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I. Introduction

Holographic tomography is a powerful tool to study refractive index of a phase
object in plasma diagnostics, aerodynamics, and measurement of density or deformation
of a transparent object. Several authors [1~4] have studied various types of 3-D fields
employing different methods. The major advantage of utilizing holographic technique
is the ability of capturing the complex wave field of an object, Incorporation of
holographic and ftomographic concepts may offer some advantages in studying the
complex transmitted field of a 3-D object. By means of this holographic tomography
concept, the conventional holographic multiplexing technique could be uged to record
various projected or trangmitted wave fields from a 3-D object. Multidirectional
interferograms provide a set of meagured values of line intergrals through the trans-
parent medium. The interferograms can be reconstrueted with appropriate coherent
jlluminations, and can then be sequentially detected by 2-D or i-D CCOD array
detector for computer post-processing. Therefore, various cross sections of 3-D object
fields may be reconstructed.

In our study, a double exposure holographic technique is used to record the path
length difference of probing rays in a phase field. The refraction effect in measured
phase object may be negligible in the reconstructed interferograms [5]. In the case,
rays remain straight lines and the path intergral becomes a line intergral. An image
sensing device is used to detect reconstructed interferograms. The detected data are
inputted to a computer for post-processing.

In the following sections, we shall explain the analog recording and reconstruc-
tion systems zs well as the principle of the digital reconstruction of the phase field.
Some preliminary experimental results are presented. At the last section, we shall
discuss the advantages and disadvantages of the present method.

II. Principle
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A double exposure holographic technique is employed to record the distribution

L n(x,y,2) of refractive index of a transparent

object. The schematic diagram of
the holographic interferometer is

hologram plane ) '
\ depicted in Fig. 1.
Object platform and rairror M4

in the interferometfer are rotated

synchronously Yo perform multi-
laser

M4 directional holograms. A double
Fig. 1 Schematic diagram of the exposure hologram ig taken for sach
holographic interferometer direction

During the first exposure, a plane wave probs the phase object. Then the phase
object is taken away before second exposure. Within the phase object tho distribution
refractive index is n(x, y, 2) during the initial holographic exposure and me during
the second. Offer n, is a constant., For a new direction, the phase object is rotated to a
certain orientation while the mirror M4 is rotated o a Televant orientation to ensure
the separation of reconstructed multidirectional interferograms. When the developed
hologram is illuminated by reference beam, two object waves will be reconstructed
simultaneously in the same direction [5]:

. 2
Us=ay(a, ?/)GXP[@‘{E Dy (=, Z/)],
@
Uo=ao(a, p)exp|42Z Doz, ») ],
where
@f(zJ y) :Jn<x: Y, Z)d.’::’,

Do(z, ) =J.%0 dz

Us and U, represent the eomplex amplitudes of the phase object and the plane
wave respectively.

The fringe pattern is the irradiance of the sum of U; and U, in image plane.
Assaming for simplicity that a; and g, are uniform unit amplitudes, the irradiance
can be written as

I(z, y) m2{1+cos [%?— 4D (z, y) ]}, @
where
10z, 9)=[[n(z, v, ) —nold
and the equation of a bright fringe is
4D(x, y) =NA, N=0, 1, 2, eto. €6))
N is called fringe order.
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We are now in a position to study the relationship between the double exposure
holographic interferometry and the distribution . ¥

of refractive index of phase object. We can ﬂ
determine AP directly in units of wavelength b ray &
A by assigning order numbers to the fringes 3 . ?
and then inverting equation (3) to calculate .,}_y 'Fz,}'<~'< TS
"b(m: Y, Z)—'rbo. L r/l/ A >t
Since a computer is utilized for post— / //
processing, it is convenient 1o analyze a slice 1 = ’ g
of a phase object in 2-D sampled form of (M ©,0) PR % S,
X N} matrix. S PRSI A J———

As shown in Fig. 2, the phase field can be

Fig. 2 Schematic di 14 dinates
divided into discrete rectangular elements of b chematic Giagham o worna

of measured phase object field
dimensions 4z by dy, where
L L,

[ S Y
T YT HAT
Each element is considered to have a uniform refractive index. Let ) denote the

Az

value of refractive index change of the element centered on the point 2=m-4z, y=mn-
4y, where m and n are integers. The subscript £ is related to m, n by
k=n(M~+1)+m+1,

Let the fringe order number N, be associated with the ith ray traversing the phase
object. This ray is specified by the coordinates p, §. If Ly denotes the length of the
segment of the ith ray which lies in the s—th element, the to tal optical pathlength
for the ¢—th ray is given by .

D(z, y) = E Ly Fy, (4)

where K = (M +1) (N -1) is the fotal number of elements.
Because during the double exposure the second medium is air, the optical
pathlength difference for ¢—th ray can be writien as

£
4P (w, y) = kgl Ly Fy=2AN,, 6)]

The coeffiecient Iy; can be determined geometrically as follows:
(0 for [b|=>(ddet+dy)/2,

0 for |c|>d4w/2and|f| 2%’

dy for |e|<dw/2 and |0 =L,
| lel 3 ©)
Avsecd for |b|<(dy— Ads)/2 and A< Ay/Az,
dysec8/A for |b|<<(Adw—dy)/2 and A>dy/dw,

Lsezﬂ(AAw;Ay_lb!) for (|dy—Ada|)/2<|b|<(|dy+ Adn]) /2.
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Where A~ |tan 8}, b=psec@+m-dz tan ~ndy, c=p+m-Lz.
In the oxperiment, the measured phase field is square and ifs center coincides with
Y the center of rotation of objeot platform, as

shown in Fih. 3.
N . We call ray r reference ray and ¢ and f edge
. ) 7 - w_ rays. The ray + passes through the origin of
\\ i ‘ coordinate, Tho position of reference ray can be
ol K. 47N\ - defined by
8 - AN K \ : s~—=i(L — dy)sin (B—6)
[ o / 9\ .
, —X Here
1€0,0) L o] g5 |
Tig. 3 Schematic diagram of geometrical The positions of the two edge rays are

relation between values p and @

P1= (Lu" Ay)OOS 0:

pa= (L~ 4dz)sin 8,
For square,
L,=1L,, do=14y,

The value of p for each ray in the experiment can be assigned by the size of measured
field with the values of py and p,.

It is apparent from equation (5), if the number of sampled rays is equal to the
number of total elements K, a linear algebraic equations can be generated. The refrac-
tive index F' thus can be obtained by solving these linear equations.

III. Experimentalprocedure

The experimental setup is shown sehematically in Fig. 1. The object and reference
beams were expanded and filtered using microscope objectves and pineholes. In order
to make a high visibility hologram, it is important to adjust object and reference
pathlength nearly equal and the ratio of irradiance of reference beam to object heam
1:1 to 1:5. Holograms were recorded on Kodak 649F filmsg. A 50 mW He-Ne laser ig
used as light source. Two achromatic lenses L, and L, are used for collimation. To
obtain multidirectional holograms, the object platform was rotated with the center of
the measured phase field and the corresponding reference beam synchroneously
changed orientation due to a rotatable mirror M4,

In the experiment, the size of measured phase field in the sample is 2 X2 mm?2
The phase field was divided into 40 % 40 elements. The times of rotation of sample is
40 and a double exposure hologram is taken for each direction of ray. From each
reconsiructed interferogram, 40 sampling data were taken by the image sensing
device. The accuracy of sample relure and relative position between the object and

film in camera are less than 0.005 mm,

The reconstruction setup of the double exposure holograms is schematically
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shown in Fig. 4. In this system, the developed hologram can be illuminated from
rear side by a conjugate reference heam at a certain angle, #. The twe Teconstructed
beams, i. e., U; and Uy in equation (1), would produce an interferogram. In order to
perform a sequential reconstruction for each directional angle, a rotatable mirror was
employed.

s Y .
* donble exposured reconstrueted

phase fleld -
L—1-

hologram

reference
beam.

Fig. 4 Schematic diagram of the Fig. 5 Schematic diagram of the
reconstruction setup of the double procedure of detecting and
exposure hologram post-processing

In order to determine the fringe order of each way, N,, it is necessary 0 meagure
the position of each reconstructed fringe as indicated in equation (4).An image sensing
device such as 1-D CCD array is used to detect reconstructed fringe as shown in Fig.
b. It is noted that any slice of an object field can be reconstructed by computer posi—
processing. Therefore, a 8-D reconstructed image of phase object field can be realized
by applying a 1-D or 2-D image sensing device across the measured plane.

Tt is possible to measure A¢ directly in units of wavelength A by assigning order

numbers to the fringes. Various app- array device &

roaches can be used to define the fringe R

order and often the experimenter has i

sufficient knowledge of the field being pt;l::n::tany_
examined. In the experiment, the -3 2, 0
number N =0 was assigned by refe- . V——L—x Fo=o] [
rence fringe before the measurement ' 3::: :mt o . k;LL" {F} V;:‘:‘:c

stated, The subsequent bright fringes Fig. 6 Biock diagram of computer postprocessing

aro assigned the order number N=1, 2, 3, -. consecutively. The centers of all dark
fringes are assigned numbers N=0.5, 1.5, 2.5, ete. A linear COD erray with 1024
pixels was employed. The size of each pixel is about 10 w. The signals from CCD
device were amplified by amplifying cirenit and sent to a microcomputer by an interface
system which acts as signal numeric conversion and keeping step with the microcoms=
puter. The block diagram of computer post-processing is shown schematically in‘
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Fig. 6. We only processed optical pathlength difference of each ray with the data from
OCD device in the microcomputer, because its storage was usually not large enough
to solve a M X N linear algebraic equations in the experiment and it could not output
graph with greylevel. The last two steps of the procedure in Fig. 6 were done in a
Jarge IBM computer system.

As a final result of the post-processing, the matrix {F} represents the refractive
index of the object field. The refractive index of each element in the object field is
marked by a proper grey level to display the value of refractive index, The matrix
{F'} for ploting is 256 x 256. However, due to the limitation of the computer storage,
the matrix dimension is reduced o be 40x 40 for processing. The computer result is
transfered back as a 256 x 266 mairix in output.

Two examples of result computed from reduced matrixes are presented in Fig. 7
which is the reconstruction of the in terferograms of two transparent samples. The
greylevel shows the distribution of refractive index. The accuracy of index reconsiruc-
tion is about 0.001 at the preliminary results.

()

Fig. 7 Results of computer reconstruction

. (@) A phase sample with three different uniform indexes: 1.103, 1.337, ard 1.515;
(b) A phase sample with refractive indexes: 1.413, 1.586

IV. Discussion and conclusion :

In thig paper we have presented an al ternate method to determine refractive in
dex distribution of 3-D or 2-D fransparent phase objects. Double exposure multidirec-
tional holographic technique is used to record the information of a phase object field.
The multipléﬁced holograms are used to reconstruct different directional interferograms
sequentially in an optical system. A series of path length differences of ravs are
detected by applying an imagé sensing device in the optical system. These data were
then store& in a digital computer for post-processing. With both analog and digital
reconstruction, the distribution of the .refractive index of the phase field can be
displayed with different grey levels.

As mentioned before, the measured pha,se field is square. It should be considered
that when the object platform rotates an angle of «, i.e. the incident ray is at an angle
.of a to the surface of phase object, the ray will have a displacement L,(fan a—tan )
,and the orientation of ray in measured phase object §, equals arc sin(sin a/n). Here
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n is average index in the phase object.

Itis no ted that the refraction errors can he neglected if the thickness of the

measured object satisfies the inequality [5]:
AL
' n'd?
where L——the length of measured object,
' n'-——the refractive index of a chesen point in the object,
dy——the fringe gpacing. '

In the experiment, wavelength A is 6328 A and ' is often in arange of 1 to 1.7.
However, the fringe spacing depends on the distribution of refractive index and the
size of measured area in the phase object. It can satisfy the inequality (7) that the
length of measured object is taken 1 mm to 7 mm, if the fringe spacing is 0.04 mm to
0.1 mm,

<0.3, )

In order to reconstruct a measured phase field in detail a better resolution, a
larger computer storage is needed. To determine the refractive indexes of a M XN
‘matrix, a computer storage larger than M?x N2 is required.
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