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This paper describes a technique that obtains border-enhanced tomographic images of a slice belonging to a phase object. This is obtaine
experimentally by means of the sequential storage of differences of parallel projections from two adjacent angular positions of the object and
with appropriate techniques for their reconstruction. An ESPI (Electronics Speckle Pattern Interferometry) system is used in a Mach-Zenhder
configuration to obtain data. Computer simulations are shown as well as experimental results.
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Se describe un étodo para obtiener una imagen tonfgra con bordes realzados perteneciente a una rebanada de un objeto de fase.
Experimentalmente, el realce se obtiene mediante el almacenamiento secuencial de las diferencias dérlidtfibdicie de refracéin a

dos posiciones angulares adyascentes del objeto yecaitas apropiadas para su reconstiwtcse emplea un sistema ESPI (intesfaetro
electonico de patrones de moteado) en configunadilach-Zenhder para la obtefnide los datos. Se muestran simulaciones a computadora

y resultados experimentales.

Descriptores: Tomografa; speckleinterferometia; muestreo de fase; reconstruxtie inagenes.
PACS: 42.30.Wb; 42.30.Ms; 42.30.Rx; 42.87.Bg

1. Introduction subtraction,

It has been proposed the use of parallel projections in tomo- Af, (p) = foras (0) — £, (p), (1)
graphic reconstruction to enhance tomographic image bor-

ders [1, 2]. Such differences can be experimentally measurgd shown in the third row (both as a gray-level plot and as
with the use of a proper storage syste?h [They provide a3 — D graph) and is an approximation to the angular deriva-
the possibility to overcome some limitations in measurementive of the projectionsi,e,

range due to a fixed reference. ESPI (Electronic Speckle Pat- P
tern Interferometry)7] is a candidate to develop a difference —
system because it performs storage properly. In this work, 9¢
a description of an experimental ESPI system to reconstrugiyhere
enhanced images of trasparent objects is given. Computer

i (p) = a%% (@)}, @

simulations and experimental results are also discussed. [, () =R, {f(z,9)}
400 +o0
2. Tomography with parallel projection differ- — / / f(z,y)8(p—xcosp—ysing)dedy (3)
ences e e
2.1. Angular derivative of parallel projections denotes the Radon transform 6fz,y) at angle¢ [2, 4].

_ ) ~ Backprojection of filtered differences of projections shows
The proposed tomographic method with parallel projectionggge enhancement of the original slice distribution (fourth
differences is illustrated in Fig. 1 using a rectangular r€row). Such an image coincides with the subtraction of the

fractive index slice distributiory’ (z,y) (of constant value  packprojection of the individual filtered projections, shown
within a rectangle, first row) as an example. Two sinogramsp, the same Fig. 1 (bottom, fifth row).

(denoted byf, (p) and fs+a4 (p)) obtained from the same

refractive index slicef (-, y) are shown in the second row. 2 2 Radon transform of angular derivative

Each one is calculated at two slightly different projecting an-

gles¢p and¢ + A¢, with A¢ = 5°. Thus, they are mutually The angular derivative of a parallel projection can be further
displaced by a constant angle©f along thep—axis. Their  written as [1, 2]
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FIGURE 1. Parallel projection differences.
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but, for points belonging to the lingr, p csc ¢ — x cot ¢) and withu = p — x cos ¢ — y sin ¢,
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9 (p—xcosgp—ysing) = féé(u) <:ca cosgzﬁ+y2 sin ¢ + Ecosgba—x +sin¢@

o 0o ¢ 8¢)

=——0(u)[—xsing + (pcsc d — x cot @) cos ¢ — pcot ¢ + x csc p] = 0,

ou

thus, according to Eq. (4), this gives the result

So R @)} =, {;;f (m)} G

Another slice is also simulated in Fig. 2 (a triangule,
above) as well as the reconstruction of differences (below,
A¢ = 2°). Note the changes above and below the average
level.

Then, the Radon transform of the angular derivative of
the slice equals the angular derivative of the Radon trans, 4 Experimental difference extraction
form, which gives insight of the edge enhancement found in

the example of Fig. 2. Itis a reconstruction of the angmarAssuming the refractionless case, a projection at andsea

derivative of the slide.
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FIGURE 2. Parallel projection reconstruction (right) of a triangle
(left). 360360 pixels.

phase object of the form

exo i (57) £ 0] ©

When performing the superposition of two adjacent pro-
jections, an interference pattefp (p) of the form [1, 4]

ro =2{1+es |5 Goas - L)} 0

results. ThenA £, (p) of Eq(1) can be extracted with in-
terferometric methods. To carry out such a superposition, ap-
propiate storage of at least one projection is required.

Among others, ESPI (Electronic Speckle Pattern Inter-
ferometry) is a possible technique able to render experimen-
tally difference of phase projections because it contains the
required image storage of projection at angléspeckle pat-
tern), while the projection at angle+ A¢ can be extracted
from the real-time speckle pattern [3, 5]. Absolute value
of subtraction can be attained with this technique. Phase-
stepping techniques can also be incorporated to calculate
wrapped phase. With this method, it is expected to get im-
ages related with the angular derivative of phase slices.

3. Experimental set-up
3.1. ESPI set-up

Figure 3 shows the experimental set-up, which basically con-
sists of a Mach-Zehnder interferometer with a piezoelectri-
cally driven mirror in the reference arfr,8). Scattering
plates(6) help to speckle formation. A glass sample (im-
mersed in a fixed liquid gate) is placed in the other arm
and is rotated by a stepping mot(r0) driven by a com-
puter(12). Image of the exit plane is formed by lefi) on

the CCD(11). Photographs of some details are also shown.
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FIGURE 3. Experimental set-up (ESPI). 1. Laser, 2. Microscope objetive, 3. Pinhole, 4. Lenses, 5. Cube beam splitters, 6. Scatter plates, 7.
Mirrors, 8. Piezo driver (PZT), 9. Sample & liquid gate, 10. Stepping motor, 11. CCD, 12. Computer.

3.2. Phase matching test (condition for parallel projec- divided by the plate borders (three thin dark lines) and a pair
tions) of bright parallel lines formed by two caustics (middle of the
field). The central region between bright lines shows practi-
. . cally only one interference fringe, indicating a near constant
Flgure_ 4 shows t_hree ln_terferograms of a plane-parallel glaaﬁhase distribution. The two side regions shows nearly paral-
plate immersed in the liquid gate as seen thrOL_Jgh_the CcC el fringes suggesting a linear phase variation.
Interference results between two adjacent projections. The
patterns are watched at the computer monitor as a result of This observation can be explained in terms of Fig. 5,
speckle pattern subtraction. Each interferogram appears dwehich shows some parallel projections of a rectangular slice
to phase shifting in the reference arm. The entire field resultsvith constant refractive index. The two rays passing through
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FIGURE 4. ESPI interferograms of a plate in three different phase
shifts.
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FIGURE 5. Parallel rays crossing through a rectangular section
without refraction.

the plate but crossing a plate’s inner corner define an aree
with a constant optical path in between. This region corre-
sponds itself to the area between bright lines in Fig. 4. From
each of the above mentioned rays to the ones touching the
outermost plate’s corners, the optical paths decrease linearly
These are the two areas of parallel fringes of Fig. 4. The
result is interpreted as a consequence of approaching the re
fractionless condition.

4. Experimental results for optical tomography 1 i o 00
with ESPI

FIGURE 6. Sinogram of the rectangular object and its reconstruc-

Some typical experimental results from the system as detion:

scribed are shown. The sample is rotated within the angular

range from)° to 180°. Projections for the ranges0° to 360° of discontinuities, so unwrapping of one and the same pro-
are obtained by using the symmetries of Radon transformgection at a given projecting angle gives values with certainty
as usual. Angular step was 06f91°. Oil refractive index up to a constant. This gives discontinuities algnepxis.

was1.515. At the right of Fig. 6, a reconstruction by backprojection
of filtered projections is also shown. Although some rect-
Example 1. Glass plate angular distribution can be retrieved, no edge enhancement

could be detected.
The sinogram of one of the preliminary results is shown at
left of Fig. 6. There are some information to be recognizedexample 2. Glass bar with square section
in the sinogram. However, discontinuities alopgndp di-
rections are to be seen. They arise mainly from to the phaseéx glass bar with nearly squared cross section was used as
unwrapping algorithm, which gives rise to arbitrary phaseanother test object. This time, the sinogram was subject to
levels of piecewise constant values. On one side, there asome process before reconstruction. Taking into account the
no relation between projection differences of different pro-two main sources for discontinuities as described, identifica-
jecting angles, which accounts for discontinuities along theion of segments of constant phase was first carried out with
¢—axis. On the other side, projection differences show pointshe help of simulated projections. One of such segments were
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the ones corresponding to the projection values outside of the
object boundaries, which have to be of zero value. Choos

ing one side, say, the left side, for a given projection differ-

ence, the average value corresponding to that segment w

subtracted from each experimental data of the same segme

The same procedure was applied to the right side segment
This procedure did eliminate discontinuities outside the ob-

ject, as the plots of the Fig.a7show. Then, the procedure

lives inspection of only the central part. No further changes
were done because no high discrepancies with simulatior

were detected. Linear interpolation was also performed to fil

the range where measurements were not possible due to hiip! @

frequency in the resulting interference fringes (betwg@h
and100°). Resulting reconstructions can be seen in Fig. 7
cy d. Edge enhancement is now to be recognized. High in

tensity is displayed at the square corners. At the bottom line

absolute value of reconstruction is displayed.

Example 3. Testing tube (out of centre)

As another sample, a testing tube was inspected. The tube

symmetry center was placed in no coincidence with the ro
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tation center. Processing similar to the previous case wa © @
carried out for the sinogram. Reconstruction effectively dis-

plays both outer and inner border sides, as well as its positio
which is revealed to be out of centeriflgig. 8) . Due to the
relative low values of differences, noise is to be noticeable

rFIGURE 8. Test of glass tube:af Processed experimental sino-

dgram, ) Reconstruction,d) and ) Modulus of reconstruction.

For visual inspection purposes, however, simple technique5. Conclusions

to minimize this effect (as thresholding) can be applied.

ba (d)

FIGURE 7. Glass squarer bar:.a] Processed experimental sino-
gram, b) Reconstruction,d) and () Modulus of reconstruction.

Rev. Mex. 5. 49 (3)

The proposed method have been probed to be plausible: in
particular, parallel projection differences can be extracted
with ESPI. Sequential reference derived from the measure-
ment of successive difference of projections offers a wider
measurement range with respect to an alternative interfero-
metric method that uses a fixed reference. The sample can
be phase-matched with the proper oil immersion within a lig-
uid gate, keeping condition of parallel projections. The same
method allows verification of matching condition. Of course,
proper fulfillment of matching condition sets limits to the
type of objects to be inspected under the method. Although
it was used a reconstruction method based on equal stepping
angle, other approaches can be more convenient, especially
in regions of quick phase changes, thus calling for other al-
gorithm types (algebraic algorithms, for example). Phase un-
wrapping must be performed in the sinogram plane for the
method to reach its full potential. Angular derivative display
can render enough information of refractive index distribu-
tion so as to get an idea of refractive index distribution. Re-
fractive index distribution recovery remains as a further work,
but it can be foreseen that radial derivative data is needed to
get enough information.
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