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ABSTRACT

A Study on Digital Holography Microscopic Using Fringe Stabilization
System

Choi, Tae-Ho
Advisor: Prof. Kim, Kyeong-Suk Ph.D.
Dept. Advanced Parts & Materials Engineering

Graduate School of Chosun University

Holography is an optical technique in which the wave nature of light is used to
produce three-dimensional images of an object of interest. In addition to the at 2D
representation of a photograph, the holograph also records the depth of eld by recording
the phase of an incoming wave eld. The principles of holography can also be used to
examine the optical properties of transparent media. The refractive index of a
transparent material is dened to be the fraction by which light slows down as it
propagates through the medium. A digital holographic microscope (DHM) has been
constructed to measure the refractive index of living biological cells as this information
has been shown to be an indicator of cell health and is also central to cellular
biomechanics measurements made with optical force instruments. In order to nd the
index, the DHM records interferograms which quantitatively measures laser light's
change in phase as it traverses the cells. These interferograms are then processed to

reveal the cell's refractive index and height. The theory and design for the DHM will

— viii —
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be presented along with a full discussion of the interferogram processing algorithms.
The experimental procedure will be outlined in detail, and verication for the integrity of
the index measurements will be discussed. Finally, a summary of refractive index
measurements made of red cells at several wavelengths will be presented.

A digital holographic microscope that can be used to measure the refractive index of
biological cells at different wavelengths that extend to the near-infrared spectrum was
built. The interference pattern produced by the reference and object beams was recorded
by a CCD camera. The recording process followed a special procedure -called
decoupling procedure. Three digital holograms with different interference patterns were
recorded by varying the refractive index of the cell medium.

holographic experiments based on LabVIEW are demonstrated in this work in order
to offer a teaching modal by making full use of LabVIEW as an educational tool.
Digital incoherent holography enables holograms to be recorded from incoherent light
with just a digital camera and spatial light modulator , and three-dimensional properties
of the specimen are revealed after the hologram is reconstructed in the computer. The
experiment of phase shifting incoherent digital holography is designed and implemented
based on the principle of Fresnel incoherent correlation holography.

An automatic control application is developed based on LabVIEW, which combines
the functions of major experimental hardware control and digital reconstruction of the
holograms.  The basic functions of the system are completed and a user-friendly
interface is provided for easy operation. The students are encouraged and stimulated
to learn and practice the basic principle of incoherent digital holography and other
related optics-based technologies during the programming of the application and
implementation of the system.

Due to the characteristics of the optical metrology technique, a process to remove
some noise due to the complexity of an optical system is essential. for constructing an
noise-reduced interference system, has less noise factors than the conventional
transmissive type of the digital holography system. Also, in order to stabilize the digital
holography system, the corresponding error signal to the movement of the interference

fringes generated by the external environment, when the external air flow, th vibration

_iX_
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and so on are applied to the interferometer, is controlled. An interference fringes
stabilization system can be constructed by using a method that the low electric voltage
is applied to a piezo-electric element. The measured results are compared with those
obtained from the conventional transmissive type of the digital holography system. It is
confirmed that the digital holography system with an interference fringes stabilization

system can obtain more stable results than the conventional method.
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[Fig. 2.1] Surface of integration
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[Fig. 2.2] Diffraction by a flat screen with an opening
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/fexp [jk(ryy +71)] cos (n, 7y, ) — cos (n, 7y,
Fo) ])\ T21701 2

S9 Av: B9 Ao PHE 2 HeW 5 b FHoR =
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o
ol
ol

lo

uh @A 2 A 7] w o] oF

FU2HdESE 2214049 G7F FHUE¥E ot} Screen HEHHo| f]A4}o]
180° &Fo]7} 91+ mirror source’} EA| Sk ololtol & EQlg] EAE &4

Sich Ashae B e
[/‘ eXp jlﬂm) o
P,) B ———————cos(n,ry )ds (2.20)

u(ppel [29 23JeM el P, o $A% 7 Hgdolsta drkd 4
(22D3 Zo] AAZ + Ut

exp (jkry, )

UP,)=A
To1

(2.21)

exp k To1 + 1T R
Up,) = [/ BT cos(n,ry, )ds
JA 21701

222D ddy-Fv=2dE 33 gHoxm duA k. o 422002
AEdE ardske] AQ22)9 2L FHARELE 2¥8F F Uk
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U(p,) = [/h(PO,Pl)U(Pl)ds

1 exp(jkry,) —

h(P,,P,) = cos(n,ng;) (2.22)

j_)\ To1
213 ZolAA-=gd A=
aY[24]9F £ 73kt ApertureE 317 SFAL

Po

Aperture P

2 2 2
= J " Hxg—x ) +H(3p—1) o

Observation
Region

[Fig. 2.4] Coordinate system of Fresnel formula

Aperture X &= F%3] W2 EFTH AW A gk [Fig. 24100419 2
o] Screene- FHolw A FHREA (r),y,)E AETT BF G2 2=

Aoz e "ojd Al fA. 23w Fug HT (v,y)) FEAL

|

grolth. 9194 (222)8 =4t (z,y,) N4 field amplitudeE o}l 2} Zo]
=

==
)
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U(xoayo) = [/h(xO’yO;xl’yl)U(xl’yl)dxl’dyl

1 €exp (ﬂﬂ”m ) —

h(fco,yo;xl,yl) = cos (ﬁarm) (2.23)

]7 To1
Aperture = o] G oA complex amplitude”’} Qolets 71233 AA =4

2 WsE @249 AR 992 FAGE som dugich Ty, 4

(223)2 vt Zo] AAE & Sl

U(zg,y,) = //‘h(:Uo,yo;:vl,yl)U(:vl,yl)al:vlaly1 (2.24)

ol WNE 22239 hlzgyyrny) & Tt 2k

1 .
h('roayoixla%) = Wexp(]krm) (2.25)

Exponent®] r,, & 74ed] z #}al A £ gtk dlvstd, r,, o wElA
= ke glel mE AE7F g7 widelw ek ko) ghel Avhu 914l gl
oM 2rnth & 2 A7k AT S e
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1(150"'5”1 )2+ 1(90_91 )2} (2.26)

3’/}% h(-’to,yo;-’tpyﬂ oﬂ Eﬂ(ﬂé}]ﬁ /51(2.27)3’/} e

(2.27)

2.2 olvx A4 R AFA

Mirrorl

/ Object

az2

B.S

Laser Source h
Mirror2

B.S

[Fig. 2.5] A schematic set up of the above two-phase moving digital
holography

set upS- [Fig. 2.5]¢ 2t} 71&5
7

$]4} o]F Digital holography2] <ul= <l

2} & UAAE BEse] @44 CCD olux =
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5
A

A s)ar
7155 5= CCD olv#] &#le] 9A% Hue E=a99d 52 CCD oYl
A sgrielela @

Yy i

- L
-
- -
- -
P - / .
- ol -

|
4

Objsct plane Hologram plane Image plane

[Fig 2.6] Coordinate systems for Digital Holography

Ho] A 9] complex amplitude”} Uo(x,y) 21 s, CCD o] v x5

gholl ofal] ofefu} o] 4t

=4

Hol 41 o] complex amplitude U(z,y)& Fd 4

F k.

F E

’ ’ _ ' 2 _ ' 2 ’ ’
Ulz,y) = ﬂUO (x,y Jexp [ikzo +ik (e—2 )Qjo(y y) dx dy (2.28)

AR Fetol A FREE 2z, & B4 3

9] 2(2.28)01 4 ]
d EAS Uly)e 5530% Uyley)e 7=
2 e

o] A oltt. oAl Vs
A F J=s 2210

710kt gAY of 7l FAZ R
intensity F¥ & 7] &3} A "}

Iy(2,y,6) = | Up(a,y)exp(i6) + Ula,y)|* (2.29)
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el HelA § = gl E g A o] BE §142 Ve, o}

Ly (2,;6) = | Ug|* + | Ul + 2R[ URU " expl(id) ] (2.30)

Intensity correlation modeling2- &-&3] =213 HH AL EAe HEHAi
A& Uy 780 Ulry)s o] Fed d&S o] 83 ofefst o] &
A HarnEon 2] sk

rE A

(X—2)+(Y—y)’

Ul(x,y,z):/ U(x,y)exp[ikZJrik dxdy (2.31)

9 A@3DNA HEL CCD o|uAFHeZHE o] Fojzl ez CCDY
Zz1e el Fepeixinh. A FuelA Hatd HFaE Ulry)s 223D
of digshAl = 42329 &2 ds d& 7 At

U,(X,Y,Z)=exp [ik(zo+Z+ %)} // // U, (z'y Jexp

s o . .
ol +yt (1 1Y) 2ty [ Xy Y v
{zk[ 5 (Zo + Z)Jr o, x(+ ) y(—+ — || (dwdydz dy (2.32)

ARATIA S ALl Z E Z=—z ¢ ol FHIthd 9¢ (232
exponent Stel Sl z & y o AW TS APA L ofgf & Eo] Ao o
Folzlnh
U(X,Y,—z,)=U,(X,Y) (2.33)

233)4e S8 =A HdoMe] HaZEo) Fx7) M A A
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222 5242 olvx A7

F2agel @ AAME G gol F oA Wl otk ¥ wye
(23029 71k sheh A A B L exponentd] EEA T HANE o] &3
sl ok A e st 2t
2
U,(X, YZ)eXp[zk( X+Y )]/ Ulyexp(zk ZY )
x exp(— ik%)dwd(y (2.34)
(2.34)2] 8- parabolic phase functiono] &}z HAzZIZ o] 2z o] W

oz A% 4 Qlrh. EA WHL (231)24]& convolution 02 o]3|s}

rir

7otk & CCDo|A B Z3} parabolic phase &<F¢]| convolution %

’

Feieta B 5 ook 1 £obd mde ted 2o

ol

}:L:

U&mZ) = explinAz(& + )] UE,n) (2.35)

21(2.30) ) A1 & [71(5,77)% ofgel o] Ao HiE=  Ulx,y)e Fourier

transformo| v ¢&bn ZFzF oy WbEFe] Fapro|th

O = [ Ute.y)explizn(ce+ )] drdy
U&m:Z) = / U,(X,Y,Z)expli2r (EX+nY)]dXdY (2.36)

o] HWhfol X WA CCD HwWo|x e HirzxlZel Fg

2

| Wge P35l
LS §E AdE (2.36)
2 oMY Tlenz) 3 Fdetmz Al dFee] WIS HTFOZA
UX,Y,2) & 9& & 9ok

(2.35)2] o)A * ¥ parabolic phase functionol] 3%t

kY
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U(x.v.2) = [[ Glemziexsl—izn(ex+nYldsin (2.37)

2 %

flo

A Ao Aok A
& o 5 Ao A 3H& EH-8H= Zlo] phase unwrapping©]
th 91 A2 32 samplingS- $1%H7]<=¢1 Nyquist rateo] 23+ 34y sampling
H] S ®H53E wrappedo] 91737 unwrapped®] 914k #HA|A e (238)% a4
Al e ¢la) o) ThI68-69]

Wig(a)} = &(a) = ¢(a)+ 27k (2.38)

9] Ao Al Wi wrapping®] FAbAel a1 b(x),¢(x)E ZH7he] wrappedo] 914}

I AAEAZR el olwf k = A, av samplingd] wWE AFE @I
t}. wrapping 4= @3 B(2)7F —7 < ¢la) < 97} HA s o] Eeo] AL
of o3| wrapped 9147 HA 914S (23937 L

Agla)=¢la+1)—¢la), Akla) = k(a+1)—k(a) (2.39)

23943 (23949 o] 45te] wrappeds] §14A4E UERE (2400 #
o},

AW pa)}] = Agla) +2rAK (a) (2.40)

2] (240)% 1A wrapped A2kl A3k A HW 4 (2.41)0] Bk,
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WIA{W(g(a))}]= WA (D(a))}= Algla) 1+ 2m[ Ak, (a) + k] (2.41)

2 2ADNA k3 ke T WY wrapped MRS o] §-she] WERE o]
= wrappedol $142F7F ohE F-gbel &4 shA s

—r< ANopla)} <7 (2.42)
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[Fig 2.7] 1-D phage Unwrapped
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o a7 Ak,

Gunw = P + (27 X N) (2.43)

S 2243)9 A ¢, : Unwrapped Phase & ¢, : Wrapped phase, & N: Fringe
order o™ Unwrappinge 913 *5(N) AA L2 dd5 #& vlaste] waf

b2 A e e et Z47be] Pixelo] tidt Ao 9144 ghe W
@)

i

ke ¢elw: ARk 71 gy wjaste] 4 wEAl N& $7F shAu e
Al 71 "F2] o & Fringe order2- +-8}A] ® U}

HERY e F A4 AY 71583 Ao uhel Sensitive vector2- iL# 3
o F-&hA Av[71,72]
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JEZFre]l Aol vl vl GATE FAISa S dlgh 548 A2 st
W XsFe sdsh el 47 g F aEY A I Age
7y7y b3 2

E’)(l) = E’)Iexpz (E - wt+,) (3.44)
E’)( ) EQesz(E- — wt+,) (3.45)

= gew 2

—

I=E, « B,

— I+ 1,+2Re E\Eyexpi | (k, — ky) « 740, ¥,
=L +IL+2Re E’)IE’; cosf (3.46)

olm el 03 (K, —k,) « r+ % — @, otk 2(346) ol A FajelA F
F2 7 s AZIE @ ghelw, fi4elMel A7 = deolAd A
g2 39 ol Hrh 9] Ao AVIE HTT T gow 6}0% olrth tl At

AAFE 7L A4 H02 AAHET 2(346) oA F oEite] YAz
y-yy 7 LA AolE 6w WY re g5t Ho FihdelA] 9 ¥

Wzel dold HAFH dAET 9 4G40 & o] F4L A

-

_lz“m
i
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o
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I(t) = I+ Licos Dy + W(t) + kA (t)] (347)

bo: 174
w : Phase shift o] &=
kA: Phase WHZ7]9] ]3] &% o] Optical Path Length

eRd 4 9lt}. Phase detector®] &8 (Vom)S oleflo} zro] wd Hu)h

‘/mn, = II””I(t) (348)

(L, @& 9] A= Phase detector Y= i 5)
Phase detector A&+ F A&7} A& 2 ez whu A st =72 Qo
=V

I S
sk mholoj AR (V)2 WEH AT S5E AsE Ve + Vi

pm

o Y MNIE V,, =Vt V, &2 2E8Hh o7|A 1,5 TZH At o
5 gtelar v, = A" ¥ ool voltage otk EF fhe 7] 4l
slAE FAA 4(349)7 o] wd Hrh

Vouf Vbo (me[vbi+ 11111{II+IQCOS (¢O+w+kA)}] (349)

Closed-loop 3] 27} Cross€ W] 5% ¥ =¥ voltage= F+ beame] #F H =
dolel zpolol ol F& A=1,,V,, F W qHLA RER
L, % A dole A= 47 A%z A@se o] ek g ol

e}
Closed-loop 7|5 & AF&3F Al2~®le Qb4 3l Hr)
A= [ Vbo (me{ Vb/ + 1111112 Cos (d)o +U+EA )} ] (350)

(IJ

Closed-loop 94 o] EolA  0(t) = kA(t) = 2rA(t)/NE EdHo] Aty 4
(351) & Ve Rt}
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(3.51)

C,cos(B+0)=0+ C,
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[Fig. 3.1] Graphical solution of closed loop equation
A Z7] voltager= o}#f e} Zo] vepd 4 Arh

z, +w/2

Vi =RSL[ ., 1, +I2COS(27T)\Lh)]de (3.52)

. 2M T 0
Vi = RSUTw +— sm()\h)cos( ) (353)
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IZ . (ﬂ'u))

V.=RI  — 7 Sin N, (3.54)
Ul
w = Imaxg

X
a1, FAe] #ele A (@olA e el we AR I FH de) o=
HEkgheh, dlo] A Al wel FEE AT errorrt At Wi 7bA] F
% = Object Wo] A A= Optical path Zdo]|= WA= Ao Aoz #
ol FEEHE Yotk

O

Reference beam¥} Object beam A}o]of A 4k Zo]o] Wity AL 7HA
Shi= Phase detector7} glom o] Aol bl uwhet A1 ol A HHFH &

X4x
E9] o At HlE 3k Aol AEE A SIS Electronic control F-#o] ¢l
o] Hstel wldste] T WEe] #AH v %S WSk % ¢ Phase
modulator 2 -4 ¥ oiQlt}.

fo
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312 943 AQFA T4 2 49

UAd 2oy dv)d AL ey HAE ARES Hol AR
B 1} Hlo] Beam splittere] o]&] F wako 2 v}o] FHx X

= ANEE FHT EARY onAE gdctr] Sa dnd ded= A
thoolefdh Alawlo] kA3l 2 &elr] $lelA 7]1Z&# <] Michelson 7HA
T/dste] [Fig. 3.218F #Zo] &F Afoly e 5 ge®m b E AJ2d
< TSk

" PZT driver
iy O Mirror

Lens !
hotodiode

Cch

Laser

DAQ & PD_Amp

Computer

[Fig. 3.2]. Experimental setup of Stabilization interferometer

3.12.1. dolA

oA S ol gsle] HFHEZE WHEA 6328 nm I HolHE o] &3]
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Al = A Thorlabs
Laser He-Ne (632.8nm)
Model HNL225R

Beam Diameter 0.50 mm

[Table. 3-1] Specifications of Laser

3.1.2.2. CCD7} v}

CCD 7lWl gl ZAA¥+ "ol Ask4 g4 A (Charge Coupled Device)o] 72
#(Detector)& 7FA[a1 3= Jhvlete A9 b4 3l al& washar gt

2y olu| =& AHAs =y A& o] Aok

o, off

I Z= A FLIR
Model Gs3-U3-41C6M
image 2048%2048
Pixel 5.5 um
Shutter Global shutter

[Table. 3-2] Specifications of CCD Camera

3.1.2.3. Detector Assembly

VoltageH| 2.5 918k 7|5 T Fx AT-HE] Voltagexlol & HE
7] A% Aot
Type aelE ZEO0ILE
System sensitivity 1 microwatt/cm
Peak sensitivity 800 nm
Spectral sensitivity 350~1100 nm
Detector spacing 2.6 mm
Detector Size Fig. 6.2 &=

[Table. 3-3]  Specifications of Detector Assembly
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Photodiode

[Fig. 3.4] Detector Assembly Appearance

3.1.2.4. Control Electronics

FAHFHE Haste] Azl Aol 2sE G ot

Frequency response 0.5 KHz
Rolloff (adjustable) 10 — 500 Hz
Gain(adjustable) 1 — 100X
Monitor output 0-3.5 VDC

[Table. 3-4] Specifications of Control Electronics

3.1.2.5. Mimror(PZT) Assembly

9% fzelut A% 2 AW Fol o8 Wby FolwF Agroz W
ofste] 71ARH g3} Al7E G el
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Diameter

11.5 mm

Displacement

5 micrometers

System stability

1/20

Driver

Low voltage piezo-electric

[Table. 3-5]

o} Hol A HETHY &
2599 4w 243

{“/Collection @ chosun

Specifications of Mirror(PZT) Assembly
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Mirror Assembly

Control Electronics
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=
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mLIm 2
= T E10s

L]
7C j

Detector Assembly

Fringe error ‘

Stabilization Configuration Flowchart

[Fig. 3.5]

Stabilization control Electronic

[Fig. 3.6]

9] [Fig. 3.6] 7 o] 7]

3

of ul &

o
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= error voltageE ZA3l= AA Ao]:= Fig. 36 o ey Qi error
voltageWhF ool we] H dizt HaEE g Ho] Utk deolA Y
HE g5 REAA A2 Fringe: AGA7F BASLE o] AYAo]E

Fig. 36 ¢ & Zero =B 5 o] &3sle] xol& A|ZZ vhE5L M3 AE| 9

| 91814 Damp =B & HAHFH7E Hojg £549e] & W 7HA

-
o~
o
Pl
N

LEFor Sdr. =4 FE ZA XY Ao Ao o] vu§y]
ool o] A-fell= Gain =BEE LEHOR W (MHTHE HauY EE
el o2 At ol kA3 FEje] A& 7] #lslA Damp k¥
E iR df5er YA IAFHYE 25del Sl W 7 AAE 7

I

[Fig. 3.7] Stabilization basic circuit diagram

[Fig. 3.7] = Reference signal®} Comparative Signal2- &3t & Hkz A3
B WEste] zolE Mty Zol¥hE Zero =BE B ARHE Aol
gzl Ahstel @A Aelrk GelnTh WAH B THL 27 fAalA
Zero}l A Ejel A Damp =B 5 =W M3t @ 95 2] YA AT
He E£5¢ @gel wAwTh om AGAuE selH T 2L A
Gain =B 5 E2W Fringe7} &5 o] dojdn} Hzo=m 549 9
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B A EeAl A Damp k=B E k) wEkom EuA EE
t}. Closed-loop ¢l
2 Qg Afol¥hg

obA zto] AsHe wlFA Y 7bet ALY loopE &

i)

[Fig. 3.8] & CCD 7}v|g}E o] &3l o|m|A] & <o} Fig. 3.9 Labview T &
o g oluAE HEslY AEHstE 792 Hisle] fZols HALEE V)
J o) Al 7

A GolA FHAFHY Zaad ANEE HEFoFA
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= 00
-0.5

e o O
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[Fig. 3.8] Interference pattern stability measurement program

(front panel)
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I

Open Carenavi

[Fig. 3.9] Interference pattern stability measurement program

(block diagram)

[Fig. 3.10] Interference pattern and its profile
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Unstable wave form causer by external environmental factors
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[Fig. 3.12] Stabilization process by operating Control Electronics
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[Fig. 3.13] waveform measured after stabilization of interference pattern
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[Fig. 3.14] stabilization waveform after an external turbulence was applied to the
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[Fig 3.16] A schematic of a transmissive holographic interferometer
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[Fig 3.17] Reproduction of a hologram
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[Fig 3.21] A digital holographic microscopy with an interference fringe

stabilization device
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[Fig 3.22] LabVIEW Program for digital holographic microscopy

(front panel)
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[Fig 3.23] LabVIEW
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Program for digital holographic microscopy
(block diagram)
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[Fig 4.1] USAF transmissive resolution target
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Number of Line Pairs (me in USAF Resahving Power Test Target 1881
Gmp Mmber

- 3 - - - : - : ; g " - : - : - :
050 | 100 200 | 40 ROO | 1600 | W0 | BD | 1N
0561 | 10 | 2M | 4® RS | 7SR M8 | B
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amr | ot 28 ) BR | NN 2By | &Y | S0 | WD
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[Table. 4.1] Number of Line Pairs

Width of 1 ling in micromesers in USAF Resoling Power Test Tagel 1851
Group Number
A I R O IO I S O R O

1[['1{'}. mm'iﬂﬂm-mm | k] I nE . 1563 . T8 | | |
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TOEW | 355 1R7B 83 &1 2w 105 | 6% | IW

BNEE JU3E 140 TTS W TRD ) 9 | 1R | 1H

S120 BOED MOM TS 0 UM | AT 4B 109

[Table. 4.2] Width of 1 line in micrometers
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4.1.2 resolution target 2 ¢ 43}
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[Fig. 4.2] USAF Resolution target with groups 4 and 5
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[Fig. 4.4] The reconstructed phase image(stabilization mode On)
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USAF-1951 resolution target ¢] A Alxle g =3
Ad E2aHyd 4x Aol A 4~10mm 1A O
v}l A2 T hologram= Fresnel A3 =

o189 Zuugom v AHe olnx Fe A & gk

[Fig. 4.5] Measurement result of resolution target Test piece (z : 4mm)
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[Fig. 4.6] Measurement result of resolution target Test piece (z : 6mm)
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[Fig.4.8] Measurement result of resolution target Test piece (z : 10mm)
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32 GAS A7) YA L EFEAIE Width of 1 line = 27 ol A 17w 74A]
og F7]2 FHoJdil, EFAH Number of Line Pairs™ 17 mm o4 28 mm7} A
o] F7l= AAsiglen, EFAIA o] z&= 40 nmoll A 60 nm 7bA] v FSHA
F o]}, USAF-1951 resolution targetE HAstE #-4¢ OXAE ER= gy Hu
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[Fig.4.9] 3D-Shape restoration of resolution target
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[Fig. 4.10] Line profile of set 2 in group 4 of Fig. 4.9
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4.2.1 A& A -micrometer
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[Photo. 4-1] 0.0lmm Stage micrometer (Nikon)
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[Fig. 4.11] 0.0lmm stage micrometer(Nikon)

_71_

(*ICollection @ chosun



4.2.2 micrometer 23 243}
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[Fig. 4.13] Measurement result of micrometer Test piece (z : 1 mm)

[Fig. 4.14] Measurement result of micrometer Test piece (z : 10 mm)
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[Fig. 4.15] 3D-shape restoration of micrometer

[Fig. 4.16] 3D-shape restoration of micrometer
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[Fig. 4.17] Line profile of Fig.4.15

_75_

1.0

12



4.3.1 A €A Co, Spot

A eolA 7hE Ve oy T AR 54, EEaE, ofaY,

=
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[Photo. 4.2] CO, Laser machine used for fabricating quartz specimen with a CO;

spot
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[Photo. 4.3] Quartz specimen with a CO, spot
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4.3.2 Co, Spot 2 &4}

2 oAFeA o, Aol elgdte]l ATaAs MM Ax BHE

LN

@

[e]

15mm#*10mm#*2t 2 7}&sko] o g} & Aoz oA 7HEE& A S

om AFOFS- [Table. 4.3]3 7},

Output Power(W)
Duty(@skHz) Right head Left head
10 1.8 1.8
20 42 438
25 5.3 54
30 6.46 6.42

[Table. 4.3] Specification of CO, Laser Machine

CO, Spote]l w3 YHE  ERadgue  Fx HE: oA
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[Fig. 4.18] Measurement result of quartz test piece with a CO, Spot
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[Fig.4-20] Measurement result of quartz test piece with a CO, Spot (z : 1 mm)
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[Fig.4-21] Measurement result of quartz test piece with a CO, Spot (z : 2 mm)

[Fig.4-22] 3D-shape restoration of with a CO, spot
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[Fig.4-23] 3D-shape restoration of with a CO, spot
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[Fig.4-24] Line profile of Fig.4.22
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Erythrocyte
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[Fig.4-26] Erythrocyte image
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[Fig. 4.27] Measurement result erythrocyte Test piece (z : 0.6mm)

[Fig. 4.28] Measurement result erythrocyte Test piece (z : 0.8mm)
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[Fig. 4.29] Measurement result erythrocyte Test piece (z :
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[Fig. 4.30] 3D-shape restoration of erythrocyte

[Fig. 4.31] 3D-shape restoration of erythrocyte

_87_

Collection @ chosun



Depthiurm)

443 JAX

hologram date+=

Collection @ chosun

Length{um)

[Fig. 4.32] Line profile of Fig.4.30
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[Fig. 4.33] Measurement result erythrocyte Test piece (z : 0.4mm)

[Fig. 4.34] Measurement result erythrocyte Test piece (z : 0.6mm)
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[Fig. 4.35] Measurement result erythrocyte Test piece (z : 0.8mm)
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[Fig.4-36] 3D-shape restoration of erythrocyte
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[Fig.4-37] 3D-shape restoration of erythrocyte
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[Fig.4-38] Line profile of Fig.4.36
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