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What is the Ghost imaging?

L _ random patterned
Dlgltal camera with 2D sensor IHlumination (incoherent

eneral imaging Ghost imaging
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Correlation technique by using random patterned
illumination and single pixel detector
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Correlation technique by using random patterned
illumination and single pixel detector

2D sendor J;J

correlation function
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Glr.y) = 1 3 (Bu — (B La(x.1)

n=1

random patterned illumination
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First published paper of the Ghost imaging

measurement for photon pare generation

RAPID COMMUNICATIONS

PHYSICAL REVIEW A VOLUME 52, NUMBER 5 NOVEMBER 1995

Optical imaging by means of two-photon quantum entanglement

T. B. Pittman, Y. H. Shih, D. V. Strekalov, and A. V. Sergienko
Department of Physics, University of Maryland Baltimore County, Baltimore, Maryland 21228

(Received 22 December 1994)
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1 May 1995

Observation of Two-Photon “Ghost” Interference and Diffraction

APPLIED OPTICS LAB. D.V. Strekalov, A.V. Sergienko, D.N. KlyShkO,* and Y. H. Shih

Department of Physics, University of Maryland, Baltimore County, Baltimore, Maryland 21228
(Received 11 August 1994)



Correlation technique by using random patterned
illumination and single pixel detector

2D sendor J;J

correlation function
N
Glr.y) = 1 3 (Bu — (B La(x.1)

n=1

random patterned illumination
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Single axis ghost im

known random pattern
generated by DMD

/In(fv, y)T'(z,y)dxdy

correlation function
N

Glry) = - D (Bu— (B)I(x,v)

n=1

= (Bl(z,y)) — (B){I(z,y))
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Published papers of Ghost imaging
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3D Computational Ghost Imaging  ; s, ./ a1, science. 340, 844-847, (2013),
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Single pixel imaging

general imaging single pixel imaging

. . . . coded pattern illumination
single pixel imaging, anaIyFt)'ic orocessing

compressive sensing high speed imaging (limited illuminated patterns )

random pattern illumination
H 1 correlation based imaging
ghOSt Imaging low speed imaging (many illuminated pattern)
high sensitivity
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For comparison of the visibility

scanning imaging (scanning)
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Reduction of accumulated number

of computatlonal ghost |mag|ng

reconstructed image

weak point of ghost imaging

i increase of measurement time
small < accumulated > |arge
number low efficiency of object information

* random pattern illumination
- correlation method

focused on: regularity of illumination pattern
random pattern 2 Y g

circulatory pattern by Hadamard matrix

1 1 1 1]—— o
1 -1 -1 Il " 2 number
1 -1 1 117151 3
circulatory pattern characteristics
- entries +1or -1 * mutually orthogonal
- square matrix rows and columns
A hlhfﬁln f th mfrm n he regulari
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Applied for a circulatory pattern to ghost imaging

circulatory

pattern object collection lens

point detector

DoV
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Gl advantage !
ghost imaging(Gl) <—i
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Advantages of Ghos

timaging

General imaging Ghost imaging

Size of a single pixel detector is smaller than

down SiZing 2D sensor. Imaging lens free.

fast detection High response time about ~ GHz order.

Optical sensor for wide range wavelength

high flexibility for wavelength from gamma ray to mm wave has been
already released.

. oge s A correlation technique reduce an influence
hlgh senS|t|V|ty of light fluctuation.
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High spatlal resolutlon ghost |mag|ng by v mlcroscope
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Microscopic imaging detected by Gl-based microscope
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Imaging of non-uniformity diffraction object

sample: micro scale (CCD image)
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Imaging-position dependency
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Applied for Biological cell imaging

osteoblast cells derived from mouse (MC3T3-E1) 100 A\ — excitation
formed born and collagen 80 r i %1 — emission
after differentiated osteoblast cells 60 f *

fluorochrome: Rhodamine Phalloidin
- selectively stained with actine (cytoskeleton)

2t JI\

400 500 600 700

wavelength [nm]

source by Life Technologies Corporation

microscope ghost imaging cytoskeleton
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Applied for Biological cell imaging

_ - _ — - e —

osteoblast cells derived from mouse (MC3T3-E1) _ 100 NI\ —excitation
formed born and collagen = 80 r %1 —emission
after differentiated osteoblast cells % 60 [ f 2
(0] °®
e 40 A
fluorochrome: Rhodamine Phalloidin © i H
. . : . 2z 20 \;
- selectively stained with actine (cytoskeleton) § 0 | j
400 500 600 700
wavelength [nm]
source by Life Technologies Corporation
microscope ghost imaging

cytoskeleton

.excita’Fion > 1/100 _excita’Fion
iIntensity: 87.75uW intensity: 0.77uW
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Ellipsometry

(D,

incident “9ht\\/eﬂected light

sample

basic configuration of

measured value
D,y
-rotating analyzer

*rotating retarder

_ -data
*phase modulation
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-linear fitting

Measurement of polarization difference
between incident and reflected light of sample

D: phase difference between P and S pol. wave
y. amplitude ratio of P and S pol. wave

y)

%

ellipsometry

optical properties
refractive index: n, k
dielectric constant: e

_ absorption coefficient: a

geometrical parameters

thickness (film sample): t
roughness: Ra, == -

optical model
of the sample

-classical modeling
(Drude, =-*)

“rigorous modeling
(FDTD, RCWA:--+)

base

analysis process of ellipsometry
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Category of optical setup for ellipsometer

rotating analyzer type

Analyzing ellipso-parameters by rotating analyzer
*simple setup
*low speed
*point measurement polarizer analyzer

sample

rotating retarder type

Analyzing ellipso-paramers by rotating retarder
-high accuracy analyzer
low speed

-point measurement polarizer

retarder

sample

phase modulation type

Modulated polarization states by using phase modulator
*higher accuracy and sensitivity
real time measurement
*point measurement phase

modulator
(S. N. Jasperson et al., Rev. Sci. Instrum. 40, (1969)) sample

polarizer

analyzer
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Phase modulation type_elllpgomegr (S. N. Jasperson ef al., Rev. Sci. Instrum. 40, (1969))

sample (D, y)

single pixel detector

1)
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For 2D detection
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phase modulation by using photo-elastic modulator (PEM)

0N Ve,
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Prmaple of phase modulated elllpsometer usmg PEM

(S N. Jasperson et al., Rev. Sci. Instrum. 40 (1969))

sample (D, y)

single pixel detector
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17 2f
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Principle of phase modulated ellipsometer using PEM

7 (S. N. Jasperson et al., Rev. Sci. Instrum. 40, (1969))
sample (D, y)

ESE
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Linearity of correlation coefficient

=S

simulation conditions

partial transparency

(I rf‘lago%) total size of sample 100 X 100 pixels
aperture size 4 pixels, block pattern
transparency I - 100 %
evaluation: averaging total size of random pattern 100 X 100 pixels
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sample ghOSt image ecaluation value averaged intensity
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Linearity of correlation coefficient

=S

simulation conditions

partial transparency

(I rf‘lago%) total size of sample 100 X 100 pixels
aperture size 4 pixels, block pattern
transparency I - 100 %
evaluation: averaging total size of random pattern 100 X 100 pixels
random pattern size | pixel
accumulated numbers | - 10000
sample ghOSt image ecaluation value averaged intensity
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Principle of phase modulated ellipsometer using PEM

(S. N. Jasperson et al., Rev. Sci. Instrum. 40, (1969))

sample (D, y)

ESE

single pixel detector

I1(t)

PEM(0’, £, d) Incident

" pol (45) =50 kHz angle q Pl (8

measurement process

M M M M Fourier analysis
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Pr|nC|pIe of Ghost |mag|ng elllpsometry

Sample (D, y)

PEM(0’, £, d) Incident

/=50 kHz angle g,
random pattern illumination

detected intensity
I (t, n) = M{l +sin 2/ sin A[l .038sin 21;{[]+ sin 2y cos A[O.864 cos&z;fL]}
4 1f of
correlation function Gi(x»Y) (i =dc, 1f, 2f)
Gi(an/): <Il(x9yan)1i(n)>
- <[l (xa Vs n)><lz (n)>

Phase difference

- tan—l[ 0432 Gy, (x,3,n) ]

0.519 Gy ;- (x, ,n)

ydfl @ lens
’ single pixel
' [ ' detector

Pol. (45") 13“ 2)

] & . .
(I,(n)) = ;Zli (k) Amplitude ratio ,
= 1. G, (x.v.n) G, (x.y.n)
Y =—sin d + !
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Principle of Ghos

timaging ellipsometry

Sample (D, y)

PEM(0’, £, d) Incident
. f=50kHz angle g,
random pattern illumination

measurement process
>, o
= 5e
(%] >
® Fourier analysis = correlation
-E g- Idc(n)
" ®

=)

frequency
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22
A= tan_l 0.432 Glf (x,y,n) Glf (X,y,n) GZf (.X',y,l’l)
0519 G, /(x,,n) 1.038G,, (x,y,n)¥ | 0.864 G, (x,y,n)
accum. num. 1000
A08A%T9:5 -156 +0.0005 180°
D setting
value
-180°
45°
y
OO
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Simulation results of correlation functions (uniformity sample)

0432 G, +(x,y,n
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Numerical analysis for accuracy of the Gl ellipsometry

conditions
modulation 50 [kHz]
setting value D—=-180~180°, y=0~45°
accumulated number n=50000 [5]
pattern size 100x100 [pixel]
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Numerlcal analy5|s for patterned sample of the Gl elllpsometry

Q single pixel detector

U

50x50 [pixel] o Q!\

(45 analyzer
. . -
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accum.
num. 1000 10000 50000
180
>
D o
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-180 —
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<
y o
@
O | S
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Optical setup of ghost imaging ellipsometry

photoelastic

modulator
(Odeg, 50kHz)

o (45 deg)

polarizer
(45 deg)
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time
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_G_host imaging eIIipsom_e}er

e -

DMD 0.45inch WXGA S450 DMD sample 10 mm
wavelength 550nm '
projector
contrast ratio 10000:1
size 1280%800 [pixel]
frequency 42.08 [kHz]
PEM

setting | 550 [nm]

otical synthesizer Project”

Dec. ZZ, ZUT4 al AIST



Accuracy measurement of PME W|thout GI

PMT
DMD projector
Lens
N =100 [mm)]
BPF: A=550 nm BK7 (457
PEM
n=1.519
=42.08 kHz
180 swwwEEEEEEaaT 12
120 1 — theoretical 10
— 60 T ® experiment o 8
eh D)
o o
o, 0 r puEREEEN -~ 6
> B
-60 4
-120 2
-180 — 0
50 52 54 56 58 60 50 52 54 56 58 60
incident angle [deg.] incident angle [deg.]
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Numerical analysis for accuracy of the Gl ellipsometry

SN

50x50 [pixel]

n = 40000
| lens
BPF: 1=550 e F7100 [mm]
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Experimental results of Si and Au surface

experiment condition Gy
Sample Si, Au ﬂ"‘f?':'s'_'. E..
Accumulated number 46000 (30~hour) :.3".‘ ." ;T.' :
Pattern size 50 x 50 [pixels] “,'-'. : -, -"'. :!
Pattern resolution 25 x 25 [pixels] P . ". - '
Block size 2 [pixel]
Average number 64

reconstructed image
of phase difference
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spectrum analysis
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Conclusions

Applications of computational ghost imaging for weak intensity field
has been proposed.

* fluorescent microscopy
- fluorescent cell image detected by 1/100 weak intensity
* ellipsometry
- 2D ellipsometrical image for phase modulated ellipsometer
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