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Abstract

We have developed the infrared wifileld off-axis reflecting telescope based on the
SchwarzschildChang type. Offaxis reflecting telescopes have advantages in infrared
comparingwith refracting or oraxis reflecting telescopes. The -afkis mirrors of our
telescope are fabricated at Korea Basic Science Institute (KBSI). This is the first attempt to
directly manufacture as e#fxis asymmetric segments in Korea. We analyzed for the
measured data of the fabricated mirror surfaces using the MPFIT_2D procedure in IDL,
and fitted the polynomial surface functions to the surface data points of the fabricated
mirrors. We applied the derived surface functions to the surface parameters of the
SchwarzschildChang type design in the rénacing program. We have accomplished
alignment of the twamirror off-axis reflecting telescope using a ray tracing method.
Finally, we performed point source test and compare the point source image with lthe resu
of the simulation.
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1. Introduction

Infrared (IR) was discovered in 1800 by William Herschel. It has been used
extensively for commercial and military purpose as well as for astronomical observations.
In 1966, Eric E. Becklin and Germfjeugebauer discovered an exceptionally bright IR
source in the Orion Nebula which is now called the BeeKiugebauer Object
(Neugebauer and Becklin 1971). Since their first discovery of the celestial IR source, IR
observation has grown rapidly by thetvan f r ar ed t el escopes on Mau
United Kingdom Infrared Telescope (UKIRTUnited Kingdom, 3.8 m) and NASA
Infrared Telescope [edity (IRTF: USA, 3.0 m), which were built in 1979.

On the other hand, the first space IR telescope, Infrastronomical Satellite (IRAS)
was launched in 1983 (Neugebauer et al. 1984). After that, many satellitiedrdioed
observation succeettheir projecs (see the reviews by Glass 1998)g., Infrared Space
ObservatoryIS0O) in 1995 (Kessler et al. 19963pace Infrared Telescope Facility (SIRTF)
in 2002 (Fanson et al. 1998), and AKARI which was launched under the name ASTRO
in 2006 (Murakami et al. 2007).h€se days,hree biggest nexgeneration space infrared
telescopes are currently planned, i.eaméds Webb Space Telescope (JWE&Tlampin
2008), Herschel Space Observatory (HJ©fani and Natale 2003) and Space Infrared
Telescope for Cosmology and Astrophysics (SPINAkagawa anturakami2007).

For IR telescopes and instruments, it is difficult m@ake the optical system using
refractive lens componentbecause refracting optical system has unavoidable chromatic
aberration and absorptions in IR band. In addition, laige lens for the refracting optical
system is difficult to fabricate and to ot (Lee 1992)In the Infrared wavelength range,
design employing reflectors are preferable to avoid chromatic aberrations and absorption in

a refractive lens system.



The conventional caxis reflecting telescope, however, has deficiencies in the
imaging quality. Obstruction of the secondary mirror causes scattering, diffraction and
stray light(Chang2006; Moretto andKuhn 2000; Moretto et al. 2004 he scattered light
causestwo problems: (1) enhanced photon noise due teexioessive scattered lighrand
(2) time variable systematic noise due to a complicated fgireaad FunctiofPSH of the
telescope(Kuhn and Hawley 1999).Measurementsequiring very wide photometric
dynamic range (like astronomical observations oftfabjects near brighdourcessuchas
extrasolar planet detection) are often limited by the scattered light characteristics of the
telescopgMoretto et al. 2004) In addition, theobstruction imposesestrictions on wide
field of view (FOV) which requireda large size secondamirror (Moretto and Kuhn
1999). In nowadays averal offaxis reflecting telescope projects are currentlygomg
e.g.,New Off-axis 1.7 m Solar Telescope (NSDidkovsky et al. 2004and Advanced
Technology Solar Telescope (ATSKeil et al. 2003.

Aberration theory talesign offaxis optical systems has been relatively undeveloped
until lately. As a result, mosexisting off-axis telescope designs ausing eccentric
sectiors of the onaxis parent telescopeRecently a geometrical aberration theory
dedicated for classical o#xis reflecting telescopes and imaging systems has been
developedChang and Prata 2005; Chang et al. 20863imple closedorm equation of
this theory can eliminate linear astigmatism which is the dominant aberddtasscal
off-axis twoemirror systems Furthermore, it was shown that the geomewijttical
performance of a classical edikis twoemirror system without linear astigmatism is

eguivalent to that of a conventior@dhssical twemirror on-axis telescopéChang 206).

Off-axis aspheric mirrors armanufacturedn two differentmethods In the first way,
a small part of the conic section is cut from a large aspheric mirror. In this configuration
the backsurface of the offixis asphericmirror is approximately perpendicular to the side
surface and to the optical axis. the second way, an offixis aspheric mirror is directly
manufactured as an edixis segment. In this case, there is no relation between the back

surface and the opticakis (Lee 1992)The fabrication of asymmetric eéixis mirrorhad



been impossible until lately so people used some parbf conic sectioa But
manufacturing of nofxially-symmetric optical elements is no more formidabby
advances ofliamond turning mchinetechnoloy (Kim et al. 2007; Yang et a2007).

The biggest problem dhe off-axis reflecting telescopes difficulty in alignment.
Becausehealignment of aroff-axis reflecting telescope requsreoredegres of freedom
(DOF) than an on-axis reflecting telescopeClassical offaxis reflecting telescopesre
aligned using interferometer methadd Hartmann tesSincethe alignmenttolerance of
the infrared telescope is much larger than that of the optical wavelength, the interferometer
methodsusingoptical laser beam is not suitable to our systéfa.develop thalignment

system based on a ray tracimgthod.

In this thesis, we presentdevelopmenbf the infrared widdield off-axis reflecting
telescope. In section 2, we describe opticaigiteand pedfication of the Schwarzschild
Chang type off-axis reflecting telescopeln section 3, we explain the fabrication,
measurement and analysis of theaffs mirrors. In section 4, waescribethe alignment
process of telescope system. In section 5, we present the repalhioSource simulation

and measurement



2. Design and tolerance analysis

2.1 The Schwarzshild-Chang reflecting telescope

In this work, we made a widigeld off-axis reflecting telescope base on the
SchwarzschildChang type that has similar concept with Inverse Cassegrain type (Chang
2006). In Figure 2.1, the primary mirror spreads rays that come from source and the
secondary mirror concentrates spread rays focal plane. The Schwarzschiithang type
off-axis reflecting telescope has short effective focal length (EFL) compare with entrance
pupil diameter (EPD) for the widield (seeTable 2.1) Secondary mirroris designed

bigger than primary mirror to minimize aberrations like coma and astigmatism. Pixel size
of the detector is 50 and the limit resolution of the detector is 11 cycle/ The

surfaces of primary and secondary mirror are represented by polynomial lilee

Equation 1.

ZXY = X+ ay+ apX?+ agXy + azy? + asx® + agx?y + a;xy? + agy*

+agx* + agx3y + a;ox2y? + ay xy® + appyt + E E + agyl° 1)

The SchwarzschilChang typeoff-axis reflecting telescope has wi#®V. Images
are changing at the eafibld because olberrationgsee kgure 2.2). he MTF (Modulate
Transfer Function) is more than B@ at the limit resolution of a detector for 10

wavelength(seeFigure2.3).



Parameter Value

Diameter of primary mirror 70
Diameter ofseconday mirror 130
EFL (Effective Focal Length) 100
Aperture 50
Pixel size of detector 50
Pixel FOV of detector 100n;
FOV of array (256 x 256) 7.1 x 7.1 degrees
Wavelengthcoverage 8-12

Table 21 Specificatios of the Schwarzschil€Chang type offaxis widefield reflecting optical

system.
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Figure2.1 Layout of the Schwarzschildhang type offaxis reflecting telescope.
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Figure 2.2 Spot diagram of the SchwarzscHiliang type offaxis reflecting telescope for

various fields. Spot diagram in CoWedoes not consider the diffraction limit.
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Figure2.3 MTF of the Schwarzschil@hang type offaxis reflecting telescope for various fields.
CodeV support two analysis modes for MTF. First one is geometrical analysis mode that does

not consider diffraction limiand another onie diffraction modeTop and bottom ofFigure 2.3

graphs are diffraction mode MTF for 10 wavelength



2.2 Toleranceanalysis

We use the Code Mor the tolerance analysis of ttfBchwarzschiledChang type offaxis
reflecting telescopeSpot diagramwhich is one of analysis option DodeV does not consider
diffraction limit. So we usencircled energyanalysis br tolerance analysis and 84&hicircled
Energy Diameter (EED)is equivalent to spot diametehiry disk sizeis defined diameter of
encircled energy which includes the 84 % of the total energy and given by

Sizeof Airy Disk = 244 ¢1 ¢ 3)

where F is effective focal length, D is Aperture of telescope lafisl the wavelength of the

light (Lena 1988)Airy disk sizeof the reflecting telescopevhich has same-riatio with our
telescopeis 49 for 10 wavelength.For 10 wavelength, 84% Encircled Energy
diameter of Schwarzschil@hangtype offaxis reflecting telescope & at the centeof the

image

We conducted tolerance analysis in Caland compensatl image quality by changing
backfocallength(BFL) that is distance between secondary mirror and image planaxis.2A
compensator, in our case is BFL, is a construction paranmettecdan b adjusted to compensate
for an error introduced by another construction parameBasg 199h Tolerance analysis
carried out for despace, decenter and tilt tolerafsee Figure 3.1) Despace is defined
displacement of the secondary mirror toward or away from the primary mirrorakisz

Decenter is defined error in position of the secondary mirror in x and y axises. We did not

considerz-axis for decenter because decenter-akiz s eliminated by compensatdklpha 6 )-,

beta &)- and gammayp)- tilts are defined each rotations of x, y and z aSishfoede2000).

For tolerance analysis, the range of tolerance is determined by the size &EEA%hen

thatis under 90 . As the reslts of tolerance analysis, despace has the largest tolerance range.

" Code V is the optical design and simulatfmogram of Optical Research Associates (ORA).

9



The critical tolerance iss-tilt of the secondary mirro(seeTable 3.1) And we ascertain that

tolerancs of the tilt are tighter than toleranseof the position when the eéixis reflecting
telescope is assembled and fabricated. So we should pagl satention to adjustintit angles

of off-axis mirrors.

10
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Figure 2.4 Tolerances othe Schwarzschil€hang typeoff-axis reflecting telescop&op of the

image is tolesnce by positional error. Bottoaf the image is tolerance by angular error.
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Tolerance Value Size of 84 % EED) ]

-3.0 84
Despace
+ 3.0 84
-0.5 85
Decenter of xaxis
+0.5 85
-05 86
Decenter ofy-axis
+0.5 85
-0.2 82
Pri mdity U
+0.2 82
-20 82
Pri mdilty b
+2.0 82
-0.09 88
Secondiary
+0.09 87
-0.1 84
Secondilar y
+0.1 84

Table 2.2 Toleranceanalysis resultof the Schwarzschil€hang type offaxis wide-field

reflecting optical systenSize of 84 % EED isompensatefbr changing BFL.Theunit of the

despace and decenter is and unit of the tiltis degree.
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3. Fabrication of off-axis mirror s

3.1 The backside structure of the offaxis reflectingmirrors

The biggest problem of Schwarzschilthangtype offaxis reflecting telesope is difficulty
in alignment because primary and secondary mirrors do not share the same optic axises. And
also the offaxis reflecting telescope has gamtitatolerancewhich is not the same as an
axis reflecting telescope. So our system adopted four pins and pin holes on the commissure of
mirrors and stages to minimize the stages and mirrors assembling errors like-tihranth

decenter of mirror¢gseeFigure 3.1ard 3.2.

13



Figure 3.1 Secondarymirror stage Primary and secondary mirror stages have 4 pin haiesll

holes at the center of tlstage are pin holeStagescan regulate % y- and z axises and we can

also controls - and &-tilts.

14



Figure 3.2 Backside structur®f the secondarymirror. There are two kinds of holes at the
backside of mirrorsThe gnall holes are pin holes to minimize the assembling errors. Another

holes are tap for assemble.
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3.2Machining off-axis reflecting mirrors

The offaxis reflecting mirrorswere made fom aluminum (Al6061-P6). First, we

fabricatel spherical mirrors which e less than0.2 difference with designedurface

functionsto minimize machining timeAfter that, wefabricatedthe offaxis mirrors bydiamond
turning machine (DTM) Fredorm 700A (Precitech Inc) which is shown in Figure 3.3
Freeform 700A is &xis control ultra precision diamond turning machine and we control three
axises and aerostatic spindle to rotate the mirror substrate,-ari$ Xnear servo floating on a
hydrostatic bearing to laterally move the spindle togethdn thié mirror, and a -Axis linear
hydrostatic servo to translate the diamond tool for generate depth ((kofile2007). Rotation

of the C axis is contrdéd by low speed, about 50 RMP, because we control the tree axises to
synchronize the spin of -@xis axd position of diamond biteThe details of the mechanical

structure will be discussed in Yang et al. (2009).

16



Figure 3.3 Machining image of the primary mirro©ff-axis primary mirror is mnufacturd by
Freeform 700AThe nozzle which is under the diamond kifectsmist (oil + air) to eliminate

chips easily.
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3.3 Measurementof off-axis reflecting mirrors

Surface roughness of fabricated-affis reflecting mirrorgsee Figure 3.4 and 3.5jas
measured byptical surface profilometegfNT 2000, Wyko Ing. Local surface roughness of
primary and secondary mirrors are Ra 4.21and Ra 4.24 , whereRa means the center line
average of surface roughness. We check the two values of form accuracy. First okeas pea
valley (RV) and RV definedthe maximum departure of the actaiference from the desired
mirror surfacein both positive and negative directiodmother one is root mean square value
of the difference between designed surface function and fédsticairror surface, called RMS.

P-V is easily influenced by vibration, scratch or mote. So we usually use RMS value to estimate
the quality of thefabricatedone (Kim 2003).Form accuracy of fabricateaff axis reflecting

mirrors were measured usingltraligh accurate ® profilometer JA3P, PanasonidCorp)

which use the @aomic force probe (AFP) for measurementUA3P makes AFP approach to the
territory where repulsive atomic force generates against the measurement surface and always
keepsthe atomic forceconstant.As that reason, UA3Rcan measure the object without
concerning the reflectance of the measurement suffezdsumi 2005)Measurement dataf

primaryand secondary mirrors are at the Table 3.2.
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Figure 3.4 Primary mirror oftheoff-axis reflecting telescope.
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