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Phase conjugation has recently represented a new technique for optical measurement. However, the optical
intensity of phase conjugate images is weak because the phase conjugate generation efficiency of photore-
fractive media is relatively low. In this paper, we have proposed a new method for enhancing the phase
conjugate image, and have discussed the quality of output images both experimentally and theoretically,
based on diffraction and propagation theories. The successful application of the presented method to surface
defect detection demonstrates the effectiveness and applicability of this new technique in this field.
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1. Introduction

Photorefractive media have been recognized as optical
devices that can be used for phase conjugate wave gen-
eration and beam amplification, and have recently been
applied to optical measurement, optical image process-
ing and optical computing V=,

As a practical example, if the phase conjugation is ap-
plied to optical image measurement, the output image
contains very limited aberration. Moreover, as a lens
system is unnecessary, it is likely that small measuring
devices will be realized based on this technology.

However, the phase conjugate generation efficiency of
photorefractive crystals is relatively low. Therefore, the
optical intensity of the output image is also weak ),
and it is desirable to increase the intensity of these im-
ages. However, the research on this problem hardly has
been reported.

In this study, we propose an image enhancement tech-
nique by using photorefractive two-wave mixing in order
to increase the intensity of phase conjugate images. We
also applied the technique to surface defect detection
as a demonstration of practical application, and it is
shown that the technique is very effective.

In this paper, the enhancement technique for phase
conjugate images based on photorefractive two-wave
mixing is examined, followed by an examination of blur
in the enhanced image which is made both by an exper-
imental and theoretical approach based on diffraction
and propagation theory of light. A surface defect on a
low-reflectivity sample is then detected using the pro-
posed method. ‘

2. Optics configuration for phase conjugate
image enhancement ‘

We consider a schematic diagram of the experimental
setup for phase conjugate image enhancement as shown
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Fig. 1.
gate image enhancement

Experimental setup for the phase conju-

in figure 1. A laser diode (LD) is used as the light
source (wavelength 532 [nm]), and the plane of polar-
ization is leveled using a half-wave retardation plate 7.
A four-wave mixing of counter-propagating pump ge-
ometry is used to generate the phase conjugate wave.
P; and Pj are forward and backward pump beams, re-
spectively, and Pj is the probe beam. PC; and PCy are
photorefractive BaTiO3 crystals (5 x 5 x 3 [mm]). The
phase conjugate image generated by crystal PCy enters
the crystal PCy at the input plane, and the image is
amplified by two-wave mixing (P, is used as the signal



beam, and Py is the pump beam). The distance from
the beam splitter BS4 to the input plane of the crystal
PC; is equal to the distance from the BS, to the image
pattern S. The size of the image pattern S was made
to be under half of the size of the crystal PC; and the
large aperture lens L3 was used in order to reduce a
blur in image enhancement. The incident angles are 6;
= 20[deg] and 6, = 50[deg]. The focal distance of lenses
L1, Ly and L3 are f; = 30 [mm], fo = 170 [mm] and f3
* = 60 [mm)], respectively. Pinhole PH is used in order to
reduce the scattered light.

3. Enhancement of phase conjugate image

We examine the amplification by photorefractive two-
wave mixing for the weak intensity of the phase conjuga-
tion wave, the experiment is performed with the lenses
L1, Lo, and L3 and image patterns S removed from the
optical system, as shown in figure 1.

The time variation of the phase conjugate output
P4(0,t) and the amplification output P4(L,t) are shown
in figure 2. The figure reveals that the amplification
output P4(L,t) is rapidly increased by 300 [sec|. The re-
markable change over 300 [sec] of the amplification out-
put is not observed and the output is almost 15 times of
the phase conjugate output P4(0). When the incidence
intensity ratio m (=P5(0)/P4(0)) is 1000; P4(0) is the
phase conjugate power near the input plane of the crys-
tal PCq, and is constant output value as the time passed
through over 10 seconds. P5(0) is the pump beam power
near the input plane of the crystal PCs and it does not
change with the time. :

The relationship between the gain g (=P4(L)/P4(0))
and the incidence intensity ratio m is shown in figure
3, The gain g increases with the incidence intensity ra-
tio m; P4(L) is the power of the amplification output
near the exit plane of the crystal PCy, and is the value
as the amplification output becomes constant. In this
case, the output value as the time passed through over
300 [sec| is used. L is the crystal length. In the exper-
iment, the measured value changes by the effect of the
slight vibration from the circumference of the experi-

.mental apparatus. Therefore, the mean value of many
measured values is shown in the figure 3. The dots in
figure are the measured values, and the solid curve is
the calculated value by using the coupled—mode equa-
tion . The experimental result agrees with the calcu-
lation result comparatively.

From the results in figure 2 and 3, it is verified that
the phase conjugate output can be sufficiently amplified
using the photorefractive two-wave mixing.

The result in amplifying the phase conjugation image
is shown in figure 4. The phase conjugate image that
is not emphasized is shown in figure 4(a). The image
is measured by the CCD camera in the position where
the phase conjugate image is reproduced and the crystal
PCs and lens L3 are removed from the optical system.
Although the edges in the image can be recognized, the
intensity of the image is weak. The enhanced image is
shown in figure 4(b). The image is measured by putting
the CCD camera in the position where it is reproduced
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(a) Phase conjugate image  (b) Enhanced image

Fig.4. Phase conjugate image and enhanced
image

at the size equal to the enhanced image. The optical in-
tensity of the enhanced image is about 10 times of the
intensity of the phase conjugate image. The blur of the
image is small, and the remarkable difference compared
with figure 4(a) is not observed.
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4. Examination on blur in enhanced image

We investigate the blur of the enhanced image both
experimentally and theoretically based on diffraction
and propagation theory. The analytical model for the
image reproduction system is shown in figure 5. If the
probe beam P3, containing the image information, prop-
agates distance L, in the z direction, the high-order
diffracted light is lost because the crystal PC; has a
finite aperture. In addition, the high-order diffracted
light of the input image (phase conjugate image) are lost
via the aperture of crystal PC, when the input image is
enhanced by two-wave mixing. The image reproduced
on the Z, plane is blurred by the apertures of the two
crystals.

Here, the z axis is defined as the propagation direc-
tion of the probe beam Pz and phase conjugate wave
P4, and the z axis is perpendicular to these two beams.

The analyzed image is assumed to be unidimensional.

The image distribution Ap(z, z;) on the plane of crystal
PC; is given in the following equation ®:
I

AL,

x/ Ap(xp,zp)exp{

where A,(z, z,) is the light amplitude distribution of
the input image pattern on Z, plane, A is wavelength,
L,, is the distance from the image pattern S to the crys-
tal PCy, and k is the wave number (= 27/)) in vacuum.

The image distribution A%(z,z) of phase conjugate
wave generated by crystal PC; on the Z; plane is given
by ‘

Ap(z, z) = exp(—jkLy)

—]k ('T _ IP)Z

i,

2z

A%(x, z:) = RAp(z, z¢)rect <5-)

c

where R is the phase conjugate generation efficiency
of the phase conjugate wave, D, is the aperture of the
phase conjugate mirror which is equal to the height of
crystal PC; (= 5 mm),.and rect(z) is defined as

1 (x<1)

recttx) =

0 (z>1).

The image distribution A%(x,z;) comes to A%(z,2,)
when it reaches the Z,, plane:

x J :
4w, 2) =\ 3 (kL)
OO * : (‘T _ xt)z
X A% (x4, 2) €xp § Jh~——
—00

2L,
The image from the Z, plane is enhanced by two-wave
mixing in the crystal PCs, the image distribution comes

}dmt. . (4)

to A% (z, zz) on the Z; plane in which the aperture plane-

of lens Lj is located:
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Az, zp) = L

) x?
exp {jk <L1 + EI)}

' 2 o
XF § \/9AL(Tp, zp)Tect T ) P jkz—Ll

2

k;—f} P(z)

xexp{—j

where, F'{-} means Fourier transform, and z, is the
variable used for the transform, g is the amplification
gain, D, is the height of the crystal PCy (= 5 [mm)]),
and P(z) is the function of the entrance pupil of the
lens. If lens aberration is neglected, we can describe
the function by the equation

P(z) = rect <%€) .

Therefore, the image distribution A%(z, z;) on the Z,
plane is given by

. J : z?
i) =3 o ik (12 57 )}
z2 '
x F {A:(l‘e,z’e) exp {jk—z}}
2Ly [ f ;=
Lo

I N S
MEXP J 1 2 2L,

x {\/§A: (—%,z,,) rect (— 2%5”)

L z? _( =z

where z; is the variable used for the transform, M is
magnification (= La/L;), and a ® b means the convolu-
tion operation of a and b. P(x) is given by

Z

P(z) = Dysinc | Dy~ _ sin(Dez/ALs)
AL,

- iL‘/)\LQ ) (8)

In the following analysis, the blur of the output image
is examined using equation (7).

When the unidimensional input image is given, as
shown in figure 6(a), the intensity distribution of the
output image is calculated using equation (7). The cal-
culation is performed with A = 532[nm], L,, = 250[mm],
L1=Ly=120[mm], D, = 5[mm], and D, = 60[mm].

The intensity distribution of the output image is
shown in figure 6(b), and is obtained by dividing the
range |z| = 1[mm]| into 256 equal parts and calculating
the intensity at each point. As shown in this figure,
the output image exhibits a gradient of the intensity
distribution at the edges of the image. Therefore, the
enhanced image is blurred compared with the input im-
age. ,

The enhanced image obtained experimentally, shown
in figure 7(b), is blurred compared to the input image
(fig. 7(a)). The intensity ration m is 1000 in order to
obtain the sufficient amplification gain. The intensity

. distribution of the image in figure 7(c) is obtained by
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unidimensional scanning of the intensity distribution of
the output image at the width of a pixel in the direction
of line width and converting the intensity distribution
into digitized value, it is normalized at the maximum
value of the intensity. A peak appears at around = =
0.7 [mm] which is generated by scattered light or mul-
tiple reflection between the lens and the CCD camera.

532

The sxperimental result agrees well with the calculation
result.

5. Application to surface defect detection

We examine the effectiveness of the presented method
to surface defect detection. The defect is measured us-
ing the experimental setup shown in figure 1. In this
case, the reflected light from the inspection object is
used as the probe beam. The inspection object is put
in the position used instead of the mirror M between
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_ Detection area

S
0 2 [mm]

Fig.8. Surface defect on the silicon wafer

(a) The image before enhancement
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0.5 1.0 [mn]
(b) Enhanced image

Fig.9. The image of surface defect

Fig.10. Surface defect on the black acrylic sheet

beam splitter BS3 and BSy4, and image pattern S is re-
moved. The enhanced defect image is expanded at 2
times in the lens Ls and is photographed by CCD cam-
era. The surface defect used in this experiment is a
scratch on a silicon wafer, as shown in figure 8. The
detection area is 1x1[mm)], and the line width of the
scratch is about 0.14 mm. The phase conjugate image
before enhancement is shown in figure 9(a); though the
surface defect can be recognized, the intensity of image
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is weak. The enhanced image is shown in figure 9(b);
the surface defect can be easily recognized.

~(b) Enhanced image

Fig.11. The image of surface defect

The surface defect detection of the black acrylic sheet,
in which the reflectivity is lower than the silicon wafer,
is examined. A surface defect(a scratch) on a black
acrylic sheet is shown in figure 10. The detection area
is 1x1{mm] and the line width of the scratch is about
40[pm]. The non-enhanced image is shown in figure
11(a). The intensity of image is weak. The enhanced
image is shown in figure 11(b). The scratch can be easily
recognized. In addition, the image is accurately repro-
duced as the shape of the scratch. From these results,
it is demonstrated that the small defect can be easily
measured by the presented method and the technique
is effective.

6. Conclusion

In this paper, we have proposed new method for en-
hancing phase conjugate images based on two-wave mix-
ing. The results of both experiments and calculations
demonstrated the following: (1) This method provides
sufficient enhancement of phase conjugate images, (2)
Blur of the enhanced output image was clarified from
experimentally and theoretically based on diffraction
and propagation theory, (3) Application of the pre-
sented method to surface defect detection confirmed
that small defects can be easily recognized and accu-
rately measured, and the surface defect image with the
sufficient intensity is obtained even when the reflectivity
of the object under inspection is low.

It is concluded that a simple real-time surface defect
detection system may be realized using the presented
method.
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