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The theory of diffraction tomography for two-dimensional objects within the Born approximation 
is presented for cases where the scattered field is measured over arbitrarily shaped boundaries 
surrounding the object. Reconstruction algorithms are presented for both plane wave (parallel 
beam) and cylindrical wave (fan beam) insonification. within the Born and Rytov approximations is usually 

developed for the parallel beam, classical tomographic geometry illustrated in figure 1 [l-51. For 
this geometry the object is insonified by a plane wave and the scattered field is measured over a 
plane surface which is parallel with the incident wavefront. The receiver surface rotates about a 
central point in the object as different directions of insonification are employed and the goal is to 
reconstruct the object’s properties (eg., acoustic velocity profile) from the set of scattered field 
measurements so obtained. 

In this paper we consider more general over 
arbitrarily shaped surfaces surrounding the object- one surface for each location of the surface La. In either 

case the measurement surface Z can remain fixed throughout the sequence of experiments or, 
alternatively, can vary from experiment to experiment. 

A brief review of the foundations of diffraction tomography within the Born approximation is 
presented in Section 2. For the 

sake of simplicity only two-dimensional objects will be considered 
here and throughout the remainder of the paper. The final section describes how the results 
obtained in the paper can be generalized to the three-dimensional case. The plane wave 
scattering amplitude of an acoustic object is defined and shown to be proportional to the spatial 
Fourier transform of the “object profile” evaluated on circles in Fourier space which are the two- 
dimensional analogues of the well known Ewald spheres of X-ray crystallography I6,71. For the 
classical tomographic configuration shown in figure 1 the scattering amplitude is also shown to be 
proportional to the spatial Fourier transform of the scattered field over the niD 3  Tj0 97  Tc -00

is presented that allows the object profile to be reconstructed from the 
scattering amplitude specified over a range of insonifying wave 
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Fig. 2 Parallel beam insonification with arbitrary shaped measurement surface Z 

Fig. 3 Fan beam insonification with arbitrary shaped measurement surface E and arbitrary source 
surface IO. 
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2. DIFFRACTION TOMOGRAPHY WITHIN THE BORN APPROXIMATION 

We consider the situation illustrated in figure 2 of an acoustic object surrounded by an arbitrary 
measurement surface X. We shall limit our attention to those applications where the wave 
propagation is governed by the inhomogeneous Helmholtz equation 

6” + k’)+(r) = k20(r)$(‘) (1) 

Here, k = w/C, is the wavenumber of the field in the medium surrounding the object at frequency 
w and O(I) is the “object profile.” For acoustic scattering, Eq. (1) applies if the density of the 
object is constant and equal to that of the embedding medium and if the shear modulus of the 
object and embedding medium are negligible 121. The theory and results developed below can, 
however, be generalized to the non-constant density case following section, the insonifying wave is a plane wave whose unit propagation vector & lies in the 

x-y plane. Cylindrical waves having axes aligned parallel to the z axis are considered in Section 4. 
For both of these cases the field +(L) will depend only on the x-y coordinates so that the wave 
equation (1) is a two-dimensional equation. 

The object profile 00 is the quantity which is to be determined in diffraction tomography. 
This quantity is related to the velocity 
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the direction of s i e a, ., 

general, that 

both the scattered field and its normal 
derivative be measured over the surface. We shall present, in the following section, a 
generalization of Eq. (4) to arbitrarily shaped measurement boundaries that differs somewhat from 
the extension proposed by Porter [lOI. 

The scattering ampiitude plays a fundamental role in inverse scattering and diffraction 
tomography. Within the Born approximation, f(S,sJ reduces to the two-fold spatial Fourier 
transform of O(I) evaluated over certain circular boundaries in Fourier space (Ewald spheres in the 
three-dimensional case). This result follows immediately upon substituting the insonifying field 
exp(iks.Ll for $Cr& in Eq. (3) (i.e., making the Born approximation). We obtain 141 

where 

(7) 

denotes the two-fold spatial Fourier transform of the object profile. 

Eq. (61 states that the scattering amplitude f(s,al determines the two-fold Fourier transform of 
the object profile over the locus of & values defined by the equation 

For fixed k and %, Eq. (81 defines a locus of I$ values lying on a circle centered at & = - k& and 
having a radius equal to k. As discussed in references 4 and 5, the above result is, essentially, the 
generalization of the projection-slice theorem of x-ray tomography of insonification) a set of semicircular interpolation or Fourier inversion. In the case of 

two-dimensional objects the formula is given by 14, 5, 141 

where x0 and x are, respectively, the angles formed by & and s with a fixed reference direction. 
The subscript “LP” on O(rJ means that a “low pass filtered” approximation to the object profile is 
obtained; i.e., 

O&) = -!-- &,zkd2KbQ)eigr 
(2nS 
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The inversion formula (9) forms the basis for the filtered backpropagation algorithm for parallel 
insonification x0); 

(ii) summing over view angles. We define the partial reconstruction as 

It then follows from Eq. (9) that OLD is given by 

The construction of 6(1, x0) according to Eq. (1 la) can be interpreted as a filtered backpropagation 
process while Eq. (lib) represents a sum over view angles 14, 

51. 

3. PARALLEL BEAM INSONIFICATION 

Our primary goal in this section is to provide a formula for determining the scattering amplitude 
from field measurements performed over the arbitrary measurement boundary Z. The function 
f(x,s) so obtained can then be employed in Eq. (9) (or, equivalently in Eqs. (11)) to obtain a 
reconstruction of the object profile. 

Porter [lOI has(the ) Tj0  Tr 17.812 TD-8  Tr -0.2198  Tc -0.addressTw (employed ) Tj0  Tr 47.8131 0  TD 3  Tr 0.0147  Tc 0.2922  Tw (this )in 
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In practice it is possible to obtain an exact relationship between the scattering amplitude f&J 
and either I)“’ or & I/J’“’ only for boundaries which coincide with one of the coordinate axes of a 

curvilinear coordinate system in which the Helmholtz equation separates 1151. important examples 
of such boundaries, called have the general result that for all s such that fi’.s 3 0 

f(s,q,l = 2iks.s j d/‘$“‘(/‘;~Je~‘“” , 
-m 

where we have denoted by #“‘U’;&,) the scattered field $“‘(i;Q evaluated on the measurement 
line. Eq. (4) is then a special case of (14) for the classical tomographic configuration where fi’ = s,,. 
the direction of propagation of the insonifying plane wave. 

For the case of a circular boundary one finds that Eq. (13) reduces to 1161 

where R is the radius of the measurement circle P assumed to be centered at the origin and (r and 
x are, respectively, the angles made by c and s with an arbitrary reference direction. $‘S’frrs~,l 
denotes the scattered field at the angle c and the function Fa(x) is given by 

F,(x) = 1 2 i” 

(257)~ n=~m Hnoe’“* 
(16) 

where H, is the n’th order Hankel function of the first kind. It should be noted that the center and 
radius of Z can be changed as a function of the insonifying wave vector zC). 

An approximate expression for f&l for arbitrarily shaped boundaries which rnvolves only the 
scattered field can be employed if the boundary curvature is such that it can be approximated by a 
straight line in the vicinity of each point. This requires that the local radius of curvature be much 
larger than a wavelength. If  this condition is met then the arguments leading to Eq. (141 for the 
case when P is a straight line can be applied and Eq. (131 then reduces, approximately, to 

where n^‘,s must now remain under the integral sign since $ is not constant for a curved boundary -- 

4. CYLINDRICAL BEAM INSONIFICATION 

In this section we consider the case where the object is insondied by a cylindrical wave 
generated by a line source located on a closed boundary Z0 sw0 Tr -0.2197  Tc -0.3524  Tw (line ) Tj0  Tr 21.5628 0  TD Tr 9.3751 0  TD 3fpr4213l0  TD Tr 05  Tr -0.0957  Tc 0.4301  Tw (object )  w e  o b j e c t  w e  is b y  i n s o n d i 6   T r    T r  3 3 . 7 5 0 4  0   T 0 7 7 8 T r  - 0 . 1 0 5 2 7 4   T c  - p e r f o r m  T w  ( b y  )  T j  0 - 4 0 2 . 1 9  T c  T j  0   T r  4 7 . 8 1 3  T 0 7 7 n e  Z0 Z0 line object w e  w e  object is located insondi-44 Tj6in Tj0  Tr 47.8131 0 13ine b y  is by b y  m e a s u r e m e n t s  that result from using different directions of 

insonification of the incident wave (different unit wave vectors s,l. For the 
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We shall present two alternative schemes for generating a reconstruction of the object profile 
from cylindrical beam scattering data. The first is a two-step method in which the scattering 
amplitude is first computed from cylindrical beam scattering data. The object profile is then 
reconstructed in a second step using the plane wave filtered backpropagal.ion algorithm 141. The 
second method combines the two steps into a single mathematical operation. What results is then a 
filtered plane 
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where dl, is the differential length on Za, PO the unit outward normal to PO and a denotes the 
an, 

derivative along the Go direction. 

Eq. (21) is in the form of a linear mapping between the cylindrical wave scattering amplitude 
and its derivative with respect to n, and the plane wave scattering amplitude f(&. Since the 

derivative -& ~(5; l&J cannot be computed from measurements of $“‘(I; I&) for fixed I&, it is 

important to rimove this quantity from Eq. (21). This can be done exactly for cases where Z,, is a 
separable boundary. For example, when Za is a straight line one finds one g (shl) Tj0  Tr 12.1874283  Tr 19.6873 0  TD  Tr 1 Tr -0.2812  Tc -0.2755  Tw (-& ) T261straight Eq. of 19)-(241095 Tr 66.563D 3  Tr waver -9  T TDm8iw (can ) Tj0  Tr 21.5Tr 45 0  TD 3  Tr -0.098  Tc 0.433  Tw (experi (inations: ) Tj0  Tr683 0  TD 3 16  Tr -0amplitudeTc -0.4927  Tw (the ) Tj0  Tr 19.652 0  TD 3  Tr -0.1797  Tc -0.4024  T22503 0 Tj0  Tr 16.8752 0  TD 3  Tr -0.1837  Tc -0.3974  Tw (Summing ) Tj0  Tr   T55 0  TD 3 3 3  Tr syn24 siz Tc -0.3524  T5w (1 7) Tj0  Tr 26.2503 0  TD 3  Tr 0.1371  Tc 0.1392  Tw w (can ) Tj0  Tr 21.5T114m8i-04D 29  T TDmcylindric Tc 0.4693  Tw  ) T experi (inations: ) Tj0  T065 0  TD 3D 3  Tr -018  (241 -0.5549 w (scattering ) Tj0  4810  TD 3  026.5  TD T4  Tw (in ) TjTw (collected ) Tj0  Tr114m8i-04D 29  T TDmcylindric Tc 0.4693  Tw  (panations: ) Tj0  T095 Tr 66.563D 3  Tr waver -9  T TDm8i(different ) Tj0  1.5Tr 45 0  TD 3  Tr -0.098  Tc 0.433  Tw (experi (inations: ) Tj0  Tr683 0  TD 3 16  Tr -0amplitudeTc -0.4927  T ) T t187522
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Table I. Scattering amplitude in different cases 

I;,, I circles = 4i~dpjd~Jl’~‘(rr;p)Fa(X--)Fa,(P-Xa) 
--n -n 

Z,, 2 arbitrary but 

with weak curvature 
= -&2Qd/,(&,.a) Qdr’(B’.s)Jl’s’(r’;~~)e-ik’~~‘-~’5’ 

-m -m 

the result is employed in Eqs. (22)-(24) to compute f(2.s). By combining these equations, the two 
steps can be combined into a single integral transform relating the cylindrical wave scattering data 
directly to the plane wave scattering amplitude. Table I lists these transforms for cases where Z and 
Z0 are straight lines or circles and for cases where the curvature of both boundaries is small. 

The transformations listed in table I allow the plane wave scattering amplitude to be synthesized 
from cylindrical wave scattered field data. Once f(s.sJ is computed the plane wave filtered 
backpropagation algorithm as embodied in Eqs. (9) or (11) can be employed to obtain a 
reconstruction of the object profile. An alternative, one step reconstruction algorithm, is readily 
derived by substituting the transformations listed in table I into Eq. (9) and reorganizing the result. 
We present in table II the resulting reconstruction algorithms corresponding to the three cases - 
lines, circles and weakly curving boundaries - covered in table I. 

Table II. Reconstruction formulae in different 
08.988 of source-receiver geometry 

Geometry ( Reconstruction 

&,I; arbitrary 

but 
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The reconstruction algorithms presented in table II are “fan beam” algorithms in the sense that 
they operate directly on the measured cylindrical wave scattered field data. Like the plane wave 
filtered backpropagation algorithm presented in Section 2. they can be decomposed into two 
sequential operations: 

I. Generating a partial reconstruction using data collected in a single scattering experiment 

2. Summing the partial reconstructions obtained in step 1 from different experiments to obtain 
the final reconstruction. 

In table II the inner integral represents step 1 while the sum over partial reconstructions is 
performed by the outer integral. In the plane wave case, the sum over experiments consisted of 
summing over different insonifying angles x0. Clearly, for fan beam insonification (cylindrical wave 
insonification) the sum over experiments corresponds to an integral over source points I&. 

We conclude by remarking that the fan beam reconstruction algorithm for circular boundaries 
given in table II is the generalization, to diffraction tomography, of the x-ray fan beam algorithm 
presented, for example, in 1171. The parallel beam filtered backpropagation algorithm of diffraction 
tomography is known to reduce, in the limit where the wavelength goes to zero, to the filtered 
backprojection algorithm of x-ray tomography 141. It should then be expected that the circular 
boundary fan beam algorithm in table II should, likewise, reduce in this limit to the corresponding 
X-ray algorithm. We have not yet been able to establish this reduction and consider this an 
interesting and important future research goal for fan beam diffraction tomography. 

5. CONCLUDING REMARKS 

We have, in this paper, shown how the theory and algorithms of parallel beam diffraction 
tomography within the Born approximation can be extended to cases where the scattered field is 
measured over arbitrarily shaped boundaries surrounding the object. In addition, we presented two 
reconstruction procedures for fan beam diffraction tomography. The first of these is a two-step 
inversion algorithm where plane wave scattering data is synthesized from cylindrical wave scattering 
data in the first step and the object profile is reconstructed in the second step using the parallel 
beam (plane wave) filtered backpropagation algorithm on the synthesized plane wave data. The 
second algorithm combines these two steps into a single “fan beam filtered backpropagation 
algorithm.” In this method the reconstruction of the object profile is obtained by summing 
reconstructions corresponding to a single fixed location of the source. over the source point 
locations. 

The results presented in the paper apply only to two-dimensional objects; i.e., objects whose 
properties are constant in one direction. They are readily extended, however, to the three- 
dimensional case. This extension can be performed in two ways. The first of these simply requires 
that the measurement boundary Z be replaced by a surface Z formed by sweeping the I boundary 
along the perpendicular to the plane in which Z lies. Thus, for example, for the case of a circular 
boundary i is a circular cylinder while for a line boundary 2 becomes a plane surface. The 
treatment presented in the paper then applies for three-dimensional objects enclosed by 2 if the 
two-dimensional scattered field measurements performed over Z are projected onto the boundary 
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dimensional case. The three-dimensional form of the inversion formula (9) is given by 114,181. 

(26) 

where dnSO and da, are differential solid angles and the integrals are over 47r steradians. By 
employing Eq. (26) together with the appropriate three-dimensional generalization of the 
expressions for the scattering amplitude given in table I, three-dimensional reconstruction 
algorithms analogous to those given in Table II can be readily obtained. 

APPENDIX 



by $(r;r’I and subtracting the two resulting 
equations0fcres0  Trn77
 3  Tr -0.1382  Tc -0.4542  Tw ((8.4) ) Tj0  Tr -425.6302 -425 -0.45mc -0.4542  Tw ((8.4) ) Tj0  m69y22
0  Tr ETBT0.8 0 0 1 51 444.75  Tm3  Tr /F0 9  Tf-0.1683  Tc -0.4166  Tw (exp(ikgo$ ) Tj0  Tr 50.6256 0  TD 3  Tr -0.1421  Tc 0.4881  Tw (plus ) Tj0  Tr 20.6253 0  TD 3  Tr -0.1074  Tc -0.4927  Tw (the ) Tj0  Tr 17.8127 0  TD 3  Tr -0.0504  Tc -0.5639  Tw (scattered ) Tj0  Tr 42.188 0  TD 3  Tr 0.0739  Tc -0.7193  Tw (field ) Tj0  Tr 23.4378 0  TD 3  Tr -0.0788  Tc 0.409  Tw (I(I(S)(&o;&I ) Tj0  Tr 51.5631 0  TD 3  Tr -0.5947  Tc 0.1164  Tw (we ) Tj0  Tr 15.9377 0  TD 3  Tr -0.1797  Tc -0.4024  Tw (obtain ) Tj0  Tr -222.1902 -42.75  TD 3  Tr -0.4013  Tc -0.1253  Tw (where ) Tj0  Tr 425.6302 -21  TD 3  Tr -0.1646  Tc -0.4212  Tw ((8.61 ) Tj0  Tr -425.6302 -20.25  TD 3  Tr -0.4814  Tc -0.0252  Tw (The ) Tj0  Tr 21.5628 0  TD 3  Tr -0.1732  Tc 0.527  Tw (integral ) Tj0  Tr 37.5005 0  TD 3  Tr -0.2197  Tc -0.3524  Tw (in ) Tj0  Tr 12.1876 0  TD 3  Tr -0.1279  Tc 0.4704  Tw (Eq. ) Tj0  Tr 19.6877 0  TD 3  Tr -0.1505  Tc -0.4388  Tw ((B.6) ) Tj0  Tr 26.2503 0  TD 3  Tr -0.1484  Tc -0.4414  Tw (can ) Tj0  Tr 19.6877 0  TD 3  Tr -0.3164  Tc -0.2314  Tw (be ) Tj0  Tr 14.0627 0  TD 3  Tr -0.3269  Tc -0.2183  Tw (shown ) Tj0  Tr 32.8129 0  TD 3  Tr -0.0029  Tc -0.6233  Tw (to ) Tj0  Tr 13.1252 0  TD 3  Tr -0.3164  Tc -0.2314  Tw (be ) Tj0  Tr 14.0627 0  TD 3  Tr -0.2418  Tc 0.6128  Tw (independent ) Tj0  Tr 59.0632 0  TD 3  Tr 0.4658  Tc 0.6658  Tw (of ) Tj0  Tr 13.1252 0  TD 3  Tr -0.1074  Tc -0.4927  Tw (the ) Tj0  Tr 17.8127 0  TD 3  Tr 0.0106  Tc 0.2973  Tw (exact ) Tj0  Tr 27.1878 0  TD 3  Tr -0.1197  Tc 1.3977  Tw (boundary ) Tj0  Tr 45.9381 0  TD 3  Tr 0.0606  Tc 0.2348  Tw (IO. ) Tj0  Tr 16.8752 0  TD 3  Tr -0.1259  Tc 0.4679  Tw (Moreover, ) Tj0  Tr 51.5631 0  TD 3  Tr 0.5625  Tc 0.5449  Tw (if ) Tj0  Tr -442.5054 -9.75  TD 3  Tr -0.5947  Tc 0.1164  Tw (we ) Tj0  Tr 16.8752 0  TD 3  Tr -0.0337  Tc -0.5849  Tw (take ) Tj0  Tr 24.3753 0  TD 3  Tr -0.4086  Tc -0.1161  Tw (PO ) Tj0  Tr 15 0  TD 3  Tr -0.0029  Tc -0.6233  Tw (to ) Tj0  Tr 14.0627 0  TD 3  Tr 0.2102  Tc 0.9852  Tw (infinity ) Tj0  Tr 36.5629 0  TD 3  Tr 0.0938  Tc 0.1933  Tw (it ) Tj0  Tr 11.2501 0  TD 3  Tr 0.0462  Tc 0.2528  Tw (must ) Tj0  Tr 27.1878 0  TD 3  Tr 0.0401  Tc -0.677  Tw (vanish ) Tj0  Tr 33.7504 0  TD 3  Tr -0.0761  Tc -0.5318  Tw (since ) Tj0  Tr 27.1878 0  TD 3  Tr -0.1597  Tc -0.4274  Tw (both ) Tj0  Tr 25.3128 0  TD 3  Tr -0.1982  Tc -0.3792  Tw ($‘“‘(l&;$aO) ) Tj0  Tr 53.4382 0  TD 3  Tr -0.3164  Tc -0.2314  Tw (and ) Tj0  Tr 21.5628 0  TD 3  Tr -0.2611  Tc -0.3005  Tw ($(~;~o) ) Tj0  Tr 35.6254 0  TD 3  Tr 0.3742  Tc 0.7803  Tw (satisfy ) Tj0  Tr 33.7504 0  TD 3  Tr -0.1074  Tc -0.4927  Tw (the ) Tj0  Tr 18.7502 0  TD 3  Tr -0.0697  Tc -0.5399  Tw (Sommerfeld ) Tj0  Tr -394.6923 -9.75  TD 3  Tr -0.1891  Tc
 -0.3906  Tw (radiation ) Tj0  Tr 41.2505 0  TD 3  Tr -0.1019  Tc 0.4379  Tw (condition. ) Tj0  Tr 51.5631 0  TD 3  Tr 0.3105  Tc -0.0776  Tw (It ) Tj0  Tr 10.3126 0  TD 3  Tr -0.0451  Tc 0.367  Tw (follows ) Tj0  Tr 34.6879 0  TD 3  Tr -0.0029  Tc 0.3142  Tw (that ) Tj0  Tr -39.3755 -20.25  TD 3  Tr -0.0464  Tc 0.3686  Tw ($tl;%o, ) Tj0  Tr 34.6879 0  TD 3  Tr -0.5684  Tc 0.0835  Tw (= ) Tj0  Tr 21.5628 0  TD 3  Tr -0.0429  Tc 0.3642  Tw (di, ) Tj0  Tr -9.3751 -9  TD 3  Tr 0.1876  Tc 0.0761  Tw (s ) Tj0  Tr 24.3753 0  TD 3  Tr -0.3164  Tc -0.2314  Tw (1 ) Tj0  Tr -24.3753 0  TD 3  Tr -0.5009  Tc -0.0009  Tw (% ) Tj0  Tr 30.9379 9  TD 3  Tr -0.1699  Tc -0.4146  Tw (~~(r;~o)-ik~o.~aJI(~R,) ) Tj0  Tr 138.7517 0  TD 3  Tr -0.0839  Tc 0.4155  Tw (elkso’ ) Tj0  Tr ETBT0.75 0 0 1 202.5 314.25  Tm3  Tr /F0 6  Tf-0.336  Tc -0.22  Tw (0 ) Tj0  Tr ETBT0.8 0 0 1 299.25 311.25  Tm3  Tr /F0 9  Tf0.3105  Tc -0.0776  Tw (t ) Tj0  Tr 115.3139 9.75  TD 3  Tr -0.1505  Tc -0.4388  Tw ((B.7) ) Tj0  Tr -410.63 -27  TD 3  Tr 0.7793  Tc 0.2739  Tw (If ) Tj0  Tr 12.1876 0  TD 3  Tr -0.5947  Tc 0.1164  Tw (we ) Tj0  Tr 16.8752 0  TD 3  Tr -0.0082  Tc -0.6167  Tw (substitute ) Tj0  Tr 48.7506 0  TD 3  Tr -0.1279  Tc 0.4704  Tw (Eq. ) Tj0  Tr 20.6253 0  TD 3  Tr -0.1505  Tc -0.4388  Tw ((B.7) ) Tj0  Tr 28.1253 0  TD 3  Tr -0.1113  Tc -0.4878  Tw (into ) Tj0  Tr 22.5003 0  TD 3  Tr -0.1074  Tc -0.4927  Tw (the ) Tj0  Tr 18.7502 0  TD 3  Tr -0.0392  Tc -0.5779  Tw (definition ) Tj0  Tr 47.8131 0  TD 3  Tr 0.4658  Tc 0.6658  Tw (of ) Tj0  Tr 14.0627 0  TD 3  Tr -0.1074  Tc -0.4927  Tw (the ) Tj0  Tr 18.7502 0  TD 3  Tr -0.2777  Tc -0.2798  Tw (plane ) Tj0  Tr 29.0629 0  TD 3  Tr -0.0952  Tc -0.508  Tw (wave ) Tj0  Tr 27.1878 0  TD 3  Tr -0.0577  Tc -0.5549  Tw (scattering ) Tj0  Tr 47.8131 0  TD 3  Tr -0.1683  Tc -0.4166  Tw (amplitude ) Tj0  Tr 50.6256 0  TD 3  Tr -0.2284  Tc -0.3414  Tw ((3) ) Tj0  Tr 17.8127 0  TD 3  Tr -0.5947  Tc 0.1164  Tw (we ) Tj0  Tr -435.9428 -9.75  TD 3  Tr -0.1797  Tc -0.4024  Tw (obtain ) Tj0  Tr 59.0632 -19.5  TD 3  Tr 0.0703  Tc -0.7149  Tw (f(~,so) ) Tj0  Tr 30.9379 0  TD 3  Tr -0.5684  Tc 0.0835  Tw (= ) Tj0  Tr 11.2501 0  TD 3  Tr -0.1264  Tc -0.4689  Tw (k2Jd2r ) Tj0  Tr 37.5005 0  TD 3  Tr -0.3184  Tc -0.229  Tw (O(r)e-“~~~dla ) Tj0  Tr 69.3758 -10.5  TD 3  Tr 0.3105  Tc -0.0776  Tw (I ) Tj0  Tr 6.5626 9.75  TD 3  Tr 0.0106  Tc -0.6402  Tw (&-g(~;R,l-ikfi,.& ) Tj0  Tr 98.4387 0  TD 3  Tr -0.1084  Tc 0.446  Tw ($(r;&oI ) Tj0  Tr 37.5005 -9.75  TD 3  Tr 0.3105  Tc -0.0776  Tw (t ) Tj0  Tr 2.8125 9  TD 3  Tr -0.0737  Tc 0.4026  Tw (elkPI’ ) Tj0  Tr 72.1884 0  TD 3  Tr -0.0515  Tc -0.5625  Tw (tB.8) ) Tj0  Tr -241.8779 -9  TD 3  Tr -0.3164  Tc -0.2314  Tw (4 ) Tj0  Tr ET
BT0.75 0 0 1 234 256.5  Tm3  Tr /F0 6  Tf-0.336  Tc -0.22  Tw (0 ) Tj0  Tr ETBT0.8 0 0 1 51 241.5  Tm3  Tr /F0 9  Tf-0.1562  Tc -0.4318  Tw (Interchanging ) Tj0  Tr 65.6258 0  TD 3  Tr -0.1884  Tc 0.5461  Tw (orders ) Tj0  Tr 32.8129 0  TD 3  Tr 0.4658  Tc 0.6658  Tw (of ) Tj0  Tr 14.0627 0  TD 3  Tr -0.1552  Tc -0.4329  Tw (integration ) Tj0  Tr 52.5006 0  TD 3  Tr -0.3164  Tc -0.2314  Tw (and ) Tj0  Tr 20.6253 0  TD 3  Tr -0.1469  Tc -0.4433  Tw (making ) Tj0  Tr 38.438 0  TD 3  Tr -0.1484  Tc -0.4414  Tw (use ) Tj0  Tr 19.6877 0  TD 3  Tr 0.4658  Tc 0.6658  Tw (of ) Tj0  Tr 14.0627 0  TD 3  Tr -0.1074  Tc -0.4927  Tw (the ) Tj0  Tr 18.7502 0  TD 3  Tr -0.0392  Tc -0.5779  Tw (definition ) Tj0  Tr 48.7506 0  TD 3  Tr -0.2284  Tc -0.3414  Tw ((8) ) Tj0  Tr 17.8127 0  TD 3  Tr 0.4658  Tc 0.6658  Tw (of ) Tj0  Tr 14.0627 0  TD 3  Tr -0.1074  Tc -0.4927  Tw (the ) Tj0  Tr 18.7502 0  TD 3  Tr -0.0114  Tc 0.3248  Tw (cylindrical ) Tj0  Tr 50.6256 0  TD 3  Tr -0.0952  Tc -0.508  Tw (wave ) Tj0  Tr -426.5677 -9.75  TD 3  Tr -0.0577  Tc -0.5549  Tw (scatter20g ) Tj0  Tr 3845.9381  TD 3  Tr -0.107683Tc -0.492166Tw (andmplitud) Tj0  Tr -446.87 0  TD 3  Tr -0.09159 Tc -0.554274Tw (the )
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 -356.2543 -14.25  TD 3  Tr -0.2089  Tc 0.5717  Tw (Morse, ) Tj0  Tr 35.6254 0  TD 3  Tr -0.0337  Tc 0.3526  Tw (P. ) Tj0  Tr 13.1252 0  TD 3  Tr -0.3119  Tc 0.7004  Tw (M. ) Tj0  Tr 16.8752 0  TD 3  Tr -0.3164  Tc -0.2314  Tw (and ) Tj0  Tr 20.6253 0  TD 3  Tr -0.0856  Tc 0.4175  Tw (Feshbach, ) Tj0  Tr 50.6256 0  TD 3  Tr 0.2285  Tc 0.0248  Tw (H., ) Tj0  Tr ETBT0.75 0 0 1 200.25 412.5  Tm3  Tr /F0 7.5  Tf-0.2518  Tc 0.2507  Tw (Methods ) Tj0  Tr 43.9998 0  TD 3  Tr -0.1275  Tc 0.085  Tw (of ) Tj0  Tr 13.9999 0  TD 3  Tr -0.0086  Tc -0.0735  Tw (Theoretical ) Tj0  Tr 52.9998 0  TD 3  Tr 0.0097  Tc -0.0979  Tw (Physics, ) Tj0  Tr 41.9998 0  TD 3  Tr 0.0194  Tc -0.1108  Tw (Vol. ) Tj0  Tr ETBT0.8 0 0 1 330.75 412.5  Tm3  Tr /F0 9  Tf0.3105  Tc -0.0776  Tw (I ) Tj0  Tr 10.3126 0  TD 3  Tr -0.2248  Tc 0.5916  Tw ((McGraw-Hill, ) Tj0  Tr 68.4383 0  TD 3  Tr -0.3749  Tc -0.1583  Tw (New ) Tj0  Tr -397.5049 -9.75  TD 3  Tr 0.1114  Tc 0.1713  Tw (York, ) Tj0  Tr 30 0  TD 3  Tr -0.1899  Tc 0.5479  Tw (1953). ) Tj0  Tr -29.0628 -15  TD 3  Tr 0.0458  Tc 0.2533  Tw (Beylkin, ) Tj0  Tr 39.3755 0  TD 3  Tr -0.0644  Tc 0.3911  Tw (G. ) Tj0  Tr 15 0  TD 3  Tr -0.3164  Tc -0.2314  Tw (and ) Tj0  Tr 18.7502 0  TD 3  Tr 0.1699  Tc 0.0981  Tw (Devaney, ) Tj0  Tr 45.9381 0  TD 3  Tr -0.0337  Tc 0.3526  Tw (A. ) Tj0  Tr 14.0627 0  TD 3  Tr 0.2696  Tc -0.0264  Tw (J., ) Tj0  Tr 14.0627 0  TD 3  Tr -0.1367  Tc 1.4189  Tw (Theory ) Tj0  Tr 34.6879 0  TD 3  Tr 0.4658  Tc 0.6658  Tw (of ) Tj0  Tr 12.1876 0  TD 3  Tr 0.118  Tc -0.7745  Tw (diffraction ) Tj0  Tr 47.8131 0  TD 3  Tr -0.0644  Tc 1.3286  Tw (tomography ) Tj0  Tr 56.2507 0  TD 3  Tr -0.2402  Tc -0.3267  Tw (within ) Tj0  Tr 30.9379 0  TD 3  Tr -0.1074  Tc -0.4927  Tw (the ) Tj0  Tr 17.8127 0  TD 3  Tr -0.2988  Tc -0.2535  Tw (Born ) Tj0  Tr 24.3753 0  TD 3  Tr -0.3164  Tc -0.2314  Tw (and ) Tj0  Tr 19.6877 0  TD 3  Tr 0.4618  Tc 0.6708  Tw (Rytov ) Tj0  Tr -390.9423 -9  TD 3  Tr -0.1097  Tc 0.4477  Tw (approximations, ) Tj0  Tr 74.0634 0  TD 3  Tr -0.0641  Tc -0.5468  Tw (submitted ) Tj0  Tr 47.8131 0  TD 3  Tr -0.0029  Tc -0.6233  Tw (to ) Tj0  Tr 11.2501 0  TD 3  Tr 0.2491  Tc -0.0008  Tw (J. ) Tj0  Tr 11.2501 0  TD 3  Tr -0.1892  Tc 0.5471  Tw (Math. ) Tj0  Tr 29.0629 0  TD 3  Tr 0.1858  Tc
 0.0783  Tw (Phys. ) Tj0  Tr -173.4396 -15  TD 3  Tr -0.049  Tc 0.3718  Tw (Kak, ) Tj0  Tr 26.2503 0  TD 3  Tr -0.0337  Tc 0.3526  Tw (A. ) Tj0  Tr 15 0  TD 3  Tr 0.2285  Tc 0.0248  Tw (C., ) Tj0  Tr 18.7502 0  TD 3  Tr -0.2148  Tc -0.3585  Tw (Computerized ) Tj0  Tr 68.4383 0  TD 3  Tr -0.0644  Tc 1.3286  Tw (tomography ) Tj0  Tr 57.1882 0  TD 3  Tr -0.2504  Tc -0.3139  Tw (with ) Tj0  Tr 24.3753 0  TD 3  Tr 0.1255  Tc 1.0912  Tw (x-ray ) Tj0  Tr 27.1878 0  TD 3  Tr -0.1021  Tc -0.4993  Tw (emission ) Tj0  Tr 44.063 0  TD 3  Tr -0.3164  Tc -0.2314  Tw (and ) Tj0  Tr 20.6253 0  TD 3  Tr -0.1708  Tc -0.4135  Tw (ultrasound ) Tj0  Tr 52.5006 0  TD 3  Tr -0.0325  Tc 0.3512  Tw (sources, ) Tj0  Tr ETBT0.75 0 0 1 393 363.75  Tm3  Tr /F0 7.5  Tf-0.101  Tc 0.0496  Tw (Proc. ) Tj0  Tr -422.9984 -9  TD 3  Tr -0.0231  Tc -0.0542  Tw (IEEE ) Tj0  Tr 27.9999 0  TD 3  Tr -0.1416  Tc 0.1039  Tw (67, ) Tj0  Tr 19.9999 0  TD 3  Tr -0.2064  Tc 0.1902  Tw (1245-1272 ) Tj0  Tr ETBT0.8 0 0 1 150.75 354.75  Tm3  Tr /F0 9  Tf-0.1891  Tc 0.547  Tw ((1979). ) Tj0  Tr -92.8136 -15  TD 3  Tr 0.1699  Tc 0.0981  Tw (Devaney, ) Tj0  Tr 45.9381 0  TD 3  Tr -0.0337  Tc 0.3526  Tw (A. ) Tj0  Tr 14.0627 0  TD 3  Tr 0.2696  Tc -0.0264  Tw (J., ) Tj0  Tr 14.0627 0  TD 3  Tr 0.0056  Tc -0.6339  Tw (Inversion ) Tj0  Tr 45.9381 0  TD 3  Tr -0.0008  Tc -0.626  Tw (formula ) Tj0  Tr 37.5005 0  TD 3  Tr 0.2491  Tc -0.9383  Tw (for ) Tj0  Tr 16.8752 0  TD 3  Tr 0.008  Tc -0.637  Tw (inverse ) Tj0  Tr 34.6879 0  TD 3  Tr -0.0577  Tc -0.5549  Tw (scattering ) Tj0  Tr 45.9381 0  TD 3  Tr -0.2402  Tc -0.3267  Tw (within ) Tj0  Tr 31.8754 0  TD 3  Tr -0.1074  Tc -0.4927  Tw (the ) Tj0  Tr 16.8752 0  TD 3  Tr -0.2988  Tc -0.2535  Tw (Born ) Tj0  Tr 25.3128 0  TD 3  Tr -0.131  Tc 0.4743  Tw (approximation, ) Tj0  Tr ETBT0.75 0 0 1 396 339.75  Tm3  Tr /F0 7.5  Tf-0.2937  Tc 0.3066  Tw (Opt. ) Tj0  Tr -426.9984 -9  TD 3  Tr -0.119  Tc 0.0736  Tw (Lett. ) Tj0  Tr ETBT0.8 0 0 1 96 330.75  Tm3  Tr /F0 9  Tf-0.0029  Tc 0.3142  Tw (7, ) Tj0  Tr 11.2501 0  TD 3  Tr -0.2976  Tc -0.255  Tw (111-1 r)02500  T 25.3128 0  TD 3  Tf-0.1891  Tc 0.547  82 ((1979). ) Tj0  T2j0Tr Tr -0D0.75  Tm3  1 96 3/F0 9 7Tr 0.2491289Tc -0.25 0 1979). 


