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Object MO CCD Image

=X\

Fig. 2.3 Configuration of Digital Hologram Microscope and Image
Reconstruction. MO : magnification lens, R : reference wave, O :
object wave, b : distance between object and lens, ¢ : distance
between CCD and lens, d : distance between CCD and image

plane.
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Fig. 2.4 Two-Dimensional Sampling by CCD.
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Virtual Image

Zero Order /

Real Image

W(& 77)

Fig. 2.5 Geometry for Hologram Reconstruction. z—y: hologram
plane, £—n: reconstruction plane, d: reconstruction distance, ¥(¢,n):

reconstructed wave front.
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(c) Phase-Contrast Image.

Fig. 2.6 Hologram Recording and Reconstruction.
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Fig. 2.7 Phase Unwrapping.
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Fig. 2.8 Problem of Digital Encoding. Phase-Contrast Image(a), and
Error(b) by 8-Bit-Encoded Numbers.
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Fig. 2.9 Wave Path of real image and virtual image. solid line :
wave path of real image, dotted line : wave path of wvirtual
image, MO : magnification lens, c¢ : distance between CCD and

lens, d : distance between CCD and image plane.

_22_



[Pixels]

Becaonstructed image Size

Fig. 2.10 Reconstructed Virtual Image Size.

_23_



Object Plane CCD Plane Image Plane

i i i
ale | E b e |
- g oL
i . ela . ela
Object  Objective CCD Image

Lens

Fig. 2.11 Hologram Recording and Reading Mechanism in the In-Line
Holographic Microscopy.
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Fig. 2.12 Phase of Digital Holographic Microscopy.
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(a) Transmission Type.

Hologram Plane
F

(b) Reflection Type.

Fig. 2.13 Thickness of 3D Reconstruction Image.

_30_



WAL Y ERaey] dnZe 49, 3Adon Ban gabes 911

w2 Al T4 Ad (k1) & (2.22)2 3 7}

E5 Ad (k1) S Ad (kD) £ 54 99 o] AR FA Aol BAHo
Aozt vk $H Ad(k1) £ AR WRE EASEE AR FAE 9T

adsfopsitt. ARl #HE o & LYt AAl AR FA A d = (2.23)4

d(k,l)=——— (2.23)

Ad (k1) & AR WRE BueA out BA Fo| AR 2L, W
2ule) AzAst wAaA Bt =D WA

=
%, E209 g JlFoR @ AY Aoluz, A FEst v

il
th = AA AR FA 3 d & (2.24)4 7 2}
Ad, (k.1
d(k,l)z—# (2.24)
(2.23)40 A & o Slke] FHd "UAd 2oy dndS o838tk 34

g g% an
wrep Fuhy vA" FRaev] delda WAy oAE SRy dv gl

Al 22 AAE 22 wER 54 € 5 9, 2.23)43 22045 °l

gale] Ao 2UES T 5 Ak FAE o & 22547 2

_31_



2 oA 3%
Ao A4

1529 2AES AA] 2 54 & 5 9la, o]

A5

o
v
fE
M

_32_

(2.25)

| e Aeart wAE 339



N3 & a8 2 28

1. Yudel 383 WA In-Line XY 2y An7

Fig. 3.1 4wkl 3% In-Line HAE =189 Av|4 ()¢ WAL
In-Line Hxd =9 &v]d (b)o] 7fefeolty. 7|24 742 25 vl
A (Mach-Zender) FAAISE 2t A5E T34 &S Fdisty] st
du)7d dEd= ML S ARS8, ZH VN(Variable Neutral Density filter)
AFH e BediHz el EROS 7] Aske] AREE T TEMoo
=9 CCDE &4 2xng 2 7le FdS 27] fste] 279 d=¢ AES
Abg3le] 3 3 7](Beam Expender)E F+A3%th B3k 23 7|5S 95
Al CCDE AHESIT. WA 9] A%, 33 A5+ F(Collimated Beam) & W&
7] 93 "4 W=(Condenser Lens)7} E L3t}

Fig. 3.1 F4% dUAY 2y dAvjdez &4 & O 7t A8 F
ko], 715 3 R ¥ Hste] CCDol E=219o] 7| Z 9k Fig. 3.1(b)E
AHE gAY SRy dujdom 24 F 0 7F Alsl WhALF Ho, 7] F R
I skl CCDol 2ol 7|58t SR ARSE= e 7F 3
Aozt dojopat, =4 Foll tigk 7l Fe] CCD YAz 0° oth

FHE gAd Ry dvidel 45 A (object) WS T =4
F2 A 24 Ee d¥or ARarr BAstER Ak e A A
2AES dolof HAMA AHA FAE & F vk vAE fAYE Ry

3 A5, A A sEel A A gl Al Apell ofdte] P EAprF EAY st
v, wAY =2dE Zagle]l vAAY HA FAE & ¢ Aoy, =
o

rlo
2

23

o

i
il
o

_33_



Object ML BS

M —
T CCD
VN TS A 0
q : |
Laser I M
v \

BS

\ _fl
Condenser BS Object

Laser

BS BE

(b) Reflection Type Digital Holographic Microscopy.

Fig. 3.1 Schematic of Digital Holographic Microscopy. VN : variable
density filter, BS : beam spliter, M : mirror, O : object wave, R :
reference wave, BE : beam expander with spatial filter, ML

microscope objective lens.
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Fig. 3.2 Digital Holographic Microscopy Using a Combination of
Transmission—-Reflection. VN : variable density filter, BS : beam spliter,
M : mirror, BEL1 and BELZ : lens for beam expander P : pin hole, ML :
microscope objective lens, MTS : transmission and reflection selection

component, CL : Condenser Lens, SL : loop change shutter.
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(a) Transmission. (b) Reflection. (c) SL.

Fig. 3.3 Transmission and Reflection Selection Component.
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Fig. 3.4 Beam Pass of Transmission and Reflection.
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DC Term
Virtual Image Real Image

S'=35, S=22 5'=30, S=27

S'=26, S=31 S'=17, S=40 S'=12, S=45
(a) (b)

Fig. 4.1 Reconstructed Image in case ¢+d=57 cm . (unit : cm )
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(a) (b) (c)

Fig. 4.2 Hologram and Reconstructed Image when c=d . (a) holog-
ram, (b) reconstructed image with 0" remove, (c) reconstructed

. . th
image without O remove.
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(a) (b)

Fig. 4.3 (a) Hologram and (b) Reconstructed image.
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Fig. 4.4 Hologram images constructed by the combination of a
reference beam and an objective beam that is passed through the

objective lens without objects.
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Fig. 4.5 Hologram images constructed by the combination of a
reference beam and an objective beam that is passed through the

objective lens with objects.
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(a) area B. (b) area A.

(c) area C. (d) area D.

Fig. 4.6 Zero Padding of Hologram.
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Fig. 4.7 Reconstructed of each area in A, B, C, D.
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Fig. 4.8 Reconstructed image obtained by a Zero Padding method.
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(a) (b) (c)

Fig. 4.9 Reconstructed Image after Suppression of DC term. (a)

Hologram, (b) Reconstruction Image, (c) area (b).

7

(0) (a) (b)

% 7/

(c) (d)

Fig. 4.10 Scanning Method.
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Fig. 4.11 Hologram Information by Scann
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(a) (b)

(c) (d)

Fig. 4.12 Hologram by Scanning Method.
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Fig. 4.13 Hologram Reconstruction by Scanning Method.
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(a) (b)

(c) (d)

Fig. 4.14 Reconstructed Image with Hologram Eliminated Object Wave
and Zero-Order Diffraction. (a) hologram, (b) object image at CCD, (c)
reconstructed image with hologram eliminated object wave, (d) reconst—
ructed image with hologram eliminated object wave and zero-order
diffraction with numerical filter.
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(a) (b)

Fig. 4.15 Reconstructed Image by Using Numerical Zero Order
Diffraction Elimination Filter and Object Wave Elimination from

Hologram. Cut-off frequencies of filter are 0 (a) and 50 (b).
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(e)

Fig. 4.16 Reconstructed Image with Hologram, which is Eliminated

Object and Reference Wave. (a) hologram, (b) intensity of object
wave, (c) intensity of reference wave, (d) reconstructed image with
hologram, which is eliminated object and reference wave, (e)
reconstructed image without elimination of object and reference

wave.
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(a) 3 X 3 pixels (b) 7 X 7 pixels

(c) 15 x 15 pixels (d) 30 x 30 pixels

Fig. 4.17 DC term Suppression Hologram by Subtracting Average

Intensity.

_63_



(a) 3 X 3 pixels (b) 7 X 7 pixels

(c) 15 x 15 pixels (d) 30 < 30 pixels

Fig. 4.18 Reconstruction of Fig. 4.17.
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(a) 3 X 3 pixels

(c) 15 X 15 pixels (d) 30 x 30 pixels

Fig. 4.19 Enlarge of Fig. 4.18 in Dotted Line.
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Fig. 4.20 Number of Pixel for Average.
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(b) 30 X 30 — 3 X 3 pixels (c) 30 x 30 — 10 x 10 pixels

Fig. 4.21 DC term Suppression Hologram by Subtracting

variable Pixels Average Intensity.

_68_



(a) 10 X 10 — 3 X 3 pixels

(b) 30 X 30 — 3 X 3 pixels (¢c) 30 X 30 — 10 X 10 pixels

Fig. 4.22 Reconstruction of Fig. 4.17.
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Fig. 4.23 Suppression Rate of Total Pixels Intensity.
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Fig. 4.24 Fourier Transform of Fig. 4.5.
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(a) 3 X 3 pixels

(b) 10 X 10 — 3 X 3 pixels

Fig. 4.25 Fourier Transform of Fig. 4.21.
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Fig. 4.26 Low Frequency Rate.
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Fig. 4.27 Hologram images by 50X Objective Lens.
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(a) 3 X 3 pixels. (b) 15 X 15 pixels.

(¢) 10 X 10 — 3 X 3 pixels. (d) 30 X 30 — 3 X 3 pixels.

Fig. 4.28 DC term Suppression Hologram by Subtracting variable

Pixels Average Intensity.
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Fig. 4.29 Suppression of Total Pixels Intensity.
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Fig. 4.30 Fourier Transform of Fig. 4.27.
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(b) 10 X 10 — 3 X 3 pixels.

Fig. 4.31 Fourier Transform of Fig. 4.28.
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(a) 3 X 3 pixels. (b) 7 X 7 pixels.

(a) 15 X 15 pixels. (a) 30 x 30 pixels.

Fig. 4.33 Reconstruction with DC Term Suppressed Hologram by

average Intensity Subtracted of Constant Pixels Number.
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(a) 10 X 10 — 3 X 3 pixels.

(b) 30 X 30 — 3 X 3 pixels. (¢c) 30 X 30 — 10 X 10 pixels.

Fig. 4.34 Reconstruction with DC Term Suppressed Hologram by

average Intensity Subtracted of Constant Pixels Number.
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Fig. 4.35 A of Fig. 4.33(a) and Fig. 4.34(a).
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Fig. 4.39 Hologram images constructed by the combination of a
reference beam and an objective beam that is passed through the

objective lens without objects.
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Fig. 4.40 Phase Reconstruction images constructed by Fig. 4.20.
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(a) Three-Dimensional Graphics.

(b) Density Graphics.

Fig. 4.41 Phase Unwrapping images constructed by Fig. 4.39.
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(a) Phase Reconstruction. (b) Phase Unwrapping.

Fig. 4.42 Fresnel Zone Plate Elimination.
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(a) Hologram. (b) Phase Reconstruction.

(d) Enlarge of (c).

Fig. 4.43 Fresnel Zone Plate Elimination after 10 Minute.
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(a) Hologram. (b) Phase Reconstruction.

(c) Phase Unwrapping.

Fig. 4.44 Fresnel Zone Plate Elimination after 1 Day.
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(a) Three-Dimensional Graphics.
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(b) Density Graphics.

Fig. 4.45 Plano—-Convex Lens.
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Al ym] n
0.5461 1.51872
055876 1.51680
0.5893 1.51673
0.6328 1.51509
0.6438 1.51472
0.6563 1.51432

Table 3.2 BK7 Refractive Index n Vs. Wavelength A.
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(a) Transmission Type.
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Fig. 4.47 Phase Reconstruction of Fig. 4.46.
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Fig. 4.48 Phase Unwrapping of Fig. 4.47.
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Fig. 4.49 Refractive Index Restoration.
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(a) Transmission Type.

(b) Reflection Type.

Fig. 4.50 Hologram of Plano—-Convex Lens.
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(b) Reflection Type. (c) Phase Inversion of (b).

Fig. 4.51 Phase Reconstruction of Plano—-Convex Lens.
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(al) Transmission Type. (a2) Transmission Type.

(b1) Reflection Type. (b2) Reflection Type.

Fig. 4.52 Phase Unwrapping of Fig. 4.51.
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Fig. 4.53 Distribution of Refractive Index.

- 112 -



Refractive Index [n]

Refractive Index [n]

1.8
1.6
1.4}
1.2
100 200 200 400 S00
[Pixell]
(a) Dotted Line A in Fig. 4.53.
2 -
1.8
1.6
1.4 F
1.2

) 7 = . T
[Pixell
(b) Dotted Line B in Fig. 4.53.

Fig. 4.54 Refractive Index of Dotted Line in Fig. 4.53.
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Fig. 4.55 Cr-less Pattern Spider Mask.
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(a) Transmission Type.

(b) Reflection Type.

Fig. 4.56 Hologram of Cr-less Pattern Spider Mask.

- 116 -



(a) Transmission Type.
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(b) Reflection Type.
Fig. 4.57 Phase Unwrapping of Fig. 4.40.
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Fig. 4.58 Refractive Index Restoration.
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Abstract

Study of Digital Holographic Microscope

Using a Combination of Transmission—-Reflection

HyungJun Cho

Department of Physics, Graduate School
Cheju National University
Jeju City, 690-756, Korea

(Supervised by professor YoungHun Yu)

Since nano technology was introduced recently, it has been used in studies
on material characteristics of non-organism such as carbon nanotube, single
electron transistor and semi—conductor. However lately nano technology has
been applied to biology for understanding physical and chemical phenomenon
of a molecular. It is expected to raise the revolutionary change throughout
bio technology such as biology and medicine. But, the past nano technology
has been restricted for applying to biology and medicine which must observe

a living body in real time.
Digital holographic technology has been developed for the last three
decades to apply to In-Vivo inspection, encrypting technology, 3D vision,

and holographic microscope. We call it 'digital holographic technology'
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that reconstructs 3D image of hologram recorded in CCD(Charged
Coupled Device) with wusing numerical diffraction calculation. This
technology was proposed by Goodman and Laurence, and realized by
Kronrod et al. The biggest difference in classic holography and digital
holography is the hologram recorder and 3D image reconstruction method.
A recorder can abbreviate chemical hologram process, and record the
hologram data in real time with using digital image recorder such as CCD
instead of holography photo—-plate. Also digital holography can get spatial
benefit, and moreover, save, copy and edit the measured results. And
unlike classic holography that reconstructs 3D image by optical method,
digital holography reconstructs 3D image by computer. Digital holographic
technology has more interest in large number of applications for a high
resolution real-time 3D observation when the technology of computer &
digitial recorder has developed remarkably.

However, we have some difficulty in embodying the image with good
signal to noise ratio because DC term including zero—-order suppression
and twin 1mage work as noise when the 1mage 1is reconstructed
numerically with using hologram from CCD. Holography is classified with
an in-line hologram and an off-axis hologram by the incidence angle of
reference beam. Gabor developed in-line hologram for the first time. Its
incidence angle of reference beam to objective beam is 0°.

In the in-line hologram, it is difficult to provide a clear image because
real 1mage, virtual image, and DC term can be superposed. These
problems were solved by off-axis hologram designed by Leith and
Upatnieks. We call it when reference beam enters with angle, and real
image, virtual image, and DC term are separated spatially. However, a
real image in off-axis is reconstructed within only 1/4 of reconstruction
zone. For that reason, it has a bad effect on FOV(Field Of View) of

digital holography because resolution of digital holography recorder is
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less than 50 lines/mm . Virtual image and DC term must be removed with
using in-line hologram to get a high resolution image.

Also, in case of measurement using the light, refractive index is an
important factor. The 3D depth information is distorted as much as the
difference 1in refractive index because each organizer in a living body
provides the various refractive index. Furthermore, refractive index can
give the information to convert the density of materials reversely. This is
useful information in test of sorts, densities of a living body, and defect
of materials. Only the Ellipsometry can measure object's structure and
refractive index simultaneously. However, Ellipsometry can provide a
fragmentary information of film thickness, but composes a 3D image. Also
its measuring time is very long because it is a scan type. Until now,
there is no report about any study on measuring a real 3D structure and

a refractive index simultaneously.

This study was performed to construct an in-line digital holographic
microscope to embody the highest resolution of CCD, and to research the
method of removing integrated virtual image and DC term effectively.
And, in this study I measured 3D structure and refractive index
simultaneously by constructing digital holographic microscope using a
combination of transmission-reflection.

At first, for the case of removing virtual image, [ researched the virtual
image removal method using geometric arrangement and the virtual image
removal method using a zero padding method. The virtual image removal
method using geometric arrangement 1s to use the phenomenon that
virtual image size 1s minimized with considering the distance from lens to
CCD, and the distance from CCD to a reconstructed plane. This method
uses specific property in holography using a lens. However, in case of

removing real image with a geometric method, there is some constraint in
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the measurement and reconstruction process. We studied the virtual
image removal method using a zero padding method that was studied to
complement this problem. The virtual image removal method using a zero
padding method uses also specific property in holography using a lens. In
an in-line digital holographic microscope, because the interference
information is recorded in a hologram with some local limitation, the
reconstructed image also is locally limited. That is to say, if we
reconstruct each of hologram after dividing hologram into 4 domains, then
we can get each of reconstruction image whose virtual image and real
image are separated. Futhermore, if we combine 4 domains after
selecting only the real images, then we can get a 3D image without
virtual image. The virtual image removal method using a zero padding
method has no dependence on hardware, and also exerts immaterial
influence on reconstruction speed.

In case of removing DC term, because its intensity is very strong,
much more than that of virtual image, DC term must be removed to
embody the i1mage with higher signal to noise ratio. In this study, it
researched zero-order suppression method using scanning, zero—order
suppression method using object beam & reference beam, and zero-order
suppression method using the average removal method to remove DC
term. Zero—-order suppression method using scanning is to construct a
hologram selectively by moving a subject of zero-order suppression, and
remove zero—order beam.

When using this method, it is inconvenient more than other methods
because it needs experimentally repetitive hologram saving and repetitive
calculation, but it can remove DC term effectively. Zero-order
suppression method using object beam and Reference Beam is to
eliminate the intensity of reference beam and object beam from the

hologram intensity. This method can provide a hologram without the DC
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term removed by eliminating zero—order beam and object beam. Because
this method doesn't use a scanning method, it gives repetitive work
inconveniency. But an object beam and a reference beam must be
measured whenever we measure a subject. And refractive index of
zero—order beam 1is significant as compared to scanning. Zero-order
suppression using the average removal method is used widely because it
can remove DC term with measuring a hologram once the reconstruction
speed 1is fast, and the removal efficiency of DC term is relatively higher.
The average removal method is to calculate the average of hologram
intensity and then to extract the average for removing DC term.
However, if we lower the average range(number of pixel to calculate the
average), then DC term elimination rate will be improved. But at the
same time, the high frequency region will be removed too. I researched
the variable average removal method. This method is applied with the
average range within a low frequency region and a high frequency region
of hologram by grade. In consequence, we have minimized the loss of
real image with maintenance DC term elimination rate.

Furthermore, [ developed a digital holographic microscope using a
combination of transmission-reflection by combining transmission
holographic microscope that is influenced by refractive index and
reflection holographic microscope that is not influenced by refractive
index, and then measured the 3D 1images and refractive index

simultaneously.
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