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Abstract In the first part of this paper, four different Cassegrainagtsystems with their correctors are
designed and studied for multi-object fiber slit spectrpgcaurvey. The aperture in 6.5m and field of
view 3 are taken for these optical systems. Assuming observatawelength range is 0.365-0.981,

the maximum zenith distance for observing i 6the maximum diameter of these lenses is 1.66 m, the
altitude of the telescope site is 2500 m, two correctors areposed of 4-piece lenses and the other two
are 5-piece lenses. The results obtained are: f-ratio éh@uthe image quality for all four systems with
EE80D < 0.60”, the linear diameter of the focal surface is about 1.2 m an@0DIfibers can be set on
it. Considering the limit of size of fused silica and optigéss, the maximum diameter for lens is about
1.7m. Such a 6.5 m telescope is about the largest one if usengltove correctors. Considering the multi-
object spectroscopic survey is greatly important, we aledied some telescope optical systems having
their aperture near or larger than 10 m used for the mulédtjber spectroscopic survey. Such ideas are
introduced in the last section of this paper.

Key words: telescopes — techniques: miscellaneous — techniques:tregpeapic — methods:
miscellaneous — surveys — instrumentation: miscellaneous

1 INTRODUCTION installed on the LAMOST focal surface. Led by Xiangqun
Cui, the LAMOST was successfully completed in 2008
In 1980’s, a hundred of optical fibers for multi-object (Cui et al. 2012, which is mainly dedicated to the research
fiber spectroscopy have been developed. Based on if the Galaxy structure and evolution. Now more than
Shouguan Wang put forward that must be implemented7 000 thousand spectra were detected and many major
thousands or even tens of thousands of optical fibeachievements were made. The active optics have greatly
spectrum survey in every observation, we called thisadvanced to get through to completion LAMOSSu(et al.
idea an extra-large scale spectroscopic survey. In 1994986 Lemaitre 2009 Cui et al. 2012 Together with the
Shouguan Wang and Ding-giang Su put forward theother two fiber spectroscopic survey telescope as SDSS
basic configuration of the Large Sky Area Multi-Object with diameter 2.5m, field of view B3 and 640 fibers
Fiber Spectroscopic Telescope (LAMOST) with diameter(Gunn et al. 2006 and 2dF with diameter 3.9 m, field of
4m, field of view(FOV) 8 and the focal surface with view 2° and 400 fibers l(ewis et al. 200®, these three
linear diameter 1.75 mifang, Su & Hu 1994Wang etal.  telescopes are making momentous contributions on the
1999. A special fiber positioning system put forward by research of the galaxies, AGN, and cosmology, the Galaxy
Xiaozheng Xing King etal. 1998 for LAMOST. The structure and evolution, stellar physics, discovery of new
4000 fibers and their fiber positioning unit with 24 mm type celestial objects and so on. Currently extra-largkesca
gap are installed on the focal surface of LAMOST. If theslit spectra survey is becoming an extremely important
newly developed compact fiber positioning system withdirection of astronomy.
fiber unit gap 10mm is adopted, 23000 fibers can be
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Today Shouguan Wang's extra-large-scale spectrdenses. Each cemented lens is made of two kinds of
scopic survey idea has been of great importance anglasses, of which the indexes of refraction are close and
many telescopes with thousands or even tens thousantte dispersion are different. The cementing surface eitilt
fibers are under development or planned. WHT Enhancefu calls such a cemented lens a “lensm” (lens-prism). Two
Area Velocity Explorer (WEAVE) with 2 diameter lensms relatively counter rotate around the optical axis to
field (Agbocsetal. 201 Dark Energy Spectroscopic compensate the atmospheric dispersion at different zenith
Instrument (DESI) with 3.5 diameter field Doel etal. distance. With AAT-2dFJones 1994 WHT ( Agocs et al.
20149, the Subaru Prime Focus Spectrograph (PFS) witt2010, and 4-MOST Azais et al. 201§ these telescopes
1.3° diameter field Nariai & Takeshi 199% and 4-metre all adopted lensms type ADC.

Multi-Object Spectroscopic Telescope (4-MOST) with (2) A pair of wedged single lenses as ADC. It
2.5° diameter field Azais et al. 201} All these telescopes is proposed by Ming Liang and is used in DESI
are matched with thousands of fibers in which DESI(Doel et al. 2014 The two wedged single lenses relatively
is on commissioning, PFS, WAVE and 4-MOST arecounter-rotating around the optical axis compensate the
under development. Other two large aperture spectroscopatmospheric dispersion at different zenith distances.
survey telescopes with diameter around 11 m are under (3) Lateral shift type ADC. This type ADC is
plan with thousands and tens of thousands of fiberslevelopedin the primary corrector for the Subaru telescope
(McConnachie et al. 201®asquini et al. 2006 (Nariai & Takeshi 199% In the Subaru telescope, this

In this paper, a Cassegrain_type te|escope WItl’ADC is Composed of two |enseS, |atera"y shifted them
diameter 6.5 m was taken as an example, and four types gerpendicularly to the optical axis to correct atmospheric
optical systems with different correctors were researcheflispersion.
and designed for multi-object fiber spectroscopic survey We think: a perfect optical system should be without
purpose. All these four Optica| Systems are with the Sam&]e lateral chromatic aberration, because the lateral
primary f-ratio 1.25 and diameter of field of view 3so ~ chromatic aberration of any part has the same amount and
their etendue equals 234ded, which is defined as the opposite direction with the other lenses of this system.
product of the effective aperture area and the solid angle df moving this part laterally, one can find that the same
FOV of te|esc0pe_ Both the primary and Secondary mirroﬁize and same direction (parallel with the Connecting line
are rotationally conic surface. Assuming the altitude ef th between two centers of these two parts) spectra can be
astronomical site is 2500 m, the observation wavelengt@btained in whole field of view. Such spectra can be used
range is from 0.365 to 0.95m and the maximum zenith t0 correct the atmospheric dispersion.
distance is 69, then the atmospheric dispersion is about ~ Furthermore, one or more single lenses can be served
2.6”. For multi-object fiber spectroscopic observation,as lateral shift ADC or only rotating corrector to correet at
light in all wavelength band should be within the fiber. mospheric dispersion, which are very good idea proposed
Considering a good seeing condition on the assumelly Saunders Saunders etal. 2014vicConnachie et al.
astronomical site, the fiber diameter is supposed t@016.
be 1.4. Thus, the atmospheric dispersion needs to be Considering that the multi-object spectroscopic survey
compensated. That means the correctors should be ustgd very important, we still need to develop a much
for both aberration correction and atmospheric dispersiofrger and powerful spectroscopic survey telescope with
compensation. The designed image quality for all fouraperture of ten meters in order to observe much darker
systems EE80D (the diameter of 80% encircled geometriand farther objects. Our proposed configurations, such as
light energy) is less than or equal to 0760 the multi-6.5m telescopes on one mounting or scaling the
current 6.5 m telescope and adopting fan-shape segmented

Epps s, Ange & Anderson 1984proposed to
pps Epp g §4prop are introduced in the last section of this

insert a pair of zero-deviation prisms in the image fielgcorrectors et al.,
corrector of the telescope, and let the prisms relativelf’2P€"
counter-rotate around the optical axis to compensate

the atmospheric dispersion according to different zenit? DESIGNS OF FOUR OPTICAL SYSTEMS WITH
distance. If two single prisms are put in collimated light DIFFERENT CORRECTORS

h, no extr m ner . . :
path, no extra coma generates For the telescope optics system design, the correctors

The following three atmospheric dispersion compenshoyid have two functions for both aberration correction
sator units (abbreviated as ADC) were adopted in OUpyer wide field of view and atmospheric dispersion
research and design. compensation. Under this guideline, four compact optical

(1) Lensm (lens-prism) type ADC. It is proposed by systems with good image quality and simple structure
Ding-giang Su $u 1986 Su & Liang 1986 Liang & Su  were obtained. The optical layouts of four optical systems
1988 Wang & Su 199D The ADC includes two cemented are given in Figurel, and the properties of four optical
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Table 1 The Properties of Four Optical Systems

Number of Number of ADC Secondary Focal surface Focal Imagdity ADC induced
lenses aspheric movement mirror tilt tilt surface type  (EBB distortion changes
surface  (from ZD 0-60°) (from ZD 0°-60°) (from ZD 0°-60°) (from ZD 0°-60°)

System | 4 4 Rotation None None Spherical  0.58"” 0.04 mm

System Il 5 3 Rotation 0-0.024 0-0.07% Aspheric 0.59"” 0.2 mm

System Il 5 4 Lateral shift 0-0.006 0-0.086 Aspheric 0.60" 0.5 mm
(0-50 mm)

System IV 4 3 Lateral shift 0-0.021 0-0.110 Aspheric 0.60” 0.34 mm
(0-22 mm)

ZD is zenith distance.

surface is tilted the image quality will be increased. Dgrin
these correctors design, both these two methods are used.
Considering the baffles, the linear obscuration of all the
four system is about 50%. There is not vignetting in the
four optical systems except the effects of baffles. In this
section, we describe the designs of all four systems. For
brevity, we just present the image spot diagrams of two
recommended systems in Sectiid and Sectior?.4.

2.1 Optical System |

The corrector layout for optical system | is shown in
Figure 2. The clear aperture of first lens is 1.65 m and
others are about 1.4m. The lens materials are fused silica
for first and secondary lenses, Schott BK7HT and LLF1HT
for two lensms which are all available for high transparent
and homogeneous blanks. Since each lensm is made of two
The optical system III The optical system IV kinds of glasses, of which the refracting indexes are close,
so this corrector works like a coaxial system. The extra
coma introduced by this corrector is small, thus there is no
need to tilt or decenter the secondary mirror to compensate
coma or put the lensms in collimated light path. The focal
systems are listed in Table There are some common gyrface also need not tilt. There are four aspheric surfaces
features of these four optical systems: the primary mirrorgy |enses, with 4th, 6th and 8th order terms adding on the
are standard hyperboloid (without high-order terms) withspherical surface. The maximum slope of aspheric lenses
the diameter 6.5-m, the conic constants are close to -1 angl 903, and the maximum asphericity of lenses corrector
the secondary mirrors are hyperboloid with the diametergs 5 1 mm. The focal surface is spherical. The maximum
of 2.4-m. The system f-ratio is about 3.7. Most of thejncident angle between the principal ray and the normal
optical surfaces of the correctors are spherical surfacefe of the focal surface is 0°2For the diameter of field of
plus aspheric surfaces, which is an important factor foiew 3°, EES0D is0.58". If the diameter of field of view
good image quality for large field of view. The ZEMAX  is 2 5 the image quality EE80D i6.43” and EE85D is
software is used in this article. 0.48" . Figures3, 4, 5, 6 and7 show the spot diagrams &t,0
Considering a compact configuration and enoughoe, and 60 zenith distances. The field positions selected

space for fiber positioners, the distances between th@r the spot diagrams are presented in Figiire
primary and focal plane are set to about 2.0m, and the

focal plane is set at 600-950mm behind the last piece 2 Optical System II

of corrector. In order to reduce the risk and cost of the

correctors, the largest effective aperture of elements i$he corrector layout for optical system Il is shown in
limited to 1.66-m and the slope of aspheric lenses ig-igure 9. The ADC is composed of two wedged single
constrained to less than or equal to 0.03. Some ADC willenses, nested within the second and third lens of the
produce coma, but in a Cassegrain system if the secondacprrector. The clear aperture of the first lens is 1.65m
mirror has a tilt or decenter that will also produce comaand the others are about 1.4 m. The material for ADC is
(for exampleSu 1989 Wilson 1999, which can be used to Schott LLF1HT, and fused silica for other lenses. In order
compensate the ADC’s coma. For some ADC if the focalto correct atmospheric dispersion, ADC need to counter-

Fig. 1 The layout of four designed optical systems.
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Fig.2 The layout of corrector obtained for optical system |

| design.x indicates the aspheric surface.
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Fig.3 The spot diagrams of optical system | &t £enith
distance. The circle diameters correspond to 232(2
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Fig.4 The spot diagrams of optical system | &t £enith
distance with the opposite direction FOV in Fg. The
circle diameters correspond to 23 (2 arcsecond).

rotate around the optical axis for different zenith dis&s)c
meanwhile the secondary mirror and the focal surface nee&fr
to be tilted at the same time. There are three aspheric

Fig. 6 The spot diagrams of optical system | af4&&nith
distance with the opposite direction FOV in Fig. The

circle diameters correspond to 232 (2 arcsecond).
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surfaces in lenses with the 4th, 6th and 8th order terms
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Fig. 10 The layout of corrector obtained for optical system
11l design.x indicates the aspheric surface.

Fig. 8 Field positions selected for the spot diagrams. Theypout 1.4m. The materials for ADC lenses are Schott

diameter of the circle represents FOV. 3 LLF1HT and BK7HT, fused silica for other lenses. There
are four aspheric surfaces in lenses, with the 4th, 6th
ADC and 8th order terms adding on the spherical surface, and
/ the maximum slope of aspheric lenses is 0.03, and the
\_'/* 3_ 2 maximum asphericity of lenses corrector is 2.4mm. The
e —— e e focal surface is a high-order aspheric surface up to the 8th
—— L‘/;’éz == term, and the maximum asphericity is 0.09 mm. The shape
- =im of focal surface does not change during observation. The
-|<=.< - - maximum incident angle between the principal ray and the
}L \)%S_—:-— normal line of the focal surface is 0.45-or the diameter
= of field of view 3*, EE80D is0.60".
1
= - _‘_ﬁ
2.4 Optical System IV

The corrector layout for optical system IV, composed of
Fig.9 The layout of corrector obtained for optical systemfour single lenses, is shown in Figutd. In this design,
Il design.x indicates the aspheric surface. the fourth lens serves as ADC which need lateral shift
perpendicular to the optical axis to correct atmospheric
adding on the spherical surface. The maximum slope oflispersion for different zenith distance, at the same time,
aspheric lenses is 0.03, and the maximum asphericity dhe secondary mirror and focal surface need to be tilted.
lenses corrector is 2.3mm. The focal surface is a highThe clear aperture of the first lens is 1.66 m and the others
order aspheric surface up to the 8th term, and the maximumre also about 1.4 m. All lenses are made from fused silica.
asphericity is 0.32 mm. The shape of focal surface does ndihere are three aspheric surfaces in lenses with the 4th,
change during observation. The maximum incident angléth and 8th order terms added on the spherical surface.
between the principal ray and the normal line of the focalThe maximum slope of aspheric lenses is 0.019, and the
surface is 0.3. For the diameter of field of viewsl3EES8OD  maximum asphericity of lenses corrector is 1.8 mm. The

is 0.59”. focal surface is a high-order aspheric surface up to the 8th
term, and the maximum asphericity is 0.12 mm. The shape

2.3 Optical System Il of focal surface does not change during observation. The
maximum incident angle between the principal ray and the

The corrector layout for optical system lll, composednormalline of the focal surface is 0.3For the diameter of

of five single lenses, is shown in Figudd®. The third field of view 3, EE80D is0.60". If the diameter of field of
and fourth lenses serve as ADC which need lateral shiftiew is 2.5, the image quality EE80D 541" and EE85D
perpendicular to the optical axis to correct atmospherids 0.44”. By setting both the Lens-3 and Lens-4 as lateral
dispersion for different zenith distances, at the same,timeshift units, the image quality can also be slightly improved
the secondary mirror and focal surface need to be tiltedThe spot diagrams afp40°, and 60 zenith distances are
The distance between two elements of ADC is 10 mmshown in Figurel2, Figure13, and Figureld. The field
thus they can be set at one supporting cell. The clegpositions selected for the spot diagrams are presented in
aperture of first lens is 1.65m and the others are als&igure8.
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Fig. 11 The layout of corrector obtained for optical system
IV design.x indicates the aspheric surface.

3 DISCUSSIONS Fig. 12 The spot diagrams of optical system IV &t#&nith
distance. The circle diameters correspond to [231(2
(1) In this article most of the optical surfaces of thearcsecond).

correctors are spherical surfaces plus aspheric surfaces
with the 4th, 6th and 8th order terms. This is an important SR —
factor for obtaining excellent image quality. .

(2) If the primary mirror f-ratio is set to be any value :

from 1.2—1.3, all results obtained are about the same as i

this paper. N
(3) An innovative parallel controllable optical fiber
positioning system was put forward by Xing in 1994 for S Wi

LAMOST (Xing et al. 1998. The focal surface is divided

into several thousands or tens of thousands areas, ea

has two driving motors to move an optical fiber to the
required position. There are two important advantages fopes—
this optical fiber positioning system: one is all fibers can o ek s 5 @
aim at all observing celestial objects at the same time 2
another is during observation time the optical fibers can

be moved if necessary. Such an optical fiber positionindid- 13 The spot diagrams of optical system IV at°40

system has been used or considered in DESI, Subaru a%gnith distar:jce. The circle diameters correspond tq231
SDSS. arcsecond).

(4) During observing time, the relative positions
of celestial objects are changeable, which are cause
by differential atmospheric refraction and the distort of
corrector, especially differential atmospheric refrawfi
and both these two factors are decided by the changeab
amount of zenith distance during observation time and
what zenith distance is observed. The relative positions o
celestial objects can be calculated and can be corrected b
using the above optical fiber positioning system to move
the optical fiber. An optical fiber 0.2 arcsecond positional
accuracy is necessary, so the optical fiber positioning
system must have this high accuracy. -

(5) When celestial bodies pass through the meridian
the change of zenith distance is least, the observatiol configuration s of 3
should be done in this situation if possible. LAMOST does
Sso.

Zemax
Zemax OpticStudio 16 SP2

Zemax
Zemax OpticStudio 16 SP2

Fig.14 The spot diagrams of optical system IV at°60

) zenith distance. The circle diameters correspond ta231
(6) In Table1 both values of the secondary mirror (2 arcsecond).

tilt and focal surface tilt are from zenith distance-60°.
In general, during observation the changeable amount of
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zenith distance is not large, and during this time the zenith< 0.02, which is not difficult for the fabrication. The main
distance value is also small, the secondary mirror, focashortcomings of system IV is that the secondary mirror and
surface, and the ADC can be put to their average position®cal surface should be tilted during observation, and the
and do not be moved during observation if the decline ofingles of tilting are not tiny.
image quality is acceptable.
(7) Currently the largest diameter of the lens is 1.7m5 TOWARDS THE EIBER SLIT SPECTROSCOPIC
since the material (fused silica and other optical glass) is SURVEY TELESCOPE WITH LARGER
available in about 1.8 m. The largest corrector diameter APERTURE
in this paper is 1.66m which is near the limit of the
available materials, so the 6.5m telescope is almost thé is very important for astronomy to build this 6.5m
largest survey telescope with this kind of corrector. Thatelescope. But we still need to go further to develop a
is one of the important reasons for the 6.5 m telescope. Mmuch larger and powerful telescope with large field area, in
(8) Normally the largest diameter of the lens correctorgrder to observe much more darker and farther objects, and
is about 1.3-1.5 times that of the focal surface. Since thenlarge the observation scope of cosmology and galaxies.
largest diameter of the lens currently existing is abouin fact, the MSE projectNicConnachie et al. 20)énd
1.7 m, the largest diameter of focal surface is limited toESO spectroscopic facilityPasquini etal. 20)6were
about 1.4 m for this type telescope. already proposed with aperture around 11m for fiber
(9) The etendue defined as telescope aperture ar&@ectroscopic surveys, so building the 6.5 m telescope also
multiplied by solid angle area of the observation skyServes as our pilot testing telescope for much larger fiber
area is not comprehensive for the slit fiber spectroscopigPectroscopic telescope.
survey telescope. Suppose the normal etendue is same for We have considered three configurations for the larger
two telescopes with different focal surface area, since thtelescope:
accommodated fibers is proportionate to the focal surface (1) In 1972, Aden Meinel put forward the MMT
area, it is more reasonable to compare the two telescop@soject, which is a novel 4.8m telescope with six

with both etendue and the focal surface area. telescopes on a single mountingldinel etal. 1972 In
1988, Ding-giang Su put forward a novel idea of four 1.5 m
4 TWO BEST SYSTEMS AMONG ABOVE FOUR Schmidt telescopes setting on one mounting to generate
SYSTEMS a 3m multi-object fiber spectroscopic survey telescope

(Su et al. 1988 In this paper, we applied the similar idea

Based on the above results, we would like to recommentb setting four 6.5 m telescopes on one mounting working
two systems for application. In the corrector of theas one 13 m aperture telescope with the field of viéin3
optical system I, there are eight surfaces in air (sameliameter. The etendue will be x 234 = 936 m2deg?.
as four single-lens corrector), and the surface reflectiohe bottom parts of the 4-tubes are neighboring. When
loss and ghost are also similar like those of the fourobserving the same sky area, the four fibers aiming the
single-lens corrector. But there are six lenses needed ®ame object will be sequenced on the slit. The linear
be manufactured including two lensms with two gluediameter of each fiber is half of that of the 13 m equivalent
surfaces, which is the shortcoming of this corrector. Theelescope and the sum of the section area of four fibers
technical problem of gluing was solved in 1970s foris equal to one fiber section area of the 13 m telescope.
the UK Schmidt TelescopeNewell 2003. The lensm Thus, the number of spectrographs is same for all 4-
type ADC also adopted by 4-MOST with successfultubes configuration and one 13m telescope. If the slit
gluing Jonasa et al. 2020So0, the lensm gluing for 6.5m width is setting to be less than the fiber diameter of
telescope should be feasible. The cost may be similathe 13m telescope, the light energy within four fibers
to that of the four-single lens corrector since there isfrom the 6.5m telescopes will be more than that from
no secondary mirror and focal surface tilting requiredthe 13 m telescope (working as image slicer), which is
during observation. That makes the atmospheric dispersiathe outstanding advantage of the 4-tubes configuration.
compensation and mechanical structure relatively easier. There will be no technical difficulties to develop this type

In optical system 1V, there are four important telescope after building one single 6.5 m telescope and the
advantages for the corrector including ADC: (1) The totalcost will be also cheaper than the 13 m telescope. Since
number is only four single lenses. (2) The shift lens isthe 4-tubes 6.5m telescope aiming to the same sky area
the last one in this corrector; it is easier for installinglan (otherwise the light collection power cannot reach that
movement. (3) Lateral displacementis only 22 mm. (4) Allof the 13 m telescope), the combined focal surface area
lens materials are fused silica which is easier for blankand the corresponding sky area is equivalent to that of
purchase and important for high transmittance. There arene single 6.5m telescope. If four single 6.5 m telescopes
3-aspheric surfaces and the slopes of all aspheric surfacase built, the combined focal diameter is also 1.2m. As
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