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Background



Soojong Pak (CV)

] i .

Educations (Electro-Optics) (InfraRed)
1990 Feb B.S. Astronomy, Seoul National University, Korea
1997 Aug PhD. Astronomy, Univ of Texas at Austin, US

® Job Experiences

1997 Aug — 1998 May Postdoc, Max-Planck-Institut fir extraterrestrische Physik, Germany (Infrared Spectrograph, SINFONI)
1998 Sep — 2002 Dec Assistant Prof., Astronomy, Seoul National University

2001 Aug — 2002 Aug Visiting Associate Professor, ISAS/JAXA, Japan (Space Infrared Telescope, AKARI)

2002 Dec — 2006 Feb Senior Researcher, Korea Astronomy and Space Science Institute (Space Infrared Telescope, SPICA)

2006 Mar — Now Professor, Astronomy and Space Science, Kyung Hee University

(Astronomical Optical and Infrared Instrumentation and Observation)
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Electromagnetic Wave (EO/IR Bands)

I TS T T NS

Visible 04-0.7
NIR Near-infrared 0.7-11 Si
SWIR  Short-Wavelength Infrared 1.1-3 InGaAs, HgCdTe (MCT)
: MCT, InSb
MWIR  Mid-Wavelength Infrared 3-5 (Cooled Photoconductor)
LWIR  Long-Wavelength Infrared 8-14 (Uncooled Microbolometer)

Si, Ge, ZnSe, ZnS
F/ID <5

Chalcogenide, Ge
F/D<1.2

—

reflected
radiation

thermal
radiation

Driggers et al. (2022, Introduction to Infrared and Electro-Optical Systems) classifies that EO systems are those that respond to wavelengths within the 0.4 to 3-
mm region, where the light collected by an EO sensor was reflected by objects in the scene. The MWIR and LWIR band imagers are called forward-looking

infrared (FLIR) systems or imaging infrared (IIR) sensors.
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Optical & IR Astronomy
Star Forming Molecular Cloud (A Ori)

Optical °
(DSS)

IR

(AKARI-FIS)
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Space—based EO/IR Remote Sensing (Surveillance Reconnaissance)

.
~¢0 /' Sun

Daytime EO image Nighttime IR image

of a coastline of a coastline

(The solar radiation (The radiation directly

reflected by the object) from the object)
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EO Camera on CubeSat ,2°" Catadioptric system (?2?) S
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IR Technology



IR Radiation (Planck Function)

oD Blackbody Radiation
200 K
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Wavelength (micrometers)

2hc? 1
A5 exp(hc/kAT) — 1

IA(T) =&

IR Radiation is a function of emissivity (¢) and temperature (T).
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IR Camera = IR Sensor + IR Optics

Samsung Galaxy S24 Smart Phone

b I

N

=

IR Optics
IR Telescope
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Requirements of IR Telescope

* Optical Resolution = 1.22 gh

Small Spatial Resolution @ D 1 and 1 |

1.221/D —>»| |« 09ai/D

==> |R needs large D optics.

« Radiometry
IR emission from optics increases the noise.

==> |R needs small F/D ratio optics, @

e.g., fast optics.
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Refractive IR Telescope

$200.0

Example of MIRIS/STSAT-3

Developed by Korea Astronomy and Space Science Institute
Lunched in 2013 Nov

Astronomical Survey at 1.1 — 1.6 um.

Winston Baffle

Lens Optics Wisdew

Filter

I

=
1~ 34—

Focal Plane

Lens Mount

508.1

miris.kasi.re.kr/miris/pages/instrument/

Instrument
Summary
The following table summarizes the specification of MIRIS.
Item Parameter Specification Remark
Telescope |Aperture 80 mm
F-number F/2
Focal length  [160 mm
Field of View [3.67°x3.67°
Detector |Teledyne PICNIC (HgCdTe)
Detector array [256 x 256
Pixel size 40 pm
Pixel scale 51.6"
Filters Broadband 1.1& 1.6 um ANA = 0.5
Narrowband  |PAAL & PAAC
Orbit Low Earth, Sun-synchronous orbit
Altitude about 620 km
Inclination 97.8°
MLTAN ! 22.3 o'clock

(1 Mean local time of ascending node
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Refractive IR Telescope

@200.0

Cons

Pros  Limited lens materials @ > 5 pm

- Good optical Performances * Heavy weight

« Confirmed fabrication methods for lens * Complex opto-mechanical structures

magnesium
Winston Baffle 100 fluon\de sapphire
Lens Optics . - i A—
P Window Y.
80 [
/ Filter 2 L AMTIR |
Sl g 8 60 -
= v
== = =
i \ & a0 b/
Focal Plane g 401
20 : -
Lens Mount il vfluorider 7 / germanium i\ ‘n| i ;/
508.1 ' /S [ 24 ‘l//
0 l Lo 1 L1yl 1 L1111l
0.1 0.2 0.30.405 1 2 3 45678910 100

wavelength, um
Figure 12.13 in Robert E. Fisher et al. (2008, Optical System Design)

EO/IR CubeSat by Soojong Pak 13



On-Axis Reflective Telescope Cons

» Confirmed fabrication methods fo‘(.rr‘firrors.

Pros

Easy optics alignment

» Central Obstruction by secondary mirrors
v Limited FoV: Smaller F/D ratio needs larger
secondary mirrors.

v Diffraction by the secondary mirror degrades the

*

optical resolution (MTF).

*

o MTF vs. Obscuration (D=100mm, f/8, A=500nm)
o* 1

0.9 3

0.8 =~
0.7 e

|
Modulation

UL N

0%
0.5 -

A\ 0, by g
0.4 205

os - Jao% ]~ | \\
' 60% [ ~.. TN

R 0.2 = S .,..—--‘;; =3
<Jd N
0.1
‘,Z a3t

0
0 20 40 60 80 100 120 140 160 180 200 220 240
Spatial Frequency (cycles/mm)

Fig. 4 in Pak, Chang, and Lee (2023, Journal of Korean Space Association for National Defense)
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OFF-Axis Reflective Telescope
On-Axis ?
Pros Tonge/r:ﬂql 2

» NO abstraction

of secondary mirror

- i Confirmed Cons
fabrication metho mirrors » High linear astigmatism
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Innovative Off-Axis Reflective Telescope

with Linear Astigmatism Free (LAF) Condition

EO/IR CubeSat by Soojong Pak
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Innovative Off-Axis Reflective Design (a.k.a. Chang Theory)

« Dr. Seunghyuk Chang found analytic solutions with which the linear astigmatism is eliminated,

using the optical path length method by Karl Schwarzschild in 1905.

 References

S. Chang 2003, PhD Thesis, University of Southern California

"Geometrical theory of aberrations for Classical Offset Reflector Antennas and Telescopes*
S. Chang and A. Prata, Jr. 2005, Journal of the Optical Society of America A 22, 2454-2464
"Geometrical theory of aberrations near the axis in classical off-axis reflecting telescopes”

S. Chang, J. H. Lee, S. P. Kim, H. Kim, W. J. Kim, I. Song, and Y. Park, 2006, Applied Optics 45, 484-488

"Linear astigmatism of confocal off-axis reflective imaging systems and its elimination®

S. Chang, 2015, J. Opt. Soc. Am. A 32, 852-859

“Linear astigmatism of confocal off-axis reflective imaging systems with N-conic mirrors and its elimination®
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Coaxial Off-Axis vs. Confocal Off-Axis (Chang Theory)

Previous Theory: Coaxial Off-Axis Chang's Theory: Confocal Off-Axis

’ Coaxial Off-Axis Cassegrain Telescope ‘ ’ Confocal Off-Axis Cassegrain Telescope ‘
M1,

M1 %
T
78 by
%

*
LY

".‘. .
% %
kY

S
m /
o ’I
g/

M1 Axis ",—‘

M2 Axis = z
N N
m m
o
8 g
w v

hematic optical layout of confocal off-axis
Cassegrain telescope)

<4

a8 9. SXH IS FiM T80l WeAe] st 7x
(Fig 9

8 5. == dIE FIh el 2ide] &5 2
(Fig 5. Schematic optical layout of coaxial off-axis
Cassegrain telescope)
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Vertex Equation in Geometrical Optics

« Vertex equation in the Localized coordinate
5 system at (xg’, zo')

(1-K cos*8,)z" —

g , / i xK sin 26, + el ) |z+
R \/I—Ksin2 0,

. <,
/ (1-Ksin’ 8)x* +y° =0

\ Z0
Conic Section

» Vertex equation of conic sections of revolution :

p” —2RZ+(1-K)z” =0
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Optical Path Length (OPL)

N \ es €
H . . / A >
The OPL is constant in a perfect focusing [ 1 <0 2
L)
mirror. "
)

The variance of the OPL yields o : .

IMAGE @ / 0 S_BJ‘EC_T)
aberrations @ r . & (023055

FOCUS FOCUS

OPL=0+/0"=s+¢' +A1x2 +Al,y2 +A2x3 +A2'xy2 +0(4)
" "

Astigmatism Coma
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Aberrations of Two-Mirror Off-Axis Telescope

3x;
Coma ATC=6 4f02 The 3rd order Coma is identical to the On-Axis telescope.

PRIMARY
MIRROR

Astigmatism

Zg

AN

™ ~. OPTICAL AXIS RAY

' : : 2
AS :20(67” Sln29m _Slnzesjfo_H_[W_f(l_i_tanem taIles)] ; W= 0,40
S £ R, R, \EO y ; SECONDARY
Y / <~ MIRROR
3rd Order Astigmatism
Linear Astigmatism Rm\ L
= %_;e FOCUS
C e
. . . . . . gm = gs <

Linear Astigmatism is eliminated at R—sm 20, = Esm 26,
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Example: F/8 Classical Cassegrain

EXX H|Z
=r|x EX H|X SE3 HIx

On-Axis Coaxial Off-Axis MIRRC§ Xo Confocal Off'AXiS)
. ?:“ N Zo

OPTICAL AXIS RAY

W= £,+ L5
SECONDARY

v Ls

5*26 £, sin26, sin26,
S L, R, R

)zn 7%:[W—f(l+tan9m tan6),)|
%,—/

Y 3rd Order Astigmatism
Linear Astigmatism
@ . E—r@—v X

2o5in20, = 2sin 20, o ZHOIN HHHIEEAE HASICL

m

LO.2Arc Second 1.2x1.2 Arc Min. L 0.2 Arc Second 1.2x 1.2 Arc Min. L0.2Arc Second  1.2x1.2Arc Min.
Diameter Diameter Diameter
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LAF 2-Mirror vs. 3-Mirror System

D50mm F/2 Wide Field Space Telescope

264mm 139mm

180mm

242mm

LAF-TMS:
Linear Astigmatism Free
Three Mirror System

Linear Astigmatism Free 2-Mirror Design
(Schwarzschild-Chang Type)

Kim, Pak, Chang et al., 2010

MIRIS/STSAT-3

FULL SCALE
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http://arxiv.org/abs/1010.1050

Three Mirror Anastigmat (TMA) vs LAF-TMS

Linear-Astigmatism-Free Three Mirror System

\, A
e ok
=\

T, S—swesTER - a— - “» | PRIMARY
“, COMMON FOCUS s A% 2 < .\ MIRROR
’ .. Chief Ray / R
: : =2

T

) W SECONDARY \*,

/| TERTIARY

/ PRI.&SEC.
!\ MIRROR

| COMMON FOCUS::

X
(Fig 15. Schematic optical layout of Linear Astigmatism ’

Free-Three Mirror System LAF-TMS with EPD 150 mm and
f-number 3.3)

_ TMA (Coaxial Off-Axis) LLAF-TMS (Confocal Off-

Design Process

Linear Astigmatism

(1) Start from Paul-Becker type (On-axis) (1) Find Linear Astigmatism Free Condition
(2) Select the off-axis part from the PB (2) Optimize the mirrors numerically
(3) Optimize the mirror, etc. numerically Focused on other third-order aberrations

Focused on third-order aberrations (Spherical,
Coma, Third-order astigmatism)

Can be reduced by optimization (Not zero) Elliminated
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Example: LAF-TMS vs. TMA (Messier, D400mm F/2)

LAF-TMS

TMA (Three Mirror Anastigmat) Linear Astigmatism Free

Coaxial Off-Axis Three Mirror Sy§tem
Confocal Off-Axis
1011. 75
265, 44
« 861 N
A A A
—
® 4 ——
i S /7/7% N
) 3 = W
[t A
=\
=)
—
J— —
& e o
S ’-— & TMA LAF LAFITMA X 5
ﬁ A
M1 620 491 0.79 !
8 A é
3 s M2 300 223 0.74 N
<
M3 620 461 0.74 ' vy
« 878 R 200.00 MM
891, 94 mass ratio 04 D400 F2 a

16-Dec-15

* Hugot, Wang, Valls-Gabaud et al., 2014, SPIE 9143, 9143X (https://doi.org/10.1117/12.2057461)
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Applications of
Linear Astigmatism Free (LAF) Space Telescopes
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Research Article Vol. 54, No. 34 / December 1 2015 / Applied Optics ~ 10137

applied optics

(1) Fabrication of Aluminum Freeform Mirror

« XY Polynomial Mirrors: Quadratic surface composed of Fabrication of electroless nickel plated
aluminum freeform mirror for an
polynomials expanded into monomials of x™y™ with infrared off-axis telescope

SanGHYUK Kim," SEuNGHYUK CHANG,>* SooJong Pak,' Kwang Jo Leg,® ByeonGJoon JEONG,™

degree m, n (m + n S 10), Where C] |S the m0n0mla| GiL-JAE Leg,® Geon Hee Kiv,* Sang Kyo SHin,® anp Song Min Yoo

'School of Space Research, Kyung Hee University, Yongin 446-701, South Korea
“Center for Integrated Smart Sensors, Seoul 135-854, South Korea

*Department of Applied Physics, College of Applied Science, Kyung Hee University, Yongin 446-701, South Korea

“Optical Instrumentation Team, Korea Basic Science Institute, Daejeon 169-148, South Korea
2 Pt 2
*Material Machining Team, Medical Device Development Center, Cheongwon 363-951, South Korea
Coeﬁicient —_ 66 C m n Where — (m+n) +m+3n + 1 ¢Yoonseul Inc., 80 Daeh 32-beon-gil, Daedeog-gu, Daejeon 34364, South Korea
. Z - j— 2 ] x y y _] -_ "College of Engineering, Kyung Hee University, Yongin 446-701, South Korea
] 2 *C¢ ing author: g co.kr

Received 26 August 2015; revised 31 October 2015; accepted 2 November 2015; posted 3 November 2015 (Doc. ID 248373);
published 25 November 2015

Single Point Diamond Turning Magneto Rheological Finishing
\
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(2) Protomo

del for Space IR Telescope

Param

eter

EPD

E

FL

SEC. & TER.

COMMON FOCUS

Pixel size
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\ N
\ 1
PRIMARY

MIRROR

\\
SECONDARY '\
MIRROR \ E
\ Y2
\\—! i
\ % ol
/2
1 e

r\\\\
/ N
%
e N\
/ N\
N T oTaE e ¢ ~
PRI.&SEC.  \ — - TER;'IARY
| MIRROR

I~

COMMON FOCUS \

Figure 1. The optical layout of LAF-TMS. Optical path is drawn in red solid

lines.
(A color version of this figure is available in the online journal.)

xel FOV

Array Format

Array Size
FOV

Value
150 mm
500 mm
6 um
25"
8K x 6K
49 x 37 mm
5.5°x4.1°
https:/ /doi.org/10.1088 /1538-3873 /ab7547
Crosshark

Publications of the Astronomical Society of the Pacific, 132:044504 (11pp), 2020 April
© 2020. The Astronomical Society of the Pacific. All rights reserved. Printed in the US.A.
Development of Linear Astigmatism Free—Three Mirror System (LAF-TMS)
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Hyoungkwon Lee’, Dae Wook Kim® . and Soojong Pak’

Woojin Park’, Seunghyuk Chan" , Jae Hyuk Lim?®, gunwno Lee
2 Center for Integrated Smart Sensors, Daejeon 34141, Republic of Korea

Byeongjoon J‘,ong(’, Geon Hee Kim®,
!'School of Space Research and lmulule of Natural Scnence, Kyung Hee University, Yongin 17104, Republic of Korea; soojong @khu.ac.kr
Deparlmenl of Mechanical Engineering, Jeonbuk National University, Jeonju 54896, Republic of Korea

Korea Astronomy and Space Science Institute, Daejeon 34055, Republic of Korea
Omnisys Instruments AB,Viistra Frolunda, SE-421 32, Sweden
© Korea Basnc Science Institute, 169-148, Daejeon 34133, Republic of Korea
7 Green Optics, Cheongju 28126, Republic of Korea
8 James C. Wyant College of Optical Sciences, University of Arizona, Tucson, AZ 85721, USA
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(3) Swedish Science Satellite MATS . Lunched on Nov 4, 2022.

(Mesospheric Airglow/Aerosol Tomography and Spectroscopy)

Solar panel
4

Nadir
camera

Bottom panel
(nadir)

Star tracker

Radiator

Albedo

S-band
antennna

Service
module

photometers

P A MULTI-BAND, MULTI-ORBIT N
/\ SES~ COMMAND THE ADVANTAGE '
S at news BISRS Do e \

HOME MAGAZINES EVENTS PERSPECTIVES INDUSTRY CALENDAR

Rocket Lab launches the Swedish
A MATS satellite from New Zealand
aboard an Electron rocket

PN
ADVANTECH

Introducing
GENESIS - the
new series of

Ku-band
SSPAs & BUCs
200W -250W
from
Advantech
Wireless

Research Article Vol. 59, No. 17/10 June 2020/ Applied Optics
lied opiti

Flight model characterization of the wide-field
off-axis telescope for the MATS satellite

WooJuIN PaRK,"” ARVID HAMMAR,? ® SooJONG PAK,"* ©® SEUNGHYUK CHANG,®

JORG GUMBEL,* LINDA MEGNER,* OLE MARTIN CHRISTENSEN,** JORDAN ROUSE,? AND .ab USA Inc. has successfully launched its 32" Electron mission to

6
Dae Wook Kim he firm's 152" satellite to orbit, a science payload for the Swedish
"School of Space Research and Institute of Natural Sciences, Kyung Hee University, 1732 Deogyeong-daero, Giheung-gu, Yongin-si, [ Space Agency. The MATS satellite was deployed to its 585 km. circular

Gyeonggi-do 17104, South Korea

20mnisys Instruments AB, August Barks gata 6B, SE-421 32 Vastra Frélunda, Sweden

3Center for Integrated Smart Sensors, 291 Daehak-ro, Yuseong-gu, Daejeon 34141, South Korea

“Department of Meteorology (MISU), Stockholm University, SE-106 91 Stockholm, Sweden

SEarth and Space Sciences, Chalmers University of Technology, SE-412 96 Gothenburg, Sweden

¢James C. Wyant College of Optical Sciences, University of Arizona, 1630 E. University Blvd., Tucson, Arizona 85721, USA
7e-mail: woojinpark@khu.ac.kr

*Corresponding author: soojong@khu.ac.kr

Electron following lift-off at 17:27 UTC.
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(4) IR Spectroscopic Imaging System for UAV

PROCEEDINGS OF SPIE

* IR Telescope Optics for MWIR/LWIR dual sensor hyperspectral
Ca m e ra O n boa rd U n m a n n ed ae rlal Ve h |CI e (UAV) . SPIEDigitalLibrary.org/conference-proceedings-of-spie
« Material: Aluminum 6061-T6 Wide-wide linear astigmatism free-
three mirror system (LAF-TMS)
_ enabling wide field-of-view and
+  Weight 3 kg spectral bandwidth detection
« Part of Unmanned Vehicle Core Technology Development
. . . Changgon Kim, Dohoon Kim, Jimin Han, Seunghyuk
Project funded by National Research Foundation of Korea. Chang, Woojin Park, et al.
Entrance pupil diameter 40 mm
MWIR \ i ~ Effective focal length 75 mm
sensor |~ Focal Ratio 1.875
Field of View (FoV) 8.25° (H) x 6.21° (V) ‘ i
3 M1 Changgon Kim, Dohoon Kim, Jimin Han, Seunghyuk Chang, Woojin Park,
Sensor array 640 (H) x 512 (V) Daewook Kim, Jun Ho Lee, John R. Peterson, Dae-Hee Lee, Soojong Pak,
Pixel size 15 um o Tleofviow ancabectal bandwidth detectons Pros. SPIE 12630,
Reference Wavelength 3 um (MWIR) G(itv?ﬂﬁgdzggl)c;sdg %?ﬁ%??g/f\zp.%%%%rg UV through LWIR VI, 1253004

The optical design satisfies the linear-astigmatism-free condition*.

Event: SPIE Defense + Commercial Sensing, 2023, Orlando, Florida, United
SPIE . States
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Summary

» We are leveraging astronomical infrared techniques to space IR telescopes for both astronomy

and remote sensing applications.
» The optical technology for space-based IR telescopes is crucial.

* We developed noble technologies including:
» Optical design for Linear Astigmatism Free off-axis reflective telescopes
» Opto-mechanical design for space-based telescopes
 Fabrication of aluminum freeform mirrors for off-axis telescopes

» Alignment of freeform mirrors in off-axis telescopes

EO/IR CubeSat by Soojong Pak
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