i) diey (14) 3-;—
3% |Equation (11) can be restated as %’.5’.
35 22
26 - 38
2 LIS (k2 ~ k.2 sind. 15a) 31
i K 2 s A
32 32
%Q If ky is small compared to k, then the following approximation —%'-:-‘-
=~ r1holds. "-"—
L3 i L5
et K s c b
E;: ky' —:' kSln“b . (l)b) E
L5 ! L5
V5 i [
I,J-Z When this approximation is su}bstituted into Equation (14), --'-,:’7
T9 P(x,0,25) becomes P(x;ky',z5) P TS
[ { ‘5
re. ! b
73 f E
S blskythae) s 22 [ (oky exp (ks x)di -~ ——(16) -
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2 s 2
_3 |which is therfain YeSult” ofiMethodF: mwa——— Y ____ | 3
i l
_—_‘}‘- It is important to note thatf ﬁ'(x,ky',zo) lies midway between | &
_5 |the Fourier domain and the time-space domain. If we take the in-! _&
1 iverse Fourier transform of 'p(x,kyf',zo) with respect to the wvari-! 7
_8 jable ky*, we obtain ! _8
9 . P . 9
10, 2/2m [ B(xky" 20 exp(iky y)dky! = 10
11 | RN A1
12 - 12
13 e (1720 [ f7 ke, Loz ool Al aete L) ale e, U Q) 13
5 ' - L3
16 |The term on’thexihhtrhand side can_be recognized__as  p(x,¥,zele]| 16
AT 1Thus from _a__set of measurement taken at a given elevation (x; LT
18 |fixed) and ¥4R¥ing' angle.! wei'caniapply a_one-dimensional JFourier ] 18
19 jtransform _to_ obtain the pressure along_the y-axis fox_ that _valuc.j 19
20 jof x. The pidssu¥é vVex a specified x~y_plane can_also be__obtz-! 20
21 |ined by a series of such transf;orms taken at equally spaced va- * 21
22 |lues of x..: L —1 22
23 — e ) 23
2h If we take the Fouriex t:ransfform of f)(x,ky',zo), with respect | 2%
25 |to the variable x, we ottain ' . 25
2T . i 2
28| . - Plloky's20) = fBx,ky" 320) [exp(-ikyex) Jdiy (18) | 26
29, ! 29
30 | 30
31 |which is the pressure field in th:e Fourier domain. 3
32 ! 32
33, Implementation of Method B using DFFT algorithms requires | 33
34 {the approximation that k,' does riot depend on ky. This approxi- 3h
35 Imation is valid when the ultrasound is confined to a narrow beam| 33
3 36 las with sound field produced by most medical and NDE transducers. 3¢
36 To illustrate this approximation we show in Figure 3 the | 33
39, |nearly xectangular format for ‘data obtained from Equation (16) .‘3
%.‘.Q. using an DFFT. The error incurréd by assuming this format to be -;19-
‘—L rectangular will be small if most of the radiated enexrgy is near : %—;5
E 72 |the origin in the Fourier domain, The illustration in Figure 3! 'l'f
% %;—’L is for a sound field produced by a circular transducer of radius -h—-!
: l?: a = 10X where A is the acoustic viavelength. EFEach of the larger ;f
'2;_/"— concentric circles has associated with it a percentage of total -;-r,)-
)I;}- radiated enmergy contained within; the circle. The percentages' 5
,'J; were calculated using an Airy ‘pattern to approximate the sound '1;7'!*'
%: field. Figure 3 shows the format to be essentially rectangular r;’;
.—"?‘ for 98% of the radiated energy in this case. Figure 4 shows the ; OO
‘)T’ general curve for the fraction of total energy radiated as a'! ___g"’.'.
o% |function of ka(sing)- for-the. Airz, function. - —-—-— —eee - —--—-----——i f';
;
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3 i i b
; 5 Equations (15a) and (15b) in:dicate that the angle ¢ should ; §
_6 |change by equal increments of sin ¢, or that _6
L E s
_8 : 3
9 sin$ = +/- na (19 9
20 e : i ' 10
Al ; i A1
12 |whexe n = 0,1,2,...,N with 2N+]1 = number of experimental points : 12
; 13 |anaces=Lspecifi€drincrement for sind . K
{ 1k i ]
“5 15 The maximum value of k_observed in the data is a5
: 15 .. T 18,
iT — ' ar
*s 1 R (15 = T 10 TG 16
] i9 ! 19
: 20 | 000 N ] | 20
% 21 |From Equation (15b), we also know ) 21
¢ 22 | _ - 22
S’% .?_;_ (ky)max = ,k(51“¢max) (21) .g.z.’. )
& 23, 5 : 22
. 27, |Combining Equations (19), (20) and (21) yields gé
28 Lo - 29
29, 29
3 Aky = ko (22) , 230
31 31
32 32
32 The increments of y in the t:lransformed data returnod by the i 33
34 IDFFT are y = mdy wvhere m = 0,1,2,...,M and M is the aumber of po-! 34
: .3_2_ ints used in the DFFT. From the periodicity of the DFFT, we find _-3.:%‘
¢ 36 . 32
37 . . 37
'8 38 Mok, By = 2n (23) | .33
- 32 32
3 M0 lor 50
i -1 ! ' 3l
¥ ;?. Ay = c/!(llaf) - (24) ;':‘.:
3 =3 1 3
i i 5 1k
¥ T ' e
1 £Z |wvhere c is the sound speed, and the acoustic frequency £ = c¢fA. {7
%'_' The total range on the y-axis is then ;:.;
{ i ; 3
i ) by = ‘c/(af X9
5 Mly :c/( ) . (25) 5
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"3 [5.0 EXPERTUENTAL RESULTS # e} 3
I i *_1:
5 Cook and Berlinghieri have ekperimenfally demonstrated the | _S
_6 |lvalidity of Method A.2 They generated a rectangular array of : _6
_7 |points in the Fourier domain by rotating the transducer through ! _7
_8 ithe proper angles and sampling the linear scan at proper inter- } _8
_9 |ivals. They then used a two~dimensional DFFT to reconstruct the 9
1C lacoustic _field _in_ the _plane_ of interrogatlQrL__a_n_c,L_in__x_\ga_rby 30
il ﬁ‘l‘anes N 11
22 o J2
13 q.-?)ethodjm_q\e’_g_s?e_d to. calculaj:e__the_,_pressu):e —distxibution_: 13
E over a transverse plane for a l 25 cm. diameter PZT transducer | 1%
-_1_2_, isubnersed inwater, The tnansduce.n was_pperating.at_2,2 Mhz. _(a..._.. 15
16 l9.3 A ). IRToLaLnT 15
31 |sin(1 degree). were_used..to _neasune__tbe._presmr.e..in.&planej _cn YA
18 |from the “EYanSducarIllacer: LUTh:.,s_data_was sed..to.construct Hm] A8
19 lpressure field_ ove;:.an.a.nea..B.B_x_B 9_cm.__he_results are....shown..! - a8
20 lin Figure ASD “iR&Zeffects of._the .approximation made.in.Equation.. 20
2l |(15) are noticeable in the reconstruction. The reconstructed. 2%
22 ifield is.slightly elli ] -rath'er..t.han_circulaw‘:..due_to..the_out‘:_. 22
23 waxd_displacement_of. “ave-veCtor~components. in..the . recon-. | P 23
24 lstruction. ' 2h
22 f 23
26~ 26
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