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Photo 1. Primary Corrector for Subaru before Installation
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Photo 2. Primary Corrector installed in the Prime Focus Unit of Subaru
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Photo 3. Spiral Galaxy M63 taken with the Suprime-Cam
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Photo 4. Raw CCD images during the test observation




Abstract

Modern large telescopes have small aperture ratios to meet the two requirements
from the astronomical observation, namely large aperture and precise movement.
This causes large coma at the primary focal plane. In order to get good imaging
within 15 minutes of arc from the center of the field of the primary focal plane of the
Subaru telescope, we designed and fabricated a primary focus corrector.

Ross designed and fabricated a two-lens coma corrector for the Hale telescope (D=5m,
F/3.3, operating since 1948). Wynne designed and fabricated three-lens correctors for
the four-meter class telescopes constructed in 1970's. In 1980’s, Epps designed a
primary corrector with two direct vision prisms to correct atmospheric dispersion for
the Keck telescope, but this was not manufactured.

This paper reports the design and fabrication of the primary corrector for the
Ritchey-Chr tien main mirror(D=8.2 m, F/1.83) of the Subaru telescope with a new
type Atmospheric Dispersion Corrector(=ADC). ADC consists of a plane parallel
plate made of a plano-convex lens and a plano-concave lens whose glass material has
about the same refractive indices but different dispersion. Translation of this ADC

acts as a variable prism, thus enabling us to correct the atmospheric dispersion.

This ADC as a part of the primary corrector gives one degree of freedom among the
secondary spectrum, chromatic difference of aberrations (spherical aberration and
coma), longitudinal chromatic aberration, chromatic aberration of magnification, and
the power distribution of lenses. Because of this fact, it was possible to make the
primary corrector small without losing the high overall performance. In designing
the primary corrector, I adopted the three-lens corrector system as the basis, included
the ADC, and used two aspheric surfaces. —

In astronomy, there are two series of cameras, namely astrographic cameras for wide
field such as Schmidt cameras, the telescope at Las Campanas, and Sloan Digital Sky
Survey(SDSS), and cameras attached to large telescopes for deep survey with small
field of view. Subaru as a successor of Hale telescope is looking for deep survey of the
sky, therefore it is indispensable to have a good primary corrector. Test observation
has already proved that the corrector is made to comply with the specification from
the Japanese astronomers prior to the fabrication.

Cross sections of optical systems in this paper are given in the scale of 1/10 so that

various systems can be compared easily to each other.




1. Introduction

Light emanating from an object, passing through a light gathering device, makes an
image of the object at the focal plane of the device. This device is called a telescope,
and it 1s called either a refractor or a reflector according to whether the light
gathering device is a convex mirror or a concave mirror. A single lens has
chromatic aberration because of the dispersion of refractive index of glass. A
refractor uses a composite lens whose components are made of different glass
material so that the chromatic aberration vanishes. High degree of homogeneity of
glass is required for a large lens. Because of difficulty of making a large glass
blank that matches the requirement for a refractor, the largest size of refractor ever
made is 1 meter. A reflector usually uses glass as the mirror material. As the
light is reflected at the mirror surface, requirement for homogeneity of glass is not

serious and a large telescope can be achieved.

Elementary geometry teaches that a paraboloidal mirror makes a pin-point image at
its focal point when the incident light is parallel to its optical axis. This
corresponds to zero spherical aberration. When the incident light is not parallel to
the optical axis, the image is blurred by off-axis aberration such as coma and
astigmatism. In the case of a reflector, coma is usually the largest blurring source.
Before reaching a telescope, a stellar image is already blurred by inhomogeneity of
the air that is called seeing. The region where the blurring by coma i1s less than the

atmospheric seeing (coma free region) is used for astronomical observation.

Modern telescopes have large apertures to make the available light large. If large
focal length is chosen, the telescope tube and then the dome size become large.
Corresponding mechanical parts become large and heavy. So, focal length is kept
at a reasonable size. This makes the F ratio (= focal length / aperture)} of a large
telescope small. As coma is inversely proportional to the square of F ratio, coma
free region of a large telescope is small. At a good sight like Mauna Kea where the
seeing size is small, coma free region becomes smaller. Subaru telescope uses a
hyperboloidal main mirror so that Ritchey-Chrétien system is formed when used
with the secondary mirror. Coma free region of a paraboloidal mirror of the size of
Subaru is, however, 14 seconds of arc corresponding to 1mm on the focal plane when

the seeing size is assumed to be 0.4 second of arc.



The preceding calculation shows that a correcting lens system is required so that a
field of 30 minutes of arc (=130mm on the focal plane) of good imaging
characteristics 1s obtained for a paraboloidal mirror. As Subaru uses a
hyperboloidal mirror that has spherical aberration, it cannot do without a correcting
lens system.

Light coming from other than the zenith enters the earth’s atmosphere obliquely
and refracts. When seen from the earth’s surface, an object is observed a little
above the true.position. As the atmosphere has dispersion of refractive index, a
stellar image 1s prolonged in the altitude direction and i1s colored. This is called
atmospheric dispersion and it amounts to 1.9 seconds of arc at the zenith angle of 60
degrees (= 30 degrees of altitude) for the wavelength region of 0.4 m-1.0#m. In
the SDSS band system, it is 1 second of arc for g band(0.4-0.55 12 m), 0.42 second of
arc for r band(0.55-0.69 £ m), 0.25 second of arc for i’ band(0.69-0.84 1t m), and 0.15
second of arc for z’ band(0.84-0.98 /£t m) of the Sloan Digital Sky Survey(SDSS)
system.

Hale telescope of Mt. Palomar (200"=5m, F/3.3, completed 1948) has a 2 lens
corrector designed by Ross(1935). In 1970’s, Wynne designed 3 lens correctors for 4
meter class telescopes with F/3. In 1980’s, Epps designed a primary focus corrector
with atmospheric dispersion corrector using two direct-vision prisms for Keck
telescope that was the first-runner among the 8-10 meter class telescope, but this
corrector was not fabricated.

This paper describes the design and fabrication of the primary focus corrector that
incorporates a new type atmospheric dispersion corrector (ADC) for the
Ritchey-Chrétien main mirror of Subaru telescope (8.2 m, F/1.83). The ADC
consists of two lenses (plano-convex and plano-concave) whose radii of curvature are
the same. The glasses are so chosen that the refractive indices are approximately
equal to each other but the dispersions are different. These two lenses are put
together with the curved surfaces inside to make a plano-parallel plate. When this
plate is shifted perpendicular to the optical axis, it behaves as an ADC. This ADC
act also as an element of the correction of chromatic aberration of the entire system
giving one degree of freedom among the secondary spectrum, chromatic differences
of aberrations, longitudinal chromatic aberration, lateral chromatic aberration, and

the power distribution. Because of this additional one degree of freedom coming



from ADC, it was possible to make the primary corrector small keeping high
performance. The basic structure of primary corrector is the three lens system with

ADC. Two aspheric surfaces are used to achieve its high performance.

Astronomy uses two lines of tools; astrographic camera for wide field photographs
and large telescopes that aim at faint and distant astronomical object. In the first
line are Schmidt camera, the telescope at Las Campanas, and the telescope of Sloan
Digital Sky Survey (SDSS) (Gunn et al. 1998). The field of SDSS is 3 degrees and
the limiting magnitude 1s 23 magnitude. Subaru telescope belongs to the latter line
destined to be the successor of the Hale telescope. Its limiting magnitude is 29
magnitude. The role of SDSS is large when searching astronomical objects of
interest, but it is not sufficient when Subaru tries to look through the edge of the
universe. In such cases the primary corrector reported in this paper is the
indispensable tool. The corrector was already used in the test observation and was
reported with good performance. We may expect brilliant results in the twenty first
century.



2. Atmospheric Dispersion

Atmospheric refraction was known since the time of Ptolemy {(Tanaka 1991). Light
from a star is refracted by the earth’s atmosphere. Therefore, a star is observed a
little higher than its true position. See Figure 2-1.
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Figure 2-1. Model for atmospheric refraction

The amount of this difference { is calculated with one layer atmosphere model as

follows;

Above the atmosphere, it is vacuum, therefore the refractive index equals 1. Let n.
represent the refractive index of the atmosphere, zo and z the true and apparent
zenith distance. From the Snell's law we have

n sinz =sinz, (1)
Then we have

E=z-z,=(1-n)tanz, (2)
With a more detailed model, we have (Tanaka 1991) £ as

C=§,tanz—§ tan’z + &, tan’ z (3)

The coefficients Lo, £, £, depend on the atmospheric condition. For average



condition on Mauna Kea (atmospheric pressure p= 450mmHg, gravitational
constant g=978.627gal, temperature T= 0C, absolute humidity f~ImmHg), and at
A=0575014m,L0,{1, and {2 are calculated as 35.7746, 0.”0431,and 0.”000164,
respectively (Tanaka 1991). In the following discussion, we use one layer model
that uses only { o.
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Figure 2-2. Precision model for atmospheric refraction

Figure 2-3 shows the atmospheric refraction as function of wavelength relative to
the value at A= 0.575 1 m, for zenith distance z = 45° and z = 60° on the Mauna Kea
summit.



1}
o
@
o =
| ™1
3
a g
g'g. 0
s 3
2L
o o8 [~
o |
= A
Q ~ -
ER-rr
W0
A
g8
H d
L
_on 1 1 1 1 ! 1 3
0.4 0.5 0.6 0.7 0.8 0.9 1.0

Wavelegth (nm)

Figure 2-3. Atmospheric refraction as function of wavelength relative to the value at A
= 0.575um, for zenith distance z = 45° and z = 60° on the Mauna Kea
summit (Courtesy, Wataru Tanaka. See also Tanaka 1991)



3. Correction of Atmospheric Dispersion

Atmospheric dispersion on the summit of Mauna Kea at the zenith distance 60’
amounts to 1.9 seconds of arc for the full wavelength range of the primary corrector
of Subaru Telescope (0.4-1.0 £ m). The dispersion for the g, r', 1, Z’ filters of SDSS
system are calculated as 1.07, 0.42”, 0.25”, 0.15”, respectively. These filters of SDSS
system will also be used at the primary focus of the Subaru telescope. Figure 3-1
and Figure 3-2 show these filters of SDSS system and atmospheric dispersion as
function of zenith distance for these filters.
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Figure 3-1. SDSS Bandpass System (Gunn et al. 1998)
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Figure 3-2. Atmospheric dispersion at the Mauna Kea Subaru Observatory for full
wavelength range and SDSS filters as a function of zenith distance

As the seeing size on Mauna Kea is usually less than 1” and sometimes reaches 0.3",
this atmospheric dispersion must be corrected. Various atmospheric dispersion
corrector (ADC) designs were proposed. Some of them are used in the primary
corrector and others are used at the Cassegrain focus. They are explained in this
chapter. But our ADC design will be shown in chapter 5 where we will introduce
our optical design of the entire primary corrector for the Subaru Telescope.

3.1. Atmospheric dispersion corrector of Epps (Epps et al. 1984)

Two direct-vision prisms are used for this ADC. In this type of design, one can
adjust the quantiﬁy of correction by rotating two prisms in the opposite direction to
each other. When the direction of dispersion of two prisms are both vertical, ADC
has maximum prism effect, and when they are horizontal and in the opposite
directions ADC has no prism effect. Epps’ original design was for Keck telescope

but this was not manufactured. See Figure 3-3. Subaru telescope used this type
of ADC at the Cassegrain and Nasmith foci.



EFL=20.32m(800inch), Fno.=2.0, FOV=30 arcmin

Figure 3-3. Epps’ Primary Corrector with direct-vision prism ADC (Epps et al. 1984)

3.2. Su Ding-qiang’s “Liensm” (Su Ding-giang 1986)
Lensm (lens-prism) incorporates a direct-vision prism into the lens element of a
primary corrector. A lensm is composed of two glasses and the surface between

them 1s a sphere whose center of curvature is displaced from the optical axis of the
corrector. See Figure 3-4.
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Figure 3-4. Su Ding-giang’s Field Corrector of “lensm”(Su Ding-giang 1986)
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Two lensms moving like the direct-vision prisms in the Epps’s design work as an
ADC. The merit of this design lies in decreasing the number of surfaces in a

corrector.

3.3. Shift of Prism ( Avila et al. 1997)

This type of ADC uses two prisms directing opposite to each other. The first prism
corrects the atmospheric dispersion, and the second prism corrects the direction of
the pupil of the telescope. Resulting image shift laterally. Coma is also observed
when the distance between two prisms becomes large. This ADC can be used only
at Cassegrain focus. This 1s not adequate to be included in a primary corrector.
See Figure 3-5.
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Figure 3-5. Linear ADC of Avila et al.(Avila et al. 1997)
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4. History of Primary Correctors

The surface of the main mirror of a Cassegrain telescope is a paraboloid. Therefore,
1imaging at the center of the field 1s perfect, but large coma limits the field size. F
E. Ross made a research to correct this large coma of a paraboloid with two simple
lenses near the focal plane (Ross 1935). He designed correctors for several
telescopes including the Palomar 200-inch telescope. His design allowed the

spherical aberration and distortion to remain.

Wynne designed three-lens corrector for R-C hyperboloid mirror (Wynne, 1968).
This may be interpreted as the modification of Ross type corrector with an
additional third convex lens. His corrector was ‘anastigmat’ that corrected
spherical aberration, coma, astigmatism, field distortion, and longitudinal and
lateral (axial and oblique) chromatic aberrations for a wide field.

EFL=10.93m, Fno.=2.87, FOV=50 arcmin

Figure 4-1. Wynne's three lens Primary Corrector (Wynne 1968)

Epps et. al. included ADC 1n a primary corrector for the first time. They designed a
three-lens corrector including direct-vision prism ADC for the primary focus of
F/1.75 R-C main mirror with two aspheric surfaces and obtained 80 percent
encircled energy of 1/4 arcsec for a field of 30 arcmin and for the wavelength range of
0.33um-1um (Epps et al. 1984). This design was made for Keck telescope, but a

primary corrector was put out of scope of the project at an early stage. See Figure
3-3. |
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Naria1 et al designed a corrector for the F/2 R-C mirror of the Subaru telescope with
the field of view of 30 arcmin and RMS image diameter of 0.2 arcsec. They
determined the positions of the three lenses balancing the chromatic aberration of
the spherical aberration and the imaging at the edge of the field, and eliminating
higher order curvature of field. They also studied the effect of aspheric surfaces
and concluded that the rear surface of the second lens and the front surface of the
third lens are the most effective positions for aspheric surfaces (Nariai et al. 1985).
See Figure 4-2.

A\

EFL=16.50m, Fno.=2.01, FOV=30 arcmin

Figure 4-2. Nariai's Primary Corrector with direct-vision prism ADC (Nariai et al. 1985)

Su Ding-qiang made each of the two lenses of a field corrector for R-C system to be a
composite lens whose component glasses have similar refractive index with different
dispersion and made the boundary of the two glasses inclined. He called this a
lensm (lens-prism). (Su Ding-qiang 1986). See Figure 3-4. Many designs of
primary correctors with lensm for various cases were published (Wang Ya-nan et al.
1990). See Figure 4-3.
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EFL=16.45m, Fno.=2.19, FOV= 30arcmin

Figure 4-3. Wang Ya-nan and Su Ding-qgiang’s Primary Corrector with “lensm”
(Wang Ya-nan et al. 1990)
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5. Optical Design

5.1. Design Requirements

There are already ten 8-10m class telescope under construction or already in
operation at the time of writing this thesis; two 10m Keck Telescopes built by
University of California and its consortium on Mauna Kea, 8m Hobby-Everly
Telescope, 8.2m Subaru Telescope built by National Astronomical Observatory of
Japan on Mauna Kea, four 8. 1m VLTSs built by European Southern Observatory at
Cerrp Paranal in Chile, two 8m Gemini telescopes under construction on Mauna
Kea, Hawan and at Cerro Pachon in Chile. Among these 8-10m class telescopes
none hut Subaru Telescope has implemented a wide field primary focus. All other
major new telescope abandoned to implement the wide field primary focus. This
was mainly because of its anticipated engineering difficulties in designing and
manufacturing an enormous corrector lens system for such a fast focus with a
capability to compensate aberrations over the wide field and at the same time the
atmospheric dispersion depending on the zenith distance. The scientific needs for
the wide field capability for 8-10m class telescopes were evident and astounding.
For instance, 1m class Schmidt telescopes provided wide field survey capability to
search for new interesting objects to be studied closely by 4m class telescopes. In
this sense, Im class Schmidt telescopes were good match to 4m class telescopes.
However, situation for 8-10m class telescopes has not been satisfactory because that
there was no adequate telescopes allowing deep wide field survey type observations
to isolate interesting new faint objects that are worth for observation with 8-10m
class telescopes.

Realizing such a strong need and importance to enable wide field survey capability
for Subaru telescope, NAOJ astronomers decided to implement the primary
corrector. The requested unvignetted field of view was 30 arcmin in diameter. A
huge mosaic CCD camera, named Suprime-Cam, was proposed to cover 30 x 24
arcmin field with 10 large format CCDs each having 8M pixels of 15 micron square
providing a sampling rate at 0.2 arcsec/pixel. The specifications for the primary
corrector with ADC capability to realize such a wide field observation are shown in
Table 5-1. The specifications laid down by NAQOJ were extremely challenging for
optical designers and manufacturers.
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Table 5-1. Specifications for Subaru Primary Corrector

Primary Mirror diameter 8.2m, radius of curvature 30m, RC for F12.2
FOV for primary focus 30 arcmin, unvignetted

Wavelength 0.4u-1.0u for optimization

Pixel Scale 0.2 arcsec/pixel

FWHM Image size 0.2 arcsec or smaller

Zenith Distance 0-60 degree

Apart from the difficulty in realizing the optimum optical design, there were other
practical constraints as well. For instance, the originally assumed weight of the
prime focus assembly, including the primary corrector, prime focus CCD camera
Suprime-Cam, and their associated supporting structure, electronics and cables, was
500kg. The telescope main truss structure was designed assuming this load at the
prime focus to balance the moment and stiffness. In fact, as the detailed designing
work proceeded for the prime focus structure, including the hexapod platform for
aligning the prime focus unit correctly relative to the primary mirror, it turned out
that the mass budget assignable for the primary corrector was not as generous as
was originally assumed and it became desirable though not mandatory to reduce the
mass of the primary corrector unit as far as possible to retain the imaging and
tracking performance of the {t@lescope.

Also, considering the need to implement a primary baffle structure to reduce
unwanted light entering into the prime focus unit, the size of the primary corrector
should be confined as small as possible. The backfocus from the last surface of the
detector dewar window was another concern for the Suprime-Cam group in
optimizing the mechanical and thermal design of the instrument.

5.2. Nariai's Design and My Efforts to Overcome its Difficulties

As was shown in chapter 4, Nariai's design of the primary corrector (1994) using a
pair of classical direct prism was the starting point of the present work. Several
difficulties were anticipated in the fabrication of the primary corrector according to
the optical design of Nariai (1992). Following is the description of my efforts to
overcome these difficulties.
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_(a) Easing the manufacturing difficulty of glass materials.

The glass material FPL51 (OHARA. Equivalent to FK52 of Schott) belongs to
fluorine phosphor glass family. The coefficient of thermal expansion of this kind of
glass 1s large. Besides, the coefficient for thermal conductivity is low. It is,
therefore, very difficult to handle this glass safely because it will break easily at a
small thermal shock. It is also difficult to get glass blanks of this size (diameters
of 649mm, 392mm, and 220mm). A glass company, OHARA, kindly offered a
proposal to challenge to make these glass blanks. However, only a glass blank of
200mm had been fabricated and used, and an experimental glass blank of 400mm
had been fabricated. The Nariai design required a blank with diameter larger than
660mm. As a blank of FPL51 (or its equivalent) of this size had never been
fabricated in the world by that time, great difficulty was anticipated in its
fabrication. However, 200mm size lenses of this glass had already been fabricated
by OHARA and had been processed by CANON at a rate of several par month.
Therefore, it can be done although it needs careful handling. It appeared too risky
to rely on the developmental processing of a 660mm diameter blank of FPL51 to
realize the Subaru primary corrector.

I tried, therefore, to replace the glass material of the first and the second lenses with
BSL7 (OHARA's equivalent to BK7 of Schott) because it is much easier to make
large size blanks of this glass and 1ts quality is stable. I found, however, that it is
impossible to make the longitudinal and lateral chromatic aberrations zero
simultaneously without FPL51. Chromatic differences of aberrations are usually
difficult to suppress with this type of lens design. Therefore, the adoption of the
ultra low dispersion glass FPL51 in Nariai design was effective. Since a smaller
size FPL51 blank was available, I decided to use FPL51 as the third lens to
compensate the chromatic aberrations.

(b) Smaller First Lens to reduce chromatic aberrations

With the three lens correctors hitherto published, the largest remaining aberrations
are the chromatic differences of aberrations, specially those of spherical aberration
and of coma. In Naritai design, ultra low dispersion glass is used so that these
chromatic differences of aberrations become small. Replacement of
FPL51(OHARA) with BSL7(OHARA) made these chromatic differences larger

because of the larger dispersion of the glass besides the chromatic aberrations.
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I modified the lens design in the following way. Making the position of the first
lens closer to the focal plane {making the distance between the main mirror and the
first lens larger) makes the chromatic difference of the spherical aberration smaller.
This also makes the size of the first lens smaller. Moving the first lens in this way
keeping the back focal distance constant means smaller length between the first and
the last lenses of the corrector. Therefore, the three-lens design with small
chromatic difference of the spherical aberration has the first lens with smaller
power as a convex lens but with higher curvatures and the second and the third
lenses with higher powers. If we use the same glass for three lenses, the chromatic
aberration of magnification becomes large because of the higher powers of the
second and the third lenses. Therefore, it is necessary to use lower dispersion glass
in order to correct the chromatic aberration of magnification.

(c) New type atmospheric dispersion corrector (Nariai et al. 1994, Takeshi et
al. 1994)

\

| i S|
i

EFL=15.31m, Fno.=1.87, FOV=30 arcmin
Figure 5-1. Temporary model for the Primary Corrector with Lateral shift type ADC,

Aspheric surface are indicated with hatches.

This ADC consists of two lens elements and has three surfaces. The first and third
surfaces are flat and the second surface is spherical. Shift of this component

perpendicularly to the optical axis causes nothing to the first and the third surfaces
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and the de-centered spherical surface between two elements behaves as an ADC.
Let us take the x-axis as the optical axis and the position of the spherical surface in
the ADC the zero-point of the coordinate. Then, the surface is written for & as the

radius of curvature of the surface, as

yi+z0 1y +z°
x=1-,1- = oo (B> 0) (4)
R 2 R?

We will discuss only the case £>0. The result for the case E<0 can be easily

obtained with appropriate changes of signs. Let us shift ADC by d in the

ydirection, then we have

(y-d)Y +z° 1 ?
X=1_ 1__ = e = = T4 (5)
\j R’ 2 R 2 R* R
The first term represents the spherical surface while the second term 1s interpreted
as a prism because it 1s proportional to y. Thus, the difference between the shifted

spherical surface and the original surface can be interpreted as a variable prism.

Nariai's original design uses two direct-vision prisms in order to correct atmospheric
dispersion. Using two components with a total of four elements only to correct
atmospheric dispersion is somewhat extravagant. Reducing the number of
elements has a great benefit in terms of transmission efficiency and so on, if the

optical imaging performance is acceptable.

So, I replaced two direct-vision prisms with a pair of lenses each consisting of two
elements 1n order to achieve two targets, namely, to correct atmospheric dispersion
by lateral shift of this lens and to correct two chromatic aberrations (Nariai et al.
1994, Takeshi et al. 1994). The replacement of direct vision prisms with a pair of
lenses consisting of two matched elements each introduced additional possibility to
optimize the radius of curvature of these matched surfaces. I used this freedom to
reduce the remaining chromatic aberrations and found it very effective in improving

the optical performance.
Replacement of direct vision prisms with a pair of compound lenses opened an

entirely new way to correct the atmospheric dispersion as was mentioned before.

Since the matched surfaces of these compound lenses are curved, they produce a
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chromatic dispersion when displaced diagonally from its optical axis, although this
was not the case for a pair of direct vision prisms. The glass materials of the two
pair of compound lenses were chosen so that the chromatic dispersion, that is
produced when one of the pair of lenses is displaced diagonally from the optical axis,
matches with that of the atmospheric dispersion. Since the Subaru Telescope is an
alt-azimuth type telescope, and the atmospheric dispersion depends only to the
elevation of the telescope, the required motion for operating the atmospheric
dispersion corrector is a simple lateral motion of one of the pair of lenses diagonally
to the optical axis synchronized with the telescope elevation. This also helped to
simplify the driving mechanism as compared to the classical ADCs that required

driving two direct vision prisms in opposite direction.

In fact the optical design was carried out in an iterative process taking the above
two features (a) (b} and (c) into consideration. Figure 5-1 shows a temporary design
in which glass materials are selected so that the following values become small; the
second spectra of the longitudinal chromatic aberration and the chromatic
aberration of magnification, chromatic difference of the spherical aberration, and
chromatic difference of field curvature. It consists of three single lenses and two
compound lenses and its field of view is 30 minutes of arc. The total number of

surfaces is the same as for the three-lens design with two direct vision prisms.

(d) Shifting the aspheric surfaces for easier processing

The aspheric surface polishing machine developed by Canon Inc. was to be used for
processing of aspheric surface. Those who developed and used this machine
expressed their concern about the radii of curvature of aspheric surfaces of the
optical design shown in Figure 5-1 and in Table B-1 {in Appendix) because the
machine does not guarantee accuracy at the peripheral region of the lens when the
curvature of the surface is large.

We have therefore changed the configuration as shown in Figure 5-2 and Table 5-1,
where the aspheric surfaces are assigned to surfaces with smaller curvature. We
avoided to assign the aspheric surface to the FPL51 glass to reduce the risk of
processing the surface. Also, an odd order term is used so that rays passing
through peripheral region behave gently. Figures 5-3 and 5-4 show the aberration
diagrams of this new design at the zenith and at the zenith distance 60 degrees.

Figure 5-5 shows the aberration diagrams at the zenith distance 60 degrees when
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- ADC is not working. Lateral shift of images for 0.4 4 m and 1 m exceeds 0.05 mm
in these diagrams while the shift due to color is well corrected in Figure 5-4.
Figures 5-6-1, 5-6-2, 5-6-3 and 5-7-1, 5-7-2, 5-7-3 are spot diagrams at the three
wavelengths 0.5461 4 m (e-line), 0.4 m and 1um respectively for the zenith and
zenith distance 60 degrees.

This design was chosen as the final design for processing the primary corrector of
8.2m Subaru Telescope.
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k €a r d glass maker ng Vg
1%8200. 046  30000. 00000 14208. 00000
2 506.980  327.93795  56.00000 bslT ohara  1.516330 64. 15
3 467.115  320.56994  399. 05825 l.
4% 274.917 -5178.61747  16.00000 bsl7 ohara  1.516330 64.15
b 201.457  214.49423  64.17665 1.
6 340.000 0.00000  26. 00000 pbmd ohara  1.603420 38.01
7 340.000 -900.00000  14.00000 bsnl4  ohara  1.603112 60.70
8 340. 000 0. 00000 6. 00000 1.
9 258.162  846.05620  15.00000 pbm2 ohara  ].620041 36.26
10 256.721  399.12770  29.7037] bsl7 ohara  1.516330 64. 15
11% 256.606 5532. 59291 1. 00000 1.
12 256.636  272.65658  47.43897 fpl51  ohara  1.496999 81.61
13 253.987 -1097.72498  140. 00000 .
14 250. 000 0.00000  30.00000 sio2 xxxxx  1.458670 67.90
15 250. 000 0. 00000 9.99590 1.

Aspheric constant

k r e’ B C D D’ E

1 30000 1.00835

4 -5178.61747 3.19417E-9 -8.00839E-14 1.81720E-18 -1.07649E-20 2.53189E-23

11 5532.59291 1.37929E-9 -5.17433E-14 -6.78490E-18 7.08040E-20 -2.33789E-22

h/r

X

+Bh* +Ch® + Dh® + D'R° + ER™, h=./y? +2?

RPN EaTs:

£, = 15315.397

Table 5-1. Optical data of final design of Primary Corrector of Subaru Telescope

e
W

EFL=15.32m, Fno.=1.87, FOV=30 arcsec
Figure 5-2. Cross section of final design of Primary Corrector of Subaru Telescope
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Figure 5-3. Aberration diagrams of Primary Corrector for Subaru Telescope, zenith
distance 0°. The ordinates and abscissa are in millimeter except for the ordinate of
three upper right diagrams where the ordinate is the field angle in degree.
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Figure 5-4. Aberration diagrams of Primary Corrector for Subaru Telescope where
ADC is set at proper position. Zenith distance 60°
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Figure 5-6-1. Spot diagrams of Primary Corrector for Subaru Telescope, zenith
distance 0°, A= 0.5461xm. Four rows correspond to the field angle in degrees and

five columns correspond to position of the focusing plane (defocusing amount shown in
millimeter). Unit length for each spot is 0.0743mm.
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Figure 5-6-2. Spot diagrams of Primary Corrector for Subaru Telescope,

zenith distance 0°, A=04um
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Figure 5-6-3. Spot diagrams of Primary Corrector for Subaru Telescope,

zenith distance 0°, A=1.0um
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Figure 5-7-1. Spot diagrams of Primary Corrector for Subaru Telescope,
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. 5.3. Throughput and ghost analysis

The throughput of the entire lens system of the primary corrector is calculated
based on the basic data of the glass materials and is shown 1n Figure 5-8.

For the final design, ghost simulation was carried out. First, the imaging positions
with two surface reflections in the corrector were obtained by paraxial calculation.
We chose those whose imaging positions 1s close to the true imaging plane and
traced rays. Examples are shown in Figures 5-8, 5-10, and 5-11. We also
estimated the intensity of the ghost images. Assuming the size of the ordinary
image of 0.5 arcsec, reflectivity of the filter at 10 percent, reflectivity of the surfaces
with anti-reflection coating at 1 percent, and reflectivity of the glued surfaces at 0.1
percent, we obtained 1.2 x 10-7 as the largest ratio of intensity.
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Figure 5-8. Transmittance of the entire corrector (calculated)
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6. Fabrication

A lens manufacturing company has usually a series of standard spheres whose radii
are precisely measured. When a lens system 1s going to be manufactured in
quantity, the original lens design is usually modified so that the radius of each
surface in the system is replaced by a value of the radius of a standard sphere closest
to the original value. It is difficult to make a standard sphere with a desired radius
and with sufficiently accurate surface. Therefore, if a standard sphere is to be
manufactured for a particular lens design, the tolerance of the final radius is 1/2000
of the target value. So, by using standard sphere of known radii, we can make a
lens closer to the original design rather than by making new standard sphere for a
particular lens design.

For a lens produced in large quantities, error budgets are calculated for radius of
curvature, departure from the ideal sphere, thickness, distance, refractive index,
dispersion, so that the targeted performance i1s achieved, then manufacturing process
starts with tolerances for each elements thus calculated.

The standard procedure for a precise lens system is follows; secure glass material,
modify the design with the melt-data, modify the design again with the standard
sphere system, polish, measure thickness of polished lenses, assemble into one

system with distances modified on the basis of the measured lens thickness.

In the case of the Subaru primary corrector, however, we modified the design with
the standard sphere system skipping the step of modifying the design with the
melt-data. We estimated that the dependence of the imaging characteristics on the
refractive index was relatively small and that the targeted performance could be
achieved by adjusting thickness and distance if differences of melt-data and
catalogue data fall within ng:£0.0005 or v4: 30.8%. Thus, in order to save time,
we decided radii of surfaces and ordered jigs.

As to glasses BSL7, BSM14, and PBM2, we decided to use BSL7Y, BSM51Y, and
PBM2Y after having consulted with OHARA, the glass company. These new series
of glasses were developed for the optical systems of stepper, printing machine of
semi-conductor, for the use in the i-1ine(0.356 £ m), and have the same refractive index

and dispersion as the corresponding ordinary optical glasses but the transparency in

36



the ultraviolet and the homogeneity are better than those of latter. PBMS5 did not
have a counterpart in the new series. FPL51 is now replaced by S-FPL51, an Eco
Optical Glass that does not contain toxic substances such as plumb or arsenic.

We might have had to re-order jigs if the optical constants of the glasses were outside
of the range of our estimation, that leads to re-determination of radii of surfaces.
But such worrying circumstance never happened. Table 6-1 shows Optical data
after modifying with the standard sphere system.

k ea r d glass maker nyg Vi
1%x8200. 000 30000. 00000 14208. 06000
2 506.800 326. 76000 56. 00000 bsl7 ohara 1.516330 64. 15
3 467.000 319.65000 398. 32431 1.
4% 275.000 -4475. 19983 16. 00000 bsl17 ohara 1.516330 64. 15
9 251.400 213. 36000 64. 46860 I.
6 340. 000 0. 00000 26. 00000 pbm) ohara 1.603420 38. 01
T 340.000 -897.65000 14. 00000 bsmi4 ohara 1.603112 60.70
3 340.000 0. 00000 6. 00000 1.
9 258.600 825. 93000 15. 00000 pbm2 ohara 1.620041 36.26
10 257. 200 391. 19500 30. 28257 bslT ohara 1.516330 64. 15
11% 257.200  5355. 97529 1. 00000 1.
12 257.200 268. 24000 48. 01604 fpl5l ohara 1.496999 81.61
13 254.500 -1098. 30000 125. 50259 I.
14 250. 000 0. 000600 15. 00000 sio2 XXXXX 1.458670 67. 90
15  250. 000 0. 600060 14.50000 l.
16 250. 000 0. 00000 15. 00000 sio2 XXXXX 1. 458670 67.90
17 250. 000 0. 00000 10. 00000 l.
Aspheric constant

k r e B C D D’ E

1 30000 1.00835

4  -4475.19983 3.38267E-9 -8.36303E-14 2.03782E-18 -1.33838E-20 3.49307E-23

11 535597529 1.30769E-9 -5.38888E-14 -6.67037E-18 6.94170E-20 -2.28747E-22

h* ,’Ir

x = —+Bh' +Ch® +Dh® + D'h° + ER", h=y*+2°
1o J1-{1-e2Ja.rf

f. = 15318.052

Table 6-1. Optical data after modifying with the standard sphere system

At the planning phase, we estimated delivery time to be between three to five months
from the placement of order. However, it took more than our estimation because of
accidents during the fabrication. So, we had to process lenses as glass came in, that
means we did not have melt-data for all glass material. As we got individual

melt-data, we replaced it with the corresponding catalogue data and made
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ray-tracing in order to evaluate the effect of the difference between the meit-data and
the catalogue data. It was not necessary to change the radii of surfaces or thickness
of lenses, and adjustment of distances between lenses were the only things we had to

do to get the targeted performance of the corrector. Table 6-2 shows the melt-data of
glasses.

Melt Data W‘E?

Year Month Day

. @ Ohara Inc.
=tdlgbd— Mg Fnrt Na.
15-30. Oyama i-chome. Sagamihara-shi
7090982 Kanagswa-ken 229 JAPAN
Ana No. Meit  No Giass Type B Ad— Nec T, ne Vd
nt nC nd nh
AN 1.50744 |1.51449 11.51696 |1.52253 ]1.52683 |1.53037 | 64.3
5501 | JOATX31 BSL 7Y [ TL6k 6k <83 .63 62 61 T2
Melt Dala
* v 7 v (B Year Month Day
T A F X #

y
@ Ohara Inec.
Maid No. Parg No

15-30. Ovama I-chome. Sagamihara-shi

7070544 G2002 Kanagawa-ken 229 JAPAN
Ann, No. Melt Mo, Glaxs Type o L2 i R‘F“ e Ud
nt nC nd nf ng _nh
. 514 . . . 4 . '
AN2501 | J2A6u27 BSL TY .___1.._5_?7%_8_ 153;3 151623 1532;3155522 15?022 6*3 AAAAAA
Melt Data
Year Moanth D
2 v 7 v (B car Month Duy
T A F % n

1
1 Part N @ Ohara InC.

| 15-30. Oyama 1-chome. Sagamihara-shi

' Ta003 Kanagawe-ken 223 JAPAN
Ann. No, Melt N Gluss Pwpe f r . Flgdninm Ja— T, ng Ya
nt nC nd nh ;
AN 1.58748 [1.59900 [1.60367 [1.61487 |1.62407 |1.63202 | 38.0..
ssor| aramas | eems |23 [ e | oes | es e s T
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PRECISION MEASUREMENT

MELT DATA
Moid Mo Part Ha. 15-30, Oyama l-chome, Sagamihara-shi
g 21004 Kanagawa-ken 229 JAPAN
Ann.  No. Melt No. Glass Type Re Al e ne ng Y4
nt nC nd nh
1.59212 160081 |1.60344 11.61035 11.61573 | 1.62C18 | 60.7
AN. 2€a1 | 1887719 | pameiy }-5od- e 190U L)
3501 | JOATT19 BSMS1Y V33 S 233 233 P b 233 20
Aprioved i d
_Melt  Data G | &
W o
+ v /v (%) ’ Yenr Month Day (:L{,ﬂ) (‘.,Zl)
F AR F A &
— - @ Ohara Inc.
‘ 15-30. Oyamu 1-chome, Sagamihera-shi
7090957 2005 Kenagawa-ken 229 JAPAN
Ann.  No. Melt  No. Glass Type R g e T ng |
nt nC nd nh
AN 1.60289 |1.61513 |1.62016 ]1.63223 |1,64220 |1.65084 | 36.3
3504 Jepe11z | pamopy| 1IN [ X} ed2 eIl e2 ] w1l .0
o i ed
Melt Dala oo [ ered
¥ ¥ /s v f¢:3)) Year Manth  Day
T AT & & ’
Moid Ne Part N @ Ohara Inc.
’ - = 1500, Ovama |ochame. Sagamilora-shi
70705,’]5 G2006 : Kanagaws-hen 229 JAPAN -
: 1
Aan.  No. Melt No Closs Type j 1 73 d e i Yd
) i nt nC nd I nr;F erg nh |
: . 514 . 1.522191 1.526481 1.53002| 64,
wvesor | azmesor | s 7y | 1907101 151400 1516231523 526481 1:53002 ] 64:3..
| J— PR VN e R g : :
Melt Daia ,
approved | Isgued
Year Month D S B
T L
¥ r 2 v ) v °;’ 5
T A F & ¥
Mald Ne Pari _No @ Ohara Inc'
’ ) 15-30. Oysmsa I-chome, Sagamthara-shi
] 7090960 9’3007 Kanagawa-ken 229 JAPAN
IAM. Ne. Melt MNo. Glass Type A R R e ng Vd
nt nC nd nh
lan 149017 11.49519 |1.49706 |1.50129 |1.50457 |1.50726 | B81.5
3502 0024607 S5-FPL51 + 5 + 5 + 6 + + 6 + 6 -1

Table 6-2. The melt-data of glasses
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The dependence of the final performance of the corrector depends very much on the
first lens. As fabrication process of the glass material for the first lens is quite
complicated, it is explained in the following. Required volume of glass material of
the first lens is first secured from thin cylindrical column raw material. They are
placed vertically in the furnace. The temperature of the furnace is raised up to the
softening point, then, we get a glass block. Finally, we put it into furnace again,
using mold, to get a disc shaped glass. Figures 6-1 and 6-2 show the results of test
of homogeneity of this disc after having polished both surfaces. Then, we put it into
furnace again, using concave mold, to get meniscus shaped glass. This process is

called slumping. After annealing, we measured for stain inside the meniscus block.
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Figure 6-1. The test results of homogeneity of disc shaped glass material for the first
lens after having polished both surfaces (1)
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Figure 6-2. The test results of homogeneity of disc shaped glass material for the first
lens after having polished both surfaces (2)
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Polishing of spherical surfaces was done using the standard spherical surfaces. At
the final stage, we checked the surfaces using Zygo interferometer if it was possible
to do it. For a convex surface, it was not possible to see the entire surface at one
time. So, we used the interferometer to see a part of it and repeated the process
until we check the entire surface. The check of the first lens with the interferometer
was made at the time of assembly when the lens was within the lens tube because it

was difficult to hold the lens at the interferometer at the time of fabrication.

As examples, Figure 6-4 and 6-5 show the results of measurement of the concave
surface of the first and the second lenses with the Zygo interferometer.
Interferometer test was not done for the convex surface of the first and the third
lenses, concave surface of the fourth lens, and aspheric surfaces.

5 2380 GPl Application for SUBARU -
IS'T‘ ﬁper‘.urs] s Surface/Hsvefront Map 4
PETEr e T— 8 Zyso Obliqus Piot 4]
- 3, 5
MEASURE oy
Analyze s
Mask Data wave
Save Data
Load Datas &= ;_:c;smg
Calibrate
Reset
Measure Cntrl
alyze Cntrl gL iters
PV 0.889  wave
rms FJ.].:_)'_a wEve
Power -8.756  wave
Remove : idels —
il i Beideld oeesrer 1t i ]  [Peints____ 32581
I i 1 jL I
2 JI [Aperture(Xdia.) {{icinmed: 1] I_Fiiter: off | u
- —— - -
B Zug0 Surface/Hsvefront Profile 4 ‘
9. 42080
: |
7 +8. 20000 |
3 |
o 1. BOSSO
Eernikes &
£ 2. 2000
i S = e TR T y L = TlI.Frsnaes BfDirection:
] sa =) 158 P
Distance (pix)
v 8.498 wave | |ru5 B8.144 wave |

Measurement Attributes A

L]
Pineluze At |16 =7 155] [F-umber._ & |
Er‘bﬂe&s} :
|P/N: |

Repor 1] Scale Factor: 8.58
[S7H: | [Camera Res: um__ |
ideo Monitor] | ] |Dets File: GIR2.5.dat ]

Figure 6-4. The results of measurement of the concave surface of the first lens with the
Zygo interferometer
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Figure 6-5. The results of measurement of the concave surface of the second lens with
the Zygo interferometer

Fabrication and measurement of aspheric surface were done with CSSP(Canon
Super-Smooth Polisher)( Ando 1992, Negishi 1994) that was developed within Canon,
inc. Specification was 2 arc second and 3 arc second by slope error for the first
surface of second lens and the second surface of the sixth lens, respectively. We
stopped fabrication when we achieved the specification for 96% and 97% by area.
Figure 6-6 shows a photo and a schematic of CSSP. Figures 6-7 and 6-8 show the

results of measurement with CSSP for the aspheric surfaces of the second and the
sixth lens, respectively.
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Figure 6-6. A photo and a schematic of the CSSP (Canon Super-Smooth Polisher)
(Ando et al. 1992)
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Figure 6-7. The results of measurement with CSSP for the aspheric surfaces of
the second lens
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Figure 6-8. The results of measurement with CSSP for the aspheric surfaces of
the sixth lens
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Table 6-3 shows the thickness and its allowance in the fabrication drawing and the

finished thickness.

judged to make adjustment of the distance between lenses.

All the finished values are within the allowances, but it was

Lens no. Thickness Allowance Finished
in drawing thickness
1 56 +0.1 55.94
2 16 +0.3 15.856
3 26 +0.2 25.77
4 14 *0.2 13.962
5 15 *0.1 14.99
6 30.29 *0.2 30.451
7 48.02 +0.2 48.083

Table 6-3. The thickness and its allowance in the fabrication drawing and the finished
thickness

As the material for the lens tube, titanium material Ti-6Al-4V was used because its

thermal expansion coefficient is close to glass and because i1t allows precise

processing.

by mass and 1s used 1n many ways.

tube.

Primary Corrector 1708

#6500

It is alloy of titanium containing 6% of aluminum and 4% of vanadium

Figure 6-9 shows cross section of lens in the lens

§89.6 176. 5

Figure 6-9. Cross section of lens in the lens tube
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The 1nner diameter of the part of the lens tube where a lens fits in and the part that
fixes the distance between lenses were based on the outer diameter and thickness of
the finished lens and melt-data. As the assembly is done at the room temperature
but the lens is used at lower temperature, clearance between lens and tube was set to
be between 40 and 50 #m. The parts that decided distances between lenses were
fabricated so that the effects on the aberrations due to differences between the design
values and the final values are corrected.

When assembling lenses into the tube, we put stopper rings watching the lens
surface through Zygo interferometer so that distortion of surface is minimum and
then fixed them with bonding agent. Distance between lenses were measured and
checked during assembly work. Table 6-4 shows the fabrication optical data of the

primary corrector with melt-data and distances between lenses measured during

assembly.
k ea T d Glass n, Np.4) Ny
1 8200 * 30000 14207.88 1 1 1
2 506.8 326.76 55.94 (BSL7Y)  1.518880 1.53097  1.50770
3 467 319.65 398.5995 1 1 1
4 275 * -4475.19983 15.856 (BSL7Y)  1.51854  1.53062  1.50736
5 251.4 213.36 65.111 1 1 1
6 (337 0 25.77 (PBM5) 1.60743 163341 158775
7 (337) -897.65 13.962 (BSM51Y) 1.605811 1.62094  1.59239
8§  (337) 0 5.4995 1 1 1
9 258.6 825.93 14.99 (PBM2Y)  1.624213 1.65236  1.60319
10 2572 391.195 30.451 (BSL7Y)  1.518550 153062  1.50736
11 257.2 * 5355.97529 0.836 1 1 1
12 2573 268.24 48.083 (S-FPL51)  1.498524 150774  1.49027
13 254.5 -1098.3 125.50955 1 1 1
14 filter 0 15 Si0, 1.460280 147032  1.45056
15 0 145 1 1 1
16  window 0 15 Si0, 1.460280 1.47032  1.45056
17 0 10 1 1 1
18 image 0
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Aspheric constant

k r & B C D D’ E

1 30000 1.00835

4  -4475.19983 3.38267E-9 -8.36303E-14  2.03782E-18 -1.33838E-20  3.49307E-23

11 5355.97529 1.30769E-9  -5.38888E-14 -6.67037E-18  6.94170E-20 -2.28747E-22
h2/r

x= +Bh* +Ch® +Dh* + D'h° + ER®, h=yy?+7?
1+ y1-{1-e*Xn/r ¥

EFL¢ = 15317.899

Table 6-4. The fabrication optical data of the primary corrector for Subaru telescope with
melt-data and distances between lenses measured during assembly

Figure 6-10 shows the aberration diagram, Figure 6-11 through 6-13 the spot
diagram, and Figure 6-14 through 6-19 the radial energy based on the fabrication
data.
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Figure 6-10. The aberration diagram based on the fabrication data, zenith distance 0°
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Figure6-11. The spot diagram based on the fabrication data, zenith distance 0
wavelength 0.5461 um
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Figure 6-12. The spot diagram based on the fabrication data, zenith distance 0
wavelength 0.4 um
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Figure 6-14. The radial energy based on the fabrication data, zenith distance 02,
wavelength 0.5461 um
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Figure 6-15. The radial energy based on the fabrication data, zenith distance 09,
wavelength 0.4 um
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Figure 6-16. The radial energy based on the fabrication data, zenith distance 09,
wavelength 1.0 «m
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Figure 6-17. The radial energy based on the fabrication data zenith distance 609,
wavelength 0.5461 um
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Figure 6-18. The radial energy based on the fabrication data zenith distance 60°,
wavelength 0.4 um
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Figure 6-19. The radial energy based on the fabrication data zenith distance 602,
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7. Null Lens Test

It 1s difficult to test the imaging performance of the assembled primary corrector
because it is not an imaging system by itself. Its final evaluation will be done only
after it i1s installed into the telescope and works with the primary mirror. As the
manufacturer of the corrector, we used a concave spherical mirror and a null lens to
make two tests. In the first test, we tested the imaging performance of the central
part of the image field. In the second test, we checked the entire lens system.

The null lens for the test of the central part of the imaging field was designed in the
following way. A point light source is placed at the position of the focal point of the
corrector when used with the main mirror. On the other side of the corrector, we
put a concave spherical mirror that reflects light back into the corrector. The
position of the concave mirror is so determined that the paraxial position of the light
source and the image coincide. This procedure puts the center of curvature of the
concave mirror at the focus of the telescope mirror only. If the corrector is one for a
parabolic main mirror, this procedure gives aberration free image on the optical axis.
As the corrector 18 made for a hyperbolic mirror, the on-axis image has spherical
aberration. Its amount is double the spherical aberration of the hyperbolic main
mirror because the light in this test passes the corrector twice. We put a null lens
between the light source and the corrector in order to remove this aberration. The
null lens was composed of a concave lens and a convex lens and was placed that the
pupil of the entire optical system falls at the position of the reference sphere of the
interferometer. Figure 7-1 shows ray paths and residual wave aberration of the
designed null lens for the central part of the imaging field.
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Figure 7-1. Ray paths and residual wave aberration of the designed null lens for the
central part of the imaging field

The null lens for the entire lens system was designed in the following way. We
choose the outermost ray among the rays that make an image at the edge of the field.
A point light source was placed at a point where the two such outermost rays cross.
The concave spherical mirror is placed so that the image falls at the same position
as the light source. Then, a null lens was placed between the light source and the
corrector as in the first test. In this test, we use rays that are quite different from
the actual imaging rays. But this test allowed us to check the entire corrector
system with the interferometer. Figure 7-2 shows ray paths and residual wave

aberration of the designed null lens for the entire lens system.
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Figure 7-2. Ray paths and residual wave aberration of the designed null lens for the
entire lens system

We used the melt data of the glass material and the thickness of processed lenses to
modify the distance between the null lens and the primary focus corrector and the
distance between two lenses in the null lens, then, the null lens was assembled.
The diameter and the radius of curvature of the concave spherical mirror was
determined to be 650 mm and 1123.7 mm, respectively, as the mirror was to be used
in the both tests. Its thickness at the center was 95 mm. Figure 7-3 shows the
result of measurement of the concave spherical mirror with the Zygo interferometer._

63



®  Z430 QUALITY CONTROL METROLOGY APPLICATION REV. 11494 -
Sm fperture| L2 30 Phase Map 4
1 = Oblique Plat 4
l-ﬁl:ﬁ
[p¥ 8.208 _ wave |
[Rris B.832 wave | . .
[POMER -8.187  wave |
APERTURE (RDIA.
[Fize X__610.746___nn__| REMOVED: PST TLT PHR PERTURE(XDIA.)
Eize ¥ 610746 mn_] Trowes: & |[SAVE "PROCESSED DATA"] Points 55361
B Messure Attributes = Y
[Mon Nov 9 11:18:24 1998] [Dsta Sign: Nermal | _ e
[CRTORER: CANON, TG, | [Geale fecior: 6.5] [[NDEX OF AIR (NOM 1.@8e2713): |.e862726]
| S ] [Canera R=s: 2.229 an_ | RESET ENVIRONMENT
[50M" DIAMETER CONCAVE MIRROR COATED. ] TEMPERATURE (C): 20.9
[PRESSURE (TORR] : 763)
e ACURE [TASK_DATA] [AUTO SEQ ] [LOAD DATA] RELATIVE RONIDITY (%) 27
[CALIBRATE] [ANALYZE] [RESET |  [SAVE "UNPROCESSED DATA"]
s Controla I = 7490 Analuze Controls 4
Sl [DATA SIGH: Wormal | PST
ROCESS P . - : P
D%,‘:E; [I0I._SCALE FACIOR: 0.500] ETDELS TLT ,[M‘lm hEF:TURk. rlrfﬂ3
Friace paor 107) | (VAVELENGIH-IN: §32.8__nn ] PWR [APERTURE SIZE (%DIA) 100.9]
[WEGiTy  |[(VAVELENGIH-OUT: 6a32.8__nm__ || geeiers 1 ||[AST T TTOE: FILIER oft
PERSURE C1R | [AGC HODE: Nornal Reflectivity] CMA | Dutside | IHLTIP:R TYPE: Averagel
FDED MONTTOR [ACQUISIIION WODE: FPhase] SA3 [EILTEE VINDOV SIZE: 3]
ELOPE_MAg

Figure 7-3. The result of measurement of the concave spherical mirror with the Zygo
interferometer

A tool with a pinhole of 1.5 mm ¢ that places the pinhole at the imaging point of the
primary focus corrector was made and was fixed to the corrector. A microscope with
an on-axis lighting device was then put on a stage and was set so that its focal point
coincides with the center of the pinhole of the tool. Then, the concave mirror was
set so that it is at the right relative position with respect to the corrector. After
these procedures, the concave mirror and the pinhole are placed at the correct
positions relative to the corrector. We replaced the microscope with the Zygo
interferometer to make measurements of the wave front. 0.6328 u m line of He-Ne
laser was used. Figure 7-4 shows the results of the measurements for the central
part of the field. PV (Peak to Valley) was 0.825 wave and rms (root mean square)
was 0.145 wave. The radius corresponding to 80 percent encircled energy
calculated with the software that is a art of the Zygo interferometer was 3.05 pu m.
This corresponds to 0.082 second of arc at the primary focus of the telescope.
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Figure 7-4. The results of the measurements for the central part of the field
PV (Peak to Valley) was 0.825 wave and rms (root mean square) was 0.145 wave. The
radius corresponding to 80 percent encircled energy calculated with the software that is
a art of the Zygo interferometer was 3.05 um.  This corresponds to 0.082 second of
arc at the primary focus of the telescope.

We measured the wave front aberration with the ADC at positions corresponding to
the altitudes 30 degrees and 43.5 degrees, but no conspicuous differences were

perceived.

Figure 7-5 shows the results of the measurements to check the entire lens system
with the Zygo interferometer. PV (Peak to Valley) was 1.689 wave and rms (root

mean square) was 0.293 wave.
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Figure 7-5. The results of the measurements to check the entire lens system with the
Zygo interferometer. PV (Peak to Valley) was 1.689 wave and rms (root mean square)

was 0.293 wave.

We expected that the latter results would have been a little bit smaller, but we
judged that the performance of the entire corrector system was well within the given

specification.
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8. Performance Test

The first light test observation of the Suprime-Cam was done on July 31, 1999.
Extensive tests to align the primary corrector with respect to the primary mirror
was carried out in a couple of runs scheduled in 2000. Figure 81 shows the

defocused images that indicates slightly remaining astigmatism.
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Figure 8-1. Defocused images are shown for three focusing positions with intervals of
0.05 mm. The abscissa and ordinates are the pixel numbers (0-8000). Images are
drawn with magnification factor of 200. 1t is easily seen that these images (prolonged in
the vertical direction in the left diagram and prolonged in the horizontal direction in the
right diagram) are caused by astigmatism. (Private communication, Miyazaki 1999)

Although the alignment is not yet performed completely, the obtained image of the
Suprime-Cam became impressive. Miyazaki(1999) reported, as is shown in Figure
8-2, that the FWHM of stellar image taken under a best seeing was 0.3 arc second at
the field center and was better than 0.4 arcsec at the field periphery. Note that these
values include the blurring of images by natural seeing. Defocused image (Figure

8-2) show astigmatism. This can be corrected by adjusting the supporting forces of
the main mirror.

Photo 3 shows a breathtaking image of a spiral galaxy M63 taken with the
Suprime-Cam in June 2000. The final alignment test is scheduled in August 2000.

It is important to stress that the optical imaging performance of Suprime-Cam is
shown to meet the severe specification.
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Figure 8-2. FWHM size of stellar images. The abscissa is the pixel number (0-6000)
and the ordinate is the seeing size in arcsec. (Private communication, Miyazaki 2000}
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9. Summary

Modern eight-meter class large telescopes use large mirrors but require to keep
their enclosures that house the telescope as small as possible by keeping the focal
length of the main mirror short. Therefore, the aperture ratio of the main mirror of
such a telescope is smaller than that of a classical telescope. For example, the
F-ratio of the Hale telescope is F/3.3 while that of Subaru telescope 1s F/1.83. This
fact makes it difficult to design a high performance wide field primary corrector.
Among the ten new generation telescopes of 8-10m primary mirrors, Subaru was the

only exception that took a decision to implement the wide field primary focus.

In the present thesis, we report the successful designing and manufacturing of an
unique primary corrector for the 8.2m Subaru Telescope. There are several new
features introduced in designing and manufacturing this Primary Corrector.

(1) Usage of ultra-low dispersion glass material FPL51 to compensate chromatic
differences of aberrations.

(2) Usage of two aspheric surfaces in the corrector made it possible to assure high
imaging performances. Recently developed computer controlled polishing machine
enabled polishing complicated aspheric surfaces accurately.

(3) Replacement of two direct vision prisms to a pair of compound lenses to
accomplish better optical performance in correcting the atmospheric dispersion and
the chromatic difference of aberrations.

(4) Invention of an original method to realize the atmospheric dispersion correction.
By the introduction of a pair of compound lenses, it became possible to compensate
the atmospheric dispersion by driving a pair of compound lens laterally with respect
to the optical axis. This new method made the structure and the driving
mechanism simpler than those used in the classical method where a pair of direct
vision prisms were employed. Since the dispersion due to the atmospheric
diffraction is in the altitude direction, and the Subaru Telescope uses the
alt-azimuth mounting, only the shift of the compensating element of the corrector in
the altitude direction was necessary.

(5) All the above new features incorporated made the design and the manufacturing
of Subaru Primary Corrector with ADC possible.

The Subaru Primary Corrector manufactured based on the optical design reported in

the present thesis was installed at the prime focus of the 8.2m Subaru Telescope and

it was shown that this Primary Corrector performs perfectly to enable wide field
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imaging observation over the wavelength region of 0.4 £-1.0 ¢ at zenith distance 0 -
60 degrees. The FWHM image size obtained under a good seeing was 0.3 arcsec at
its field center and better than 0.4 arcsec at the edge of the field.
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Appendix

A. Primary Corrector with Concentric type ADC

Flat Surfaces in the ADC described in 5.2(c) can be replaced with two concentric
spherical surfaces. In this case, the ADC unit is moved around the center of
curvature of the concentric spheres. Optical data of a design of primary corrector
with a flat boundary surface 1s given in Table A-1 and its cross section is shown in
Figure A-1. Aberration diagrams are shown in Figure A-2. In fact, the lateral
type ADC can be interpreted as the concentric type whose radius of curvature of the
concentric surfaces 1s infinitely large. In order to facilitate to understand how the

concentric type ADC works, the boundary surface in this ADC is made flat.

B. Temporary model of the Primary Corrector with Lateral shift type ADC
In 5.2(c), we obtained a temporary model with lateral type ADC and its cross section
is shown there. As the model underwent another modification (see 5.2(d)) before it

became final, optical data, aberration diagrams, and spot diagrams are shown here
in Table B-1 and Figures B-1 thru B-8.

C. Primary Corrector with an FOV of 42 minutes

Primary corrector design of FOV of 42 minutes is shown here. Optical performance
of this corrector is satisfactory. Figure C-1 shows the cross section of the design
with a field of view of forty-two minutes of arc. Table C-1 shows its optical data,
and Figures C-2, C-3, C-4, C-5, C-6, C-7, C-8, and C-9 are its aberration diagrams
and spot diagrams. As the size of the prime focus unit decided by the structural
design of the Subaru telescope did not allow forty-two minutes of arc deign, the
thirty minutes design was selected for fabrication.
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Table A-1.  Optical data of Primary Corrector with Concentric type ADC

L

EFL=15.602m, Fno.=1.90, FOV=30 arcmin

Figure A-1. Primary Corrector with Concentric type ADC
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Table B-1. Optical data of Temporary model of the Primary Corrector with Lateral shift
type ADC
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Figure B-1. Aberration diagrams of Temporary model of the Primary Corrector with
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76



+ 8.050
- .
025 ey .- ﬁ_,-?ksﬁ
(15) P oaekw.  an. 0w 2050, 0. 39040
-0.050
0.050
+0°.25 . ———— e P — _—
&0 BE=+ e — n = c a0
(+15)  -U00-MW. w0 2050 - - — T Bt 280 3550, 4160,
0.050 )

0.080
o

0°175 dyg : - ———— e
(10'5) -t00-%0. 8w 2030 l E 0 3830 #103.
0.050
0.050
+0°.175d‘ e e - = - B ———
(+10'5) e R S ) T 3636 £100.
-0.080
t 0.0%G
S D T - ——————— T~ ) | - >_<
dyg * : T ; o . [N,
Q° -4100.-3590. -2870. -7050. 2050. 2670 3580, 4100
+-0.050

Figure B-2. Aberration diagrams of Temporary model of the Primary Corrector with

Lateral shift type ADC, zenith distance 60°

77



£=15312. 9814453 obj=-1. 0000000!3‘30 n= 1 men= 19
jiku nagasa(spot size) z= 0. 074300 y= 0.074300
def = -u.uzu%u def- —n.umngp dels u.nuucﬁtP def= c-.umrﬁJ del - aaznnu
y : v i
£1.411 1 0.0000 £7.476) 0.0009 67413 8.0900 61.4230 0.0600 61,0325 l 0. 0600
16 3
hety .2
ik - . 3
' (87 ’%Lﬁ__mz — g Hirat ¢l bt or 4 dz
£3.793¢ 6.0000 £3.1320 0.0000 £3.7926 00060 s3.0820 £.0069 33.1317 0.0000
6
hgly.z
L " &b
L0080 y 1 el
o * - —
15.5476 0.0660 3.6473 £.0000 15647 0.00%9 35,5462 0.008¢ ¥.6463 5.0000
318
hgty.z
e
0.0800 4 - ov) —_—y
06000 0.0000 00089 ¢.0000 0.0000 00009 £.8000 0. 0040 0.0000 7 0.0000
s
haty .2
006 9
' . g @

e ]
1 arcsec
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Figure B-5. Spot diagrams of Temporary model of the Primary Corrector with Lateral
shift type ADC, zenith distance 0°, A=1.0um
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Figure B-6. Spot diagrams of Temporary model of the Primary Corrector with Lateral
shift type ADC, zenith distance 60°, A =10.5461um
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Figure B-7. Spot diagrams of Temporary model of the Primary Corrector with Lateral
shift type ADC, zenith distance 60°, A=04um
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Figure B-8. Spot diagrams of Temporary model of the Primary Corrector with Lateral
shift type ADC, zenith distance 60°, A=1.0um
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Figure C-6. Spot diagrams of Primary Corrector with a FOV of 42 minutes,
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Figure C-9. Spot diagrams of Primary Corrector with a FOV of 42 minutes,
zenith distance 60°, A=1.0um
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