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Abstract

It is known that phase distribution of trnsparent object can recovered
from a measured Fraunhofer diffraction pattern by wusing the Fourier
iterative algorithms. Aithough this method provides simple means for phase
distribution measurement, the accuracy and sensitivity of the measurement
have not been fully examined.

To make this method practical the width of dynamic range for recording the
diffraction pattern is crucial because it determines the accuracy and
sensitivity of phase restoration. Hence, in order to achieve phase
restoration with high sensitivity, we applied a chilled CCD camera with
wide dynamic range to measuring the diffraction intensity patterns.
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Phase measurement using Fourier iterative algorithm

O HFRE. MRS, /MAE—
Kaoru Higuma, Haruki Koyanagi and Shinchi Komatsu

SRR AR T
Faculty of Science and Engineering, Waseda University

It is known that the phase distribution of a transparent object can be recovered from a mesured
Fraunhofer diffraction pattern by using the Fourier iterative algorithm. This method provides
simple means for phase distribution measurement, but the accracy and sensitivity of the measu-
rement have not been fully examined. So we practically measured some sort of Fourier intensity
pattems by a chilled CCD camera and restoered ther phase distributions.
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Output g <=—1— IFT Al_

(b) Hybrid input-output algorithm
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Phase Measurement using Fourier Iterative Algorithms - Improvement with Cooled CCD Camera -

BRET CUNHD B . KAR KE. /M E—
Waseda Univ. H.Koyanagi, H.Ohkubo and S.Komatsu
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Phase Distribution Measurement Using Fourier
Iterative Algorithms
- Improvement with Chilled CCD Camera -

H. Koyanagi, K. Higuma and S. Komatsu : Topical Meeting of the International Commission for
Optics on Frontiers in Information Optics (IC0O'94, Kyoto), 4P-25, Meeting Digest, 263, 1 9
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PHASE DISTRIBUTION MEASUREMENT
USING FOURIER ITERATIVE ALGORITHMS
- IMPROVEMENT WITH CHILLED CCD CAMERA -

Haruki Koyanagi, Kaoru Higuma and Shinichi Komatsu

Department of Applied Physics, Waseda University
3-4-1, Okubo, Shinjuku, Tokyo 169, Japan

It is known that the phase distribution of a transparent object can be recovered from
a measured Fraunhofer diffraction pattern by using the Fourier iterative algorithms.l'z)
Although this method provides simple means for phase distribution measurement, the
accuracy and sensitivity of the measurement have not been fully examined.

To make this method practical the width of dynamic range for recording the
diffraction pattern is crucial because it determines the accuracy and sensitivity of phase
rccovery.3) Hence, in order to achieve phase restoration with high sensitivity, we ap-
plied a chilled CCD camera with wide recording daynamic range to measuring the
diffraction intensity patterns.

Error-reduction algorithm and/or Hybrid Input-Output algorithm were adopted and
fairly satisfactory results like Fig.1 were obtained experimentally.

[} 0.1
0.45| 0.09)
04 0.08|
: 035 : 0.07
~ 03 ~ 0.06
Q02 5 0.05|
—g_ 0.2 5. oo
0.15| 0.03)
[*R1 0.02
0.05 0.01

0 = 0 -

(a) (b)

Fig.1 Restored phase distributions of spherical waves whose peak-to-peak phase differences are
(2) A/4 and (b) A/16. RMS errors are approximately A/20 and A/100 respectively.

1) J.R Fienup, Appl.Opt., 21 (1982) 2578-2769.
2) T.Iwai and H.Masui, Opt.Comm, 72 (1989) 195-201.
3) S.Komatsu and J.C.Dainty, Appl.Opt.Digest, (1990) 293-294;
H.Koyanagi, H.Ohkubo and S.Komatsu, Preprint of JSAP (Autumn 1993) 882.
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1. Introduction

[t is known that phase distribution of trnsparent object can recovered from a
measured Fraunhofer diffraction pattern by wusing the Fourier iterative
algorithms. Aithough this method provides simple means for phase distribution
measurement, the accuracy and sensitivity of the measurement have not been fully
examined.

To make this method practical the width of dynamic range for recording the
diffraction pattern is crucial because it determines the accuracy and
sensitivity of phase restoration. Hence, in order to achieve phase restoration
with high sensitivity, we applied a chilled CCD camera with wide dynamic range

to measuring the diffraction intensity patterns.
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(a) Error-reduction algorithm
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Fig. 1 Fourier Iterative Algorithms



2. Computer Simulation

We investigated the relations between quantization levels of Fourier intensity
ditributions and RMS errors of restored phase by a computer.
Algorithms that we used is :
HIO 100 + ER 200
(B=0.5)

Fig. 2 shows phase distributions and fig. 3 shows the simulation results.
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(a) (b)

Flg- 2 Phase distributions of spherical waves whose peak-to-peak phase
differences are (a) A/16 and (b) A/4.
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Flg- 3 Relations between quantization levels and RMS errors of restored phase.



3. Experiment 1

From the Fourier intensity distributions of plane wave and two spherical waves
with different radius of curveture, we restored their phase distributions and
caluculated their RMS errors. Fig. 4 and Fig. 5 show the optical systems for these
experiments. Fig. 7,8 and 9 show the results.

L1 mask - 12

He-Ne Laser I CCD Camera |—

—f —+— f—

NEC Frame | |
PC-9801 Memory

f = 70.0 mm

Fig. 4 Optical systeml (for plane wave)

mask L1
He-Ne Laser || CCD Camera ——1
——+—f—+—
NEC Frame | |
f = 70.0 mm PC-9801 Memory

¢ = 505.5 mm, 125.0 mm

Fig. 5 Optical system2(for spherical waves)
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chilled CCD camera :
A/D definition 12 bit
temperature of chips -30°C
pixel size 13umXx13um
frame memory : 16 bit
sampling space in the object domain :
Af/NAu = 8.87un A : wave length
f : focus length
N : sampling number
Au : sampling space in the Fourier domain
algorithms we used is :
HIO 200 + ER 100
(B=0.5

and initial estimate is random distribution.

Fig. O Constraints : Object domain and Fourier domain
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Fig. 7 Restored Phase and Modulus of plane wave
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Phase

Restored Phase ( Spherical Wave )

Restored Phase ( Spherical Wave )
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RMS Error (1)
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Fig. 8 Restored Phase and Modulus of spherical wave
(phase difference is 21/16)
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Fig. 9 Restored Phase and Modulus of spherical wave
(phase difference is A/4)
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4. Experiment 2

Ve applied this method to the phase object(fig. 11) practically. Fig. 10 shows

the optical system for this experiment, and fig. 13, 14 and 15 show the restored
results.

L1 mask 12
He-Ne Laser : CCD Camera
object | f— f—
f = 70.0 mm 'NEC Fraﬁic
PC-9801 ‘Memory

Fig. 10 Optical system 3

Algorithms that we used is :
HIO 200 + ER 300
(B=0.5)

and initial estimate is random ditribution.
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Fig. 11 Phase Object
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object 1 | object 2

Fig. 12 Measured diffraction patterns of phase object
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Fig. 13 Restored phase and modulus of incident wave.
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Fig. 14 Restored phase and mudulus of phase object 1.
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Fig. 15 Restored phase and modulus of phase object 2.
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5. Conclusion

a) We showed that we can restored phase distributions of object with high
accuracy and sensitivity by using a chilled CCD camera which has wide dynamic

range.

b) Also we showed that this method is effective to measuring the phase

distributions of minimus object.
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Estimation of a 2D Phase Distribution Using a
Fourier Iteration Method : Effect of the Number
of Quantization Levels and Minimum Detectable
Level

S.Komatsu and J.C. Dainty, Appl.Opt.Digest, (1990) 293-294
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Estimation of a 2D Phase Distribution Using a Fourier Iteration Method:

Effect of the Number of QQuantization Levels and Minimum Detectable Level

S. Komatsu* and J. C. Dainty

Optics Section, The Blackett Laboratory, Imperial College
Prince Consort Road, London SW7 2BZ

1. Introduction

By using the measured values of a point spread function as the image plane constraint
of the Gerchberg-Saxton algorithm, the pupil function of a lens can be estimated
iteratively for almost all cases. In this study, the effect of the finite accuracy of the
measured data on the estimation error is examined with computer simulation, and
several methods are proposed to reduce the estimation error.

2. Spherical Aberration

The spherical aberration of a single " o
plano-convex lens is taken as the first 50 \ Spherical Aberration
example. The relation between the i

finite number of quantization levels Q \ _

and the rms error of the estimated \ linear

pupil phase is shown in Fig.1 for a lens 20 — :
of reasonable size (F /11, f=220mm; /\ \'/!o‘g . |
..- 0\

marginal focus?, where the peak to
peak value of the aberration is about 2
A (A = 633 nm). For the case of linear

(A17100)
)

input, it is seen that Q=8192 is needed 5 > o—=

to obtain an accuracy of A/100, and e 2 SUB(=40%)  \

that ordinary 8 bit digitizing (Q=256) . SUB(D=16384) \

gives a rather poor accuracy of A/5. £ 2\ A

That is because the point spread - "

function has a sharp central peak. 1 L ¥ DIS_1(D=16384)
Logarithmic input is found to be effec- DIS_2(0-16384) \
tive to reduce the required number of =X .
quantization levels, if the zero level is S : \
restored properly, i.e., either by sub- . e .
tracting the minimum level, 1/D, 4 6 8 10 12 14
(SUB method), or by placing an dis- log, (Quantization Levels)
criminator in front of the logarithmic

amplifier (DIS_1 and DIS_2 methods), ) _ )

and only if 1/D can be made suffi- Fig.1 Estimation error vs finite accuracy
ciently low, in other words SNR is suf- in data acquisition

ficiently high. In DIS_1 method discr-

mination level is set equal to 1/D,

and in DIS_2 method to 0.5/D. For example, if the dynamic range D is as high as
4096, only 16 level digitizing is enough to obtain an accuracy better than A/30.

3. Step Distribution

A step phase distribution is chosen as the next example. As is usual in most practical
cases, the step distribution is assumed to be superposcd on a spherical aberration.
The net distribution is obtained by subtracting the spherical aberration from the re-
constructed total phase distribution. It is found that the subtraction of a reconstructed

* on leave from Waseda University, 3-4-1, Okubo, Shinjuku. Tokyo 169, Japan
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aberration, instead of the originally as-
sumed spherical aberration, gives
much better results. For example, in
the result shown in Fig.2, the rms er-
ror can be reduced from 0.027 X to
0.012 X, where the step height is 0.1 A,
the spherical aberration is 1/10 times
the previous one in Fig.1, and SUB
method is adopted for data acquisition
with ©Q=32, D=1024. This method
can be applied to the thickness mea-
surement of a thin film.

4. Irregular Distribution

As an example of irregular phase dis-
tributions, a human face is chosen,
which is shown in Fig.3(a) as a 64 x
64 array of 4 bit data. The peak to
peak value of the phase distribution is
set for 0.3 A. Figures 3(b) and 3(c)
show two typical results which are ob-
tained by SUB method with Q=32,
D=1024 and Q=32, D=16384. The
corresponding rms errors are 0.039 A
and 0.019 A, respectively. Phase imag-
ing microscopy based on this method
is shown to be feasible.

(a)

Fig.3 Reconstructed irregular phase distribution
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Fig.2 Reconstructed step phase distribution

(b)

(c)

\

(a) original (b) Q=32, D=1024 (c) Q=32, D=16384
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