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Abstract The Large Sky Area Multi-Object Fiber Spectroscopic Tebgsc
(LAMOST, also called the Guo Shou Jing Telescope) is a spexiecting Schmidt
telescope. LAMOST's special design allows both a large taper(effective aperture
of 3.6 m—4.9m) and a wide eld of view (FOV) (5. It has an innovative active re-
ecting Schmidt con guration which continuously changdgetmirror's surface that
adjusts during the observation process and combines tligrrdable mirror active
optics with segmented active optics. Its primary mirro6f@n 6.05m) and active
Schmidt mirror (5.74m 4.40m) are both segmented, and composed of 37 and 24
hexagonal sub-mirrors respectively. By using a paralleltiadlable ber position-
ing technique, the focal surface of 1.75m in diameter canmosodate 4000 optical
bers. Also, LAMOST has 16 spectrographs with 32 CCD camet#8MOST will
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be the telescope with the highest rate of spectral acqurisifis a national large sci-
enti ¢ project, the LAMOST project was formally proposedif96, and approved by
the Chinese government in 1997. The construction start20@1, was completed in
2008 and passed the of cial acceptance in June 2009. The LBMfilot survey was
started in October 2011 and the spectroscopic survey willda in September 2012.
Up to now, LAMOST has released more than 480000 spectra ecthjLAMOST
will make an important contribution to the study of the laiggmle structure of the
Universe, structure and evolution of the Galaxy, and cidsati cation of multi-
waveband properties in celestial objects.

Key words: techniques: wide eld telescope — active optics — multi ber spec-
troscopy survey — data reduction

1 INTRODUCTION

The LAMOST (Large Sky Area Multi-Object Fiber Spectrosaopelescope) is a special re ect-
ing Schmidt telescope with an effective aperture of 3.6A4.2 focal length of 20m and a eld
of view (FOV) of 5 (Wang et al. 1996). It is also called the Guo Shou Jing Telesctis focal
ratio is 5. Its optical system is designed with three majanponents, namely Ma, Mb, and a focal
surface. The correcting mirror Ma (5.72m.40 m) is made up of 24 hexagonal plane sub-mirrors;
the primary mirror Mb (6.67 m 6.05m) has 37 hexagonal spherical sub-mirrors. In the gsooe
observation, Ma is capable of synchronously changing gsispaspherical gure to give excellent
optical quality (Su et al. 1998). The focal surface has 40@@ipely positioned bers connected to
16 spectrographs with a distributive parallel-contrdiaber positioning system (Xing et al. 1998),
thus LAMOST can observe up to 4000 objects simultaneously.

LAMOST adopts an innovative active optics technique, agrdeby changing its mirror sur-
face continuously to achieve a series different re ectirdpi@idt systems. This novel concept and
unigue design broke through the bottleneck of former astminal instruments that could not com-
bine a large clear aperture with a wide FOV. The new activecsslystem creatively developed in
LAMOST is used for correcting Ma, which is a combination af thin deformable mirror active and
segmented active optics. The distributive parallel-adtetble ber positioning technique is also an
advanced technology which solved the problem of simultaslcand accurately locating 4000 as-
tronomical objects. LAMOST opened up the ability to havergédsscale optical ber spectroscopic
sky survey with as many as 4000 optical bers.

The Report by the International Review Committee Meetingtfie LAMOST project said in
2005: “LAMOST will be a world-class survey instrument thatadaptable to a broad range of
important, astrophysical problems. Its potential gaidgjed by the product of collecting aperture
and number of bers is a factor of more than 10 to 15 greaten th& Sloan Digital Sky Survey
(SDSS) or the 2-degree Field survey (2dF). Achieving thighhialue for the noted gure of merit
is an enormous step forward, opening up a wide range of disgspace.' There is a need for a
wide- eld, spectroscopic capability to follow up the paaaric imaging surveys being conducted
or planned at a variety of wavelengths. LAMOST is therefosd| wmotivated and has a niche that
distinguishes it from other projects, which have smallarapes, smaller elds of view, fewer bers
that feed spectrographs or a combination of these propértie

LAMOST is the most powerful spectroscopic survey telesdopeesearches of wide eld and
large sample astronomy (Chu & Cui 1996). The key scienti @lgoof LAMOST include: (1) the
extragalactic spectroscopic survey of the large scaletstrel of the Universe and the physics of
galaxies; (2) the stellar spectroscopic survey of the sirecof the Galaxy; (3) the cross identi -
cation of multi-waveband surveys (Zhao 1999). The spectiois survey carried out by LAMOST
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of nearly 10 million galaxies and quasars will make a suligthoontribution to the study of ex-
tragalactic astrophysics and cosmology, such as the laaje structure of the Universe, baryon
acoustic oscillations, dark energy and dark matter, the&tion and evolution of galaxies, the ac-
cretion process of massive black holes in active galactitentand so on. Its spectroscopic survey of
nearly 10 million stars will make a substantial contributio the study of stellar astrophysics and the
structure of the Galaxy, such as the spheroidal substricfuthe Galaxy, the galactic gravitational
potential and the distribution of dark matter in the Galaxtremely metal poor stars and hyper-
velocity stars, 3D extinction in the Galaxy, the structuféhin and thick disks of the Galaxy, and
S0 on. Its spectroscopic survey combined with surveys ierotfavebands, such as radio, infrared,
ultraviolet, X-ray and gamma-ray, will make a substant@ittibution to the cross-identi cation of
multi-waveband properties in celestial objects.

The LAMOST project was suggested by a research group heagd&hdu-Guan Wang and
Ding-Qiang Su, members of the Chinese Academy of Scienc&S)@nd was supported widely by
the Chinese astronomical community. After repeated resji@formal proposal for the project was
listed into the Chinese National Major Science Program 9619

The main characteristics of LAMOST were designed as follows

Spherical Primary Mirror (Mb) 6.67m6.05m

Active Aspherical Correcting Mirror (Ma)  5.72nm4.4m

Effective aperture 3.6 m4.9m in diameter
Field of view 5

Focal length 20m

Focal ratio 5

Focal surface 1.75m in diameter
Number of bers 4000

Spectral coverage 370-900nm

Spectral resolution power R = 1000; 1500
Observable sky —-10 +90 declination

The LAMOST project was approved as a national major sciengjeqt by the Chinese govern-
ment in April 1997. LAMOST started to be constructed in Segier 2001. The installation of all
LAMOST systems was completed on time in August 2008. Thetelee is located at the Xinglong
station of National Astronomical Observatories, Chinesademy of Sciences (NAOC).

After the two year commissioning period starting in 2009, ilatpspectroscopic survey was
performed using LAMOST from October 2011 to June 2012.

2 TELESCOPE
2.1 Concept and Innovation

The Large Sky Area Multi-object Fiber Spectroscopic Tedgsc(LAMOST) is an innovative and
unigue telescope, which is a special re ecting Schmidisetpe specialized for conducting spectro-
scopic surveys with a wide FOV and a large aperture (Wang &686).

To achieve the key scienti ¢ goals of LAMOST, a clear apegtwith diameter of about 4 m for
observing deep celestial objects, a0V that can accommodate 4000 optical bers for observing
4000 objects simultaneously, and the ability to conductsaarvey with the goal of cross identi-
cation in multi-waveband data were speci ed. Obviouslytedescope with both a wide eld and a
large aperture is required.

Before LAMOST, there were some optical systems that stricedchieve a wide FOV and
a large aperture. One is the two mirror optical system withoaector at its primary focus or
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Cassegrain focus to enlarge the FOV to 2 3, such as the 2dF survey project (Wynne 1989;
Jones 1994), and SDSS project (Gunn & Knapp 1993). The apssize of this type of wide eld
system is limited by the transparency of the optical maltebtained for the corrector, and also it is
dif cultto enable a5 FOV even with the corrector placed at its primary focus. 8tfithp proposed a
modi ed Paul-Baker three mirror optical system (Willstr@p84), using three aspherical re ecting
mirrors with diameters of 3, 4 and 5 meters respectively toagedear aperture of 4-m and a FOV
of 5 . One could see that the Willstrop system has a larger areglafdlockage, and its rather fast
f-ratio is both un t and inconvenient for multi-object bespectroscopic observation. Moreover, the
three re ecting aspherical mirrors will cost much more fabfication, especially for a large aper-
ture, and it is dif cult to enlarge the aperture using thiside for future extremely large wide eld
telescopes.

The Schmidt system is a famous wide eld optical system itedrin 1931 (Schmidt 1931).
The key feature of the Schmidt system is a transparent a@sphplate set at the center of curvature
of the spherical mirror. Due to the system's symmetry withpect to incoming on-axis and off-
axis light beams, such an optical system can deliver verylgdistortion-free images over a large
FOV. This invention revolutionized the production of de&y atlases in the photographic era after
1945, such as the famous Palomar sky survey and UKST sure@cps. The Schmidt system could
certainly obtain a large FOV of 5and f-ratio of 5 to t the optical ber design, but the probleis
how to get a large aperture? There are three disadvantatfes 8thmidt system: (1) its aperture is
limited by the transparent material; (2) the tube is about times longer than normal telescopes;
(3) it has chromatic aberration. Obviously, with these gtamings, it is dif cult to obtain a large
aperture with a Schmidt telescope. Until the completion AMOST, the largest Schmidt telescope
was 1.34m in Tautenburg Observatory in Germany.

Chinese astronomers started to develop their own versidhe &chmidt telescope in the 1950s.
Shi-Jie Yang developed the rst Schmidt camerain 1956 (YA9%7). Ding-Qiang Su published his

rst research paper on a Schmidt system in 1958 (Su 1958)tte@mdmore papers in 1962 and 1988
(Su 1962; Wang & Su 1983; Su 1988). In his paper in 1962, Su watsaply one of the earliest
researchers to propose the re ecting Schmidt optical sysiith a re ecting Schmidt system,
the disadvantages in the aperture limitation due to thdalairefracting optical material and the
chromatic aberration can be overcome. In Europe, Lemdgoestudied the Schmidt optical system
(Lemaitre 1984, 2009) and obtained the optimized valuergftiein designing a re ecting Schmidt
telescope.

To overcome the disadvantage of a very long tube, and thesmondingly huge telescope
mounting and very large enclosure, Shou-Guan Wang propgbsegluasi meridian transit con gu-
ration for LAMOST (Fig. 1). In this con guration, the optitaxis between the aspherical correcting
mirror Ma and the spherical primary mirror Mb is xed and ligsthe meridian plane. The aspher-
ical correcting mirror Ma is used not only as the correctinigron but also as a coelostat tracking
the motion of celestial objects during about 1.5 h of obg@mavhile they are passing through the
meridian. The focal surface is located between Ma and Mbye&i800 optical bers are mounted
to aim at celestial objects and direct their light to 16 spmgiaphs. In this con guration, the tube is
xed and the tracking is by Ma rather than by the whole opt&atem like normal telescopes, so a
different aspheric shape of Ma is required for different akgas and different times during tracking.
To achieve this con guration, Ding-Qiang Su proposed apmyactive optics to obtain a different
aspherical shape of Ma during the observation. When obsgii a different sky direction and
during a different time in the tracking process, Ma has eed#ft aspherical shape and LAMOST
becomes a different re ecting Schmidt telescope. In otherds, during the process of tracking
the celestial objects, while the system is being contrdigthe active optics, a series of re ecting
Schmidt optical systems is working in sequence to form thgelaperture re ecting Schmidt tele-
scope. Traditionally, such an optical system could not laéized. LAMOST is a special re ecting
Schmidt system, a new type of wide eld telescope with a lagerture. To acknowledge Wang and
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N-—S§ Mb Spherical Primary Mirror
37 Segments

Focal Surface and
4000 Fiber Positioners

Ma Active Aspherical Correcting Mirror
24 Deformable Segments

16 Spectrographs
and 32 CCDs.

Fig.1 Con guration of LAMOST.

Su's innovative contribution, we call this new type of telepe the Wang-Su Re ecting Schmidt
Telescope (System).

In the early stage of LAMOST, Wang and Su studied and propesete other con gurations
for LAMOST in 1992 (Wang & Su 1992) and 1994 (Wang et al. 1992)e thing that should
be specially mentioned here is the new idea to apply actitieD get a continuously changing
aspherical shape of the mirror for a large telescope likeAtteeibo radio telescope by Su in 1986
(Su et al. 1986). Also as in LAMOST, the active optics appfi@dachieving the required special
optical system, by creating the continuously changing espal shape of the mirror, is different
than the active optics applied in previous telescopes, lwaie mainly for correcting gravitational
and thermal deformation and maintaining the required atelsurface shape of the mirror.

The LAMOST implementation of the Wang-Su Re ecting Schrirgglstem is a new con gura-
tion to obtain both a wide eld and a large aperture for a tetge, but also has a simpli ed structure
and the design greatly reduced the cost for the very largsdepe, in particular (1) its two large
mirrors are only composed of plano and spherical mirrorsjt(8oes not have a huge telescope
mounting; (3) it does not have a very large telescope enogwnother advantage of LAMOST is
that the change in altitude angle is very small during thespladion, so there is no obvious change
in gravitational force exerted on its tracking structure amrror support system.

To build this innovative telescope, there are some the waasks technical challenges that must
be resolved, especially (1) the active optics to create anttal the continuously varying aspherical
shape of the correcting mirror from a plano surface; (2) thuoe the cost, new technologies using
active optics are implemented in the two large segmentetbrsirforming one optical system; (3)
developing a new method for controlling the optical ber fiim®ing system with 4000 optical bers.
During the construction of LAMOST, all key technologies bdeen successfully developed, which
not only allowed LAMOST to have the highest rate of data asitjoh for an optical ber spectral
telescope, but also advanced Chinese telescope technagy international level, gaining the
ability to build extremely large telescopes such as the 3@lestope in the near future.
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100° Primary Mirror

G=90"

N

/
Focal Surface

%
e
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Correcting Mirror
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5.72m
6. 67m
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Ma-24 active deformable sub-mirrors Mb-37 spherical sub-mirrors

Fig. 3 Two segmented mirrors.

2.2 Optical Con guration

LAMOST's con guration is shown in Figure 1. It is aligned inNorth-South direction. The optical
system of LAMOST consists of the active aspherical cornecthirror Ma, the spherical primary
mirror Mb and the focal surface (Fig. 2). They are separdtedtalled on three piers. The primary
mirror and the focal surface are xed to their foundationsrag the optical axis, which lies in the
meridional plane and has a 2fclination with respect to the horizontal for obtaining raaler
angle of incidence. Ma is located at the center of curvat@if®llo on an alt-azimuth mounting.
During observation, Ma has to rotate around the altitude a@richuth axes to track objects and
re ects starlight to Mb. The celestial objects are obserfged..5 h on average before and after they
pass through the meridian. The sky to be observed covers 10 90 . The designed angular
diameter of the FOV is 5for —10 60 and 3 for 60 90 . There are 24 active
deformable sub-mirrors for Ma and 37 sub-mirrors for Mb (Big All sub-mirrors (segments) are
hexagonal and 1.1 m long measured across the diagonal. ithadks is 25 mm for Ma and 75 mm
for Mb. The dimension of the segmented primary mirror Mb 876n  6.05m, and Ma is 5.72m

4.40m. The radius of curvature of Mb is 40 m. The focal lendtthe telescope is about 20 m
with an f-ratio of 5, which is the best f-ratio for this desighoptical ber spectroscopy.
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2.3 Variable Aspheric Surface of Ma

For the case of the re ecting Schmidt system, the asphecmaécting mirror must be tilted and the
entrance pupil is on the plane perpendicular to the opticial @ shown in Figure 4. The™-axis

is along the optical axis of the system, and Reaxis is vertical and in the plane of the entrance
pupil. Thez%axis is perpendicular to the plamé-y°. If the correcting mirror is at the position of
the entrance pupil and perpendicular to the optical axésaipherical shape of the correcting mirror
is approximately expressed as Equation (1) according tddiraula for the refracting Schmidt
corrector with an index of refractiam= 1.

{0= y®  2kr?y®

E (1)

The above equation can be written in the following form if gmgint on the correcting mirror is
expressed by dimensions of coordinatéandz’®.

(y(E + Z(E)Z 2kr2(y(2 + Z(E) :

0_—
t= 64f 3

(2)

Using coordinateg andz to express Equation (2) according to the relationship ofwlecoordinate
systems shown in Figure 4, and also considering the changgtical path due to the tilted mirror,
it becomes

(y?cog +z?)2 2kr?(y?cod + z?)

t=
64f 3 cos

(3)

wheret, y andz are the coordinates of the point on the correcting mirroEgoation (3) expresses
the aspherical shape of the correcting mirrors the radius of the entrance pugil,is the focal
distance of the primary mirror, is the angle between the normal of the vertex of the corrgctin
mirror and the optical axis, arklis a constant and is called the neutral zone height in thealpti
design. Generally speaking, the constlrtorresponds to the position of the focus for which the
spherical aberration is eliminated. When different valfdsare selected, the position of the optimal
focus changes, and the aspherical shape of the mirror atswels. The important thing that should
be noticed is for ank, the image quality at the center of the FOV is always goodéffibcus is
put at the optimal position, but images at the edge and oties pf the FOV are different, that is
to say the off axis aberration is different. To obtain theste#f axis aberratiork should equal 1.5.
This pioneering work was done by Gerard Lemaitre in his stoglyhe re ecting Schmidt system
(Lemaitre 1984). He found that K = 1:5, one can get good image quality in the whole eld of
view. Oncek is selected, the aspherical shape is uniquely de ned. Emu#B) is approximated
by the third-order spherical aberration since higher-otdems are negligible. This expression is
already accurate enough for this system with /5. One caressjt by adding higher order terms, in
which case the shape of the aspherical surface of the cmgeuwtrror will become more accurate.
In LAMOST, the aspheric shape of Ma is expressed by Equa8piiWang et al. 1996). The

k is taken as 1.5 for LAMOST to get the best image quality forwhmle eld of view. The angle

varies between 7.3and 57.3 as the eld to be observed varies betweefh0 90 on
the meridian. They-axis rotates around the normal of the vertex of Maalso changes slightly)
during 1.5h of tracking. Thus the depttof any point on Ma is not constant. This means that in
such a Schmidt system the shape of the correcting mirror musthanged with each different
during the tracking process. The maximum required dewviatfsub-mirrors from the closest plane
is only about 9.1 m for 1.5 h of tracking. This is realized by thin deformablenoi active optics.
The center of curvature of Mb is located in the optical systetnich is very convenient for using a
wavefront monitor to measure the co-centers of all the seggie Mb.
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focus |

entrance aspheric reflecting
pupil mirror spherical primary mirror

Fig. 4 Coordinate system of the re ecting Schmidt system.

2.4 Simulation of the Observing Process and Image Quality

As mentioned in Section 2.1, the optical system of LAMOST #&pacial optical system. During
the process of tracking the celestial objects, the Schrg&ies is continuously changing because
the aspherical shape of Ma also changes. How the image cabtdi@ed by superimposing those
images acquired with varying con gurations of the re edischmidt telescope is a problem that
needs to be understood. Therefore, computer simulatiotteealbserving process have been done.
These include pointing and tracking of Ma, guiding the posieind direction of a star in the FOV,
rotation of the FOV and the effect of atmospheric refractieinally, images are formed by a series
of images obtained over time that are superposed togeththis simulation, the entrance pupil is
taken as a circle with a diameter of 4 m and positioned at theecef Mb. The constark is taken
as 1.5. Focal distance is 20 m. The angle of incidenissfound according to the declinationrand
hour anglet, where the star is observed. The tracking time is 1.5 h whiestar is passing through
the meridian. Results are given in Table 1 and Figure 5. Tlagémuality is given by a circle with
diameter in which 80% of the light energy is concentratec Whit is arcsec.

Table 1 shows the imaging quality for three situations: () dbject at the center of FOV in
the meridian plane, (2) tracking for 1.5 h without the efeaftthe atmosphere, (3) tracking for 1.5h
with the effects of the atmosphere. The corresponding darsef the FOV ar® ,3 and5 , and
columns (a), (b) and (c) correspond to cases (1), (2) anc&perctively.

Figure 5 gives the spot diagrams for four sky areas. Spotslimm (a) correspond to the case
where the objects are at the center of the FOV in the meridljgaae. Spots in column (b) show
the star images after tracking for 1.5 h, and spots in coluhare the star images after tracking for
1.5h and including the effect of atmospheric refractiorrgescircles in Figure 5 correspond to the
maximum FOV, which are 5for = 10,40 and =60 and 3 for =90 . The small circles
show the positions of half the FOV.

According to Equation (3) it is obvious that the image quatif LAMOST is related to the
incident angle . The worst case is having a large incident angle in the skg eliese to the North
Pole60 90 . Since the sky area is small there, it is reasonable to us€shdf 3 . The
range of large sky area near the equator is the most integdsti astronomical observation and has
a small angle of incidence. From the result of the image guiaiTable 1 and Figure 5, one can see
that most of the sky areas used for observing have an imadigyduetter than 0

2.5 Focal Surface and Rotation of the Field of View

The optimal focal surface of a Schmidt system is an aspherface, but usually it is approximated
as a sphere with its radius of curvature at about the foctdli®. However, LAMOST is different
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Table 1 Image Quality with 80% of the Light Entering the Diameter Eegsed in arcsec

2w 0 | 3 | 5
a b c | a b c | a b c
-10 0.029 0.029 0.029| 0.158 0.150 0.853| 0.250 0.259 1.463
0 0.029 0.029 0.029| 0.247 0.236 0.525| 0.390 0.408 0.899
10 0.029 0.029 0.029| 0.342 0.321 0.410| 0.534 0.556 0.686
20 0.029 0.029 0.029| 0.446 0.415 0.439| 0.689 1.711 0.754

|
|
|
|
|
|
30 | 0029 0029 0029 0561 0516 0.524| 0.861 1.879  0.901
|
|
|
|
|
|

40 0.029  0.029 0.029| 0.692 0.626  0.624| 1.055 1.068 1.073
50 0.029  0.029 0.029| 0.843 0.750 0.761] 1.280 1.280 1.311
60 0.029  0.029 0.029| 1.024 0.894 0.934| 1.548 1.529 1.590
70 0.029  0.029 0.029| 1.044 1.065 1.127|
80 0.029  0.029 0.029| 1.263 1.272 1.376|
90 0.029  0.029 0.029| 1.552 1.546 1.724]

due to the optical system not having rotational symmetrig found that even though the optimal

focal surface of the re ecting Schmidt system is an unsynioa&lt aspheric surface, it can be re-

garded as a sphere with its radius of curvature being abeufottal distance, but the axis of the

focal surface is slightly tilted relative to the optical sxif the spherical primary. The angle between
axes can be expressed as in Equation (4)

= 0:.01250463 0:03030557 0:006115542+0:00313813% 0:00445463%;  (4)

where is the angle in degrees between axes of the focal surfacéanditnary mirror, and is the
declination of the object at the center of the eld in radiafise maximum is about 5.4 arcmin.

Like all telescopes with an alt-azimuth mounting, LAMOSTshald rotation because of the
mounting of Ma. When the hour angle goes fror®:75" to 0:75", the rotation angle goes from
3:3827 to 33827 for = 10 andfrom 11:25 to11:25 for =90 . It shows that the sign
of the angle changes, which means that there must be a positiovhere the eld does not rotate.
Further study shows that this is at24:6 . Over the whole observed sky area, the rotation speed is
very smooth (Su & Wang 1997b).

2.6 Effective Aperture and Vignetting

The entrance pupil of LAMOST is the projection of Ma on theedtion perpendicular to the optical
axis. Ma consists of 24 active sub-mirrors with a total siz&.d2m 4.40m. The size of its pro-
jection on the direction perpendicular to the optical agiglifferent when the telescope points to a
different area of the sky during the course of tracking. €fene, the area of the entrance pupil or
clear aperture of LAMOST is not xed and the f-ratio is alsa ned. The effective area of the pupil
is calculated and listed in Table 2 for the different sky ar@a ). In the table, is used to express
the diameter of the circle which has an area equal to thetefearea of the pupil. The diameters

for 11 sky areas are given in Table 2, whegeand ¢.75 correspond to stars on the meridian and
with an hour angle of 0.75respectively.

When the object is not at the center of the FOV, some of thé liglected from the Ma may
be re ected outside the area of Mb due to Mb is not being largeugh, which causes vignetting in
LAMOST.

Figure 6 is a map for stars at =10 , 40 and 90 passing through the meridian. One can notice
that the vignetting is different for different areas of tkg,different FOVs and different positions in
a same eld angle. The vignetting in LAMOST shows axial syntimevhen the star is at the center
of the FOV and passes through the meridian.
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Fig. 5 Spot diagrams for the four sky areas. N
Table 2 Clear Apertures for Different
-10 0 10 20 30 40 50 60 70 80 90
0 4881 4844 4788 4714 4620 4506 4371 4215 4036 3832 3602
0:75 4870 4833 4777 4702 4608 4495 4361 4206 4029 3828 3602
The coef cient of vignetting is de ned as

SA S1
K="5a ®)
whereS1is the projected area of the light beam on Mb, &#dis the projected area of the full light
beam on Ma for off-axis incident light.
Table 3 gives the vignetting value for= 10 90 . The FOV angle is 2.5 for 10

60 and 1.5 for 60 90 . The diameter of the focal surface is 1790mm. In a
reference paper, authors made detailed calculations algmétting but their de nition of vignetting
is different from that usually used in optics (Xue & Shi 2008)
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10 , 40 and 90).

Fig. 6 Vignetting in different areas of the skiett-to-right,

Table 3 Vignetting in LAMOST

sagittal direction  tangent direction  48lirection

-10 0.2508 0.2790 0.2606
0 0.2452 0.2756 0.2551
10 0.2356 0.2703 0.2506
20 0.2245 0.2629 0.2423
30 0.2091 0.2530 0.2375
40 0.2028 0.2401 0.2312
50 0.1868 0.2235 0.2073
60 0.1890 0.2025 0.1965
70 0.0470 0.0014 0.0087
80 0.0477 0.0000 0.0035
90 0.0496 0.0000 0.0042

The variable aperture during observation causes the ar@ abllected light beam to change,
and vignetting causes the brightness to be uneven on thistatace, but these are not major effects
for multi-object ber spectroscopic observations with seoorrection, which can be performed dur-
ing the data processing. Considering these, and also tentiasion (including the aiming accuracy
at celestial objects) not being uniform for all optical BeLAMOST is not suitable for diffraction-
limited high resolution observations, which means an @ptiser spectroscopic telescope is not
suitable for photometry.

2.7 Tracking Times for Different Areas of the Sky

The image quality is related to the angle between the norimBdaband the optical axis of Mb
(which equals the incident angle). When the area observetiged from = 10 to 90, the
angle is increases from 7.30 57.3 and the image quality becomes worse. This means that the
image quality is the best at= 10 and the worst at = 90 . The image quality is also affected
by atmospheric refraction. This effect becomes more sewden the zenith distance is large at

= 10. In addition, f-ratio also affects the image quality. Thejpction of Ma on the direction
perpendicular to the optical axis is the largestat 10 and the least at = 90 , so the f-ratio
is the fastestat = 10 and the slowest at = 90 . Considering all these various factors, when
observing an area around the zenith, the image is best. fidigscertain image quality, the tracking
time may be much longer than 1.5 h in this sky area.

Figure 7 gives the relation between tracking time and imagdity. The image quality is ex-

pressed in terms of a quantity called E80%, which is givenhgydiameter of the circle in which
80% of the energy is included, where theoordinate is tracking time in hours and fheoordinate
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Fig. 7 Relation between tracking time and the quantity E80%.

is image quality in terms of E80% in arcsec. Even Figure 7 shibzt the tracking time could be 5h
or more (including tracking before and after the meridiam)the sky area = 20 50 and 70 if
the required resolution of the image (in terms of E80%) sthdwel better tha@®® but the large hour
angle may limited by the working range of the displacemeniators on the active support system
of Ma and other limitations. Thus it is better if the obsegvtime is not longer than 4 h, except for
special cases.

2.8 Atmospheric Refraction Effects

Atmospherical refraction changes the zenith distance @lestal body. The change in zenith dis-
tance causes the displacement and dispersion of star imBgeeffects of atmospherical refraction
on the star image of LAMOST have been studied, with the reshdtving that the maximum dis-
placement of star images 6859 during 1.5 h of observation (Su & Wang 1997a). It means that
the maximum deviation of the image from the center of the Ise0:859° The average deviation
is 0:430P°which equals the positioning error. Comparing this valuthwie 3:3°°diameter of the
ber shows it is relatively small, and the loss of light duettee image deviation is also small. In
addition, such image deviation will only happen at the latgeOV, when observing the sky area at

= 10 . As a compromise, the image deviation may not be correctied.cbrrection could be
done by optical ber positioners when required.

When the zenith distance is not very large, its change camgsatimospherical refraction can be

calculated using the approximate formula

=2z% z 2062650 1)tanz; (6)
where is the change of zenith distance,andz® are the real and changed zenith distances re-
spectively, anch is the index of refraction. Applying this formula for diffent wavelengths, the
dispersion can be calculated. For LAMOST, in the wavebarml380  1000nm the maximum

dispersion i2:29%which only happens in the area of= 10 (Liu & Yuan 2005). When the
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celestial body is near the zenith, the dispersion is less @@° Considering that the seeing in
Xinglong is abou® the dispersion may not be correctable either. If LAMOSTIddue placed at a
site with good seeing, the dispersion should be correcer@l kinds of atmospherical dispersion
correctors have been studied (Liu & Yuan 2005; Su et al. 2012)

2.9 Effect of Segmented Mirrors on the Distribution of Diffraction Energy

In LAMOST, both of the two large mirrors, Ma and Mb, are segteednThe amount and arrangement
of sub-mirrors in Ma and Mb are different. The difference lie sizes of the two mirrors causes
diffraction in many smaller subareas, which enlarges thatgpread function (PSF). At a good
astronomical site, atmospheric seeing only allows a tef@esevith an aperture of less than 30 cm to
obtain a diffraction-limited image if adaptive optics istnsed. Because adaptive optics cannot be
used for a telescope with a large FOV, in this case, for a setgdemirror telescope, a subarea with
a diameter of 50 60 cm is enough. In the case of LAMOST, there is an angle otlgmie between
the normal of Ma and the optical axis, and the angle of inaidda different for different sky areas
and different times during tracking. In all these situasiotihe superposition of the projection of Ma
and Mb is different and the shapes of the subareas divideladbgdges of the hexagonal sub-mirrors
are complex. Generally speaking, each hexagonal sub+nafrMa is divided into three or four
subareas. If Ma is approximately perpendicular to the aptigis and there are four subareas, the
average surface area of the subareas equals a circular @hea diameter of 0.5m. As a rough
estimate, the distribution of diffracted energy in LAMOSTlike a circular hole with a diameter of
0.5m. This means 84 percent of the light energy is spreadaverea of about 0°%(Airy disk).

In the case of sky area observed at 90 , the height of the projection of Ma sub-mirrors will
be reduced to about half but the width will not change. In tase, 84 percent of the light energy
is spread over an area of about®width and 0.78°length (Su et al. 2012). Wenli Xu calculated
the distribution of the diffraction of energy for LAMOST irethil for four special situations and
arrived at a similar conclusion that 80% of the diffracte@mgy is concentrated within a circle
with a diameter of about 0°for all conditions (Xu et al. 1997). Moreover the atmospbegeing

in Xinglong is about2®on average, and the diameter of the bers3i8%° Thus, the effect of an
enlarged PSF in LAMOST caused by two segmented mirrors i®naind acceptable.

2.10 Stray Light

The enclosure of LAMOST is divided into two parts. One paraidome for Ma, which is in an
open mode during the observation. The other part is a cytiabtube that encloses the focus and
Mb, which is along the optical axis and is about 25.5m longriyithe observation, not only can
light from the celestial objects enter the optical systenthef telescope, but stray light can also
enter from different directions, such as light from the skgkground, light from the moon and stars
re ected by the ground, light from the outer wall and innerlived the dome, and some scattered
lights directly from Ma into Mb. These lights are not invotl/avith imaging, and scatter multiple
times on the inside surface of the cylindrical enclosurengwally becoming stray light on the focal
surface, which interferes with imaging quality as noise.

To avoid the light not involved with imaging from coming intbe eld of view, or at least
reduce the in uence of the stray light, three light stopsénbeen set up between the focus and Mb
in the cylindrical enclosure along the optical axis, withtdhces of 15.6, 25.5 and 34.6 meters from
the Ma respectively. In LAMOST, when the telescope pointdifiérent sky areas, the beam height
is different and the vignetting is also different. For exdenpvhile the telescope points at a target
with low declination, it has a larger beam height and largmeiting, but at high declination there
is a smaller beam height and smaller vignetting. The width laight of all three light stops were
designed with the goal that there would not be more blockaged into the optical system while
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trying to keep the vignetting situation unchanged. By sgttip three light stops, most light not
involved with imaging is effectively blocked.

Although the above implementation of three light stops Ipaitocks the light not involved
with imaging, for those stray lights coming from multipleeetions in the inside of the enclosure,
improving the absorption of the coated surface inside tletosare is important, especially those
stray lights around Ma which are just scattered one timereefeaching Mb. By using special
software to do the calculation and analysis, if the surfdzsoeption could be increased from 90%
to 99%, one could reduce the point source light transmiggnc which is the characterization of
the optical system's level of stray light, one order of magdé. The work to eliminate stray light in
LAMOST is continuing, and further modi cations will soon lplemented.

2.11 Active Optics

The eld of active optics developed in the 1980s and succdiyséllowed the aperture of large
telescopes to be enlarged from 5 or 6 meters to 8 or 10 metéisofvét al. 1987; Noethe et al. 1988;
Mast & Nelson 1982). Nowadays, a consensus is that activesogta key technology for building
large telescopes and telescopes with high imaging qualitiyve optics are mainly used to correct
gravitational deformation and thermal distortion in telgse mirrors and structures, especially to
maintain a highly accurate surface shape in the primaryamaf the telescope and the collimation
of the optical system, which is impossible with traditiopaksive optics.

LAMOST represents the rst time active optics has been agopior creating a series of aspher-
ical surface shapes in the mirror during the observationptogure a special optical system which
could not be obtained by the design of a traditional optigatem. This makes such a new type of
telescope possible that uses the Wang-Su re ecting Schaeisiggn with both a large aperture and
wide FOV. The proposal put forward was based on the prelirgisaudy of Su et al. (1986) for a
new telescope and development of related technology (Su¥a@4, 2000).

The implementation of active optics represents the mosiestging and crucial part in the
LAMOST project. To realize the new concept and reduce théfooshe project, some new tech-
nologies in active optics have been developed and new apiplis created (Su et al. 1998; Su &
Cui 1999, 2004; Cui et al. 2004; Zhang & Cui 2005; Zhang 2008):

(1) The active optics system in LAMOST has both segmentedomactive optics and thin de-
formable mirror active optics in one mirror (Ma), where thadivge optics simultaneously con-
trols each aspherical surface shape of the 24 hexagonahsudrs in Ma during observations.

(2) The thin deformable mirror active optics of Ma is not onged to correct the gravity and thermal
deformation of the structures and the mirrors, as well agtaeufacturing and alignment errors,
but is also mainly used to create the required aspherictcishapes of the 24 hexagonal sub-
mirrors in real time, where each sub-mirror has an off-aggh&rical shape.

(3) Both the re ecting Schmidt corrector Ma and the sphémranary mirror Mb are segmented
with 24 and 37 hexagonal sub-mirrors respectively. LAMOSThie rst telescope to use two
large segmented mirrors in one optical system.

(4) ltisthe rstproject to use non-round deformable migor

(5) Except for being applied in the experimental system (Sl.61994), LAMOST is the rst case
to apply the damping least square method in resolving theeafdrce calculation in real time
during observation, a method which is normally only usedhi@ optimization of the optical
system design.

(6) A new algorithm and calibration method have been cre@mtedsolve the active force displace-
ments simultaneously and accurately, where the sub-reien@ both thin and non-round.

(7) Thisisthe rsttime to apply two wavefront sensors in apical system. One is used to ensure
the co-centering of the spherical primary mirror Mb, anddtieer is to ensure the image quality
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Fig.8 The schematic of the active optical system in LAMOST.
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Fig.9 (a) Schematic of the S-H wavefront sensor, (b) the imagesiodal plane.

of the whole optical system, especially the continuouslgntding aspherical surface shape of
the active correcting mirror Ma.

(8) Wavefront sensing is performed on the shape and sizesofahiable pupil.
(9) A closed loop control system is combined with with an ofmap control system.

As shown in Figure 8, the active optics system in LAMOST csissdf two wavefront sensors,
six computers for wavefront analysis, control of the migbape and co-focusing (or co-centering)
of the sub-mirrors, 200 intelligent controllers (comps)eB16 force actuators with load cells, 183
displacement actuators, and 290 displacement sensors.

The schematic of the Shack-Hartmann (S-H) wavefront saastrown in Figure 9. The optical
system of the S-H wavefront sensor for Ma is shown in Figurad@n example, which is located
at the center of the focal surface. The wavefront error caddbected by analysis of the difference
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Fig. 10 The optical system of the S-H wavefront sensor used for M@ollimating Lens; 2. Lenslet
Array; 3. Field Lens; 4. Reducer Lens; 5. CCD; 6. Light Sowane Condenser Lens; 7. Used for
Checking the Light Path.
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Fig.11 The block diagram of the wavefront analysis and control.

between the standard image spots (ideal wavefront) andeirspgts from the deformed wavefront.
LAMOST is designed with an accuracy in wavefront measuremei0.1%°

The process of wavefront analysis uses the deviation froormal line to speci cally analyze
the wavefront slope error or the normal line deviation of wevefront, and to calculate the forces
needed in displacement actuators that should be used tectdne mirror shape and the co-focus
(or co-centering) of the segmented mirrors. Figure 11 shivesblock diagram of the wavefront
detection and analysis software of Ma and Mb.
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TIMES (0.4M/LOCE)

(b)

Fig. 13 (a) Force actuator; (b) a force actuator with sustainedracgtRMS=17.75mNP  V =
46:7 mN after 15000 h of test operation.

(b)

Fig. 14 Ma sub-mirrors. (a) after being installed; (b) sub-mirrafter polishing.

There are 120 intelligent controllers that need to get imftion from 816 load cells and control
816 force actuators, and 12 controllers to control 72 dspteent actuators in the Ma active support
system, which form the local closed loop control system ofM@ST's active optics. 34 active
supports (force actuators) with xed supports (correspogdo displacement actuators), together
with lateral supports for each sub-mirror, compose its detepmirror support system. Figure 12
shows the distribution of the active supports and xed supgpim one Ma sub-mirror.
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(b)

Fig. 15 Mb. (a) completing the installation of 37 sub-mirrors; (kgub-mirror after polishing.

To meet the requirements for LAMOST's tracking speed andjienguality, the force actuators
are controlled with a minimum time interval of 1.5 min and acwaacy of 50 mN in the force range
of [-150N,+150N]. The test results for all 816 force actuatoave shown that they are all better
than the requirements. Figure 13 shows one test result a€a &tuator. All displacement actuators
and sensors equipped in Ma and Mb have an accuracy of 30 nmadyrhanic adjustable range of
1 mm.

The S-H wavefront sensor of Mb is mounted at the center ofature of the spherical primary
mirror Mb, that is, the center of Ma. There are 111 displac@raetuators for 37 sub-mirrors. The
active optics of Mb is only used for maintaining the co-cewnte37 sub-mirrors. Because the main
source of error is thermal deformations in the structure,wlavefront sensing and frequency of
mechanical corrections in the apparatus can be very lovia, asionce per hour. When displacement
sensors are used to maintain the co-center, the S-H wavefeosor could only do the calibration
once per night.

2.12 Optical Performance

The image quality of the telescope normally depends on (apemuality designed for the optical
system; (2) surface shape accuracy of all optical compsneéetiermined by manufacturing; (3)
maintaining an accurate shape of the mirrors in real timehkysupport system; (4) collimation of
the optical system. When the active optics system is beipfieah the above requirements, except
(1) and the high space frequency error of (2) could be rela@adiget higherimage quality compared
with the traditional passive optical system.

In LAMOST, 24 sub-mirrors composing Ma are shown in Figuréa)4Each sub-mirror has a
plano surface, with length 1.1 m corner to corner, and treskr25 mm (Fig. 14(b)). After completion
of the manufacturing, the acceptance test results shovtttbaurface accuracy in terms of RMS of
all 30 Ma sub-mirrors, including spares, is between RMS &lamd 18.9nm, and is 12.25nm on
average, showing that the diffraction limit is reached.

The complete set of 37 sub-mirrors of Mb is shown in Figurea)l 5¢ith a spherical surface,
1.1m diagonal, and 75 mm thickness for each sub-mirror (Bgb)). The results from the accep-
tance test show that the average accuracy of all 40 sub+sitireluding spares, is 11.2nm RMS,
and the consistency of all sub-mirrors for the 40 m radiuswobature is less than 1.5 mm.
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Fig. 16 Ma support structure being installed. Fig. 17 Support structure.

;
L

Fig. 18 Ma sub-mirror assembly being tested. Fig. 19 Mb sub-mirror with its support system
(computer model).

All 24 sub-mirrors of Ma are supported by a mirror cell withrass structure (Cui & Yang 1998;
Yang et al. 2005) (Fig. 16), which has an accuracy of 0.312 nMi$Ror supporting Ma on the top
layer. Figure 18 shows a completed Ma sub-mirror assemblyMb, there is also a truss structure
to support all 37 sub-mirrors supported on it (Fig. 17). Esgh-mirror of Mb has a very compact
whif etree support system in the axial direction with 18 gapts (Fig. 19) and a center support for
the lateral direction (Gong et al. 2004). Three displacdraetuators on each sub-mirror can control
and maintain the position of each sub-mirror in three dinwrssaccurately for co-centering visible
wavelength observations of LAMOST. Also there is a poskjbib implement co-phasing for near
infrared observations if it is required in the future.

The support system of each sub-mirror should maintain tfaseiaccuracy to very good quality
in operation mode. The test results with an interferomeieafl sub-mirrors of Ma and Mb with
their support systems show that all 24 Ma and 37 Mb sub-ndraoe maintained by their support
systems with an average surface error RMS of 21.7 nm and h6réspectively.

As described in Section 2.1, a Schmidt optical system is am@g of a spherical primary mirror
and a correcting mirror located at the center of curvaturetfe spherical primary. For LAMOST,
when the surface shape of the correcting mirror Ma is de ngthle active optics withk = 1:5, the
image quality is acceptable at the center of the FOV whilelitding controlled by an S-H wavefront
sensor; one only needs to make sure the surface shape ofiti@rymirror is always correct by
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Fig. 20 The statistics of image quality from tracking a 7.2 magrétsthr for 132 min (ordinate is
the number of times).

using the S-H wavefront sensor located at the center of tuneaf the Mb. Thus the off axis image
quality in the whole FOV is correct and it performs well as &Bat telescope.

The following are some typical test results during comnoissig:

Test results with the Shack-Hartmann wavefront sensorsFigure 20 shows one of the image
quality results of the telescope's optical system durirgdtosed loop control by the active optics,
which was tested on 2008 Nov. 21 by the S-H wavefront sensokBowhile tracking an object
at declination 24.25and hour angle 2.22for 132 min (Cui et al. 2010). From this test, one can
see that during good weather in the Xinglong Station, witkirsg conditions about FWHM 3%
as given by the guiding camera’s long exposure images, tasctgpe's optical system had the best
image quality of 0.2%in terms of E80% (corresponding to an estimated FWHM:Gf%Y. The
test data in the right part of Figure 20, where the image tuiworse than % show the image
quality at the beginning of the tracking. Another test exbawas performed on 2008 December 16,
also with good seeing conditions of in Xinglong; the accapeatesting group performed a test by
tracking a star for 3 h with declination angle 57.0Fhe best image size w&s198 in terms of
E80%, corresponding to an estimated FWHMD3*?

During the test, it was easy to notice that even though thg@maeasured by the S-H wavefront
sensor could eliminate most of the effects of air turbuletize accuracy of the image results still
depended on the seeing conditions. We believe that at & bbtervation site, an even better image
quality could be achieved by using the active control of tAeVIOST optical system.

Test result by guiding cameras There are four guiding cameras located on the focal surface
with a FOV of 3.2 in diameter, for guiding the telescope and calibrating efd¢bordinate system of
the optical bers and scale of the focal surface. With the€®@ameras, we can acquire information
on image quality including the in uence of the seeing andkiag error.

In Figure 21, one image with FWHM of about®vas obtained by a guiding camera, but the
image quality tested by the S-H wavefront sensor is ab@3®  0:4°C and seeing is about FWHM
1:700 200
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Fig. 21 Image is 8°FWHM obtained from the guiding CCD with a eld of view of 3.2n diameter.

2.13 Pointing, Tracking and Control System

The pointing and tracking system consists of two parts: &)dl-azimuth mounting (Fig. 22) of
Ma for pointing and tracking the objects; 2) The focal medsianfor the focal surface derotation
and focusing of the optical system (Fig. 23). These two pasmainly composed of components
such as hydrostatic bearings, friction drives, tape ensp@eunter torque balancing system, eld
derotation mechanism, focusing unit, and focal surfaéeidé control system (Li et al. 2003).

The mounting and tracking system of LAMOST has some spehalacteristics:

1) There is no blind area for LAMOST.

2) There is no gravitational deformation of Mb since it is ce

3) The observations are around the meridian, due to theapmuinting and tracking mode, and
changes in the altitude are very small during the trackirag@ss; therefore the gravitational
deformation of the structure caused by the change of gtawit@ direction is very small. For
example, in 1.5 h of tracking, the change in the altitude ex@ly 0.34 (for the worst case).

4) Afriction drive is employed for both elevation and azimaies for reducing the high frequency
tracking errors.

5) Because the tracking follows a normal line, the techmeglirements in pointing and tracking
are twice as strict as for an ordinary telescope, and thedizlee azimuth drive platform is
about 8 m in diameter, which is much larger than normal telpss with the same size aperture.

6) LAMOST has adopted a special counter torque gear systdralémce the load on the altitude
axis since there is not a normal telescope tube to do the diatalike in a traditional telescope.

The control system (Yang & Zhang 2008) mainly consists aé¢tsubsystems: (1) the tracking
and driving system of the alt-azimuth mount for Ma, the riotatof the focal surface as well as
the guiding star system. (2) The control system of the thirraniactive optics and the segmented
mirror active optics with approximately 1000 force actwatand displacement actuators. (3) The
system of real time environmental monitoring, control, éndt-diagnosis including the dome con-
trol, temperature monitor, the wind screens and the coofrtble ventilation windows, the rain and
dew monitor and control, the alarm facilities, the remotenitay and control etc. Its characteristics
can be summarized as follows: (1) Having the system feaau&itable during real time, with reli-
ability, network availability, multilayers, and being tlibuted and expandable, like in other modern
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Fig. 23 Left Ma mounting and tracking structure being assembRidht the focal structure being
assembled.

large astronomical telescopes around the world. (2) Ctimgdhe thousands of force actuators and
displacement actuators with high precision, and collgctind analyzing the signals from thousands
of force actuators and displacement actuators in real time.

For LAMOST, the accuracy required for pointingi§°°and that for tracking is smaller than
0:64°0n the focal surface. It mea®8°for pointing and0:32%tracking for the normal line of Ma.
The nal test by the CCD cameras on the focal surface for pognand tracking stars is shown
in Figure 24, with all results meeting the design requiretsieBelow are listed the operational
parameters and accuracy requirements for the alt-azimotimting and focal unit. The nal test
results have shown that all are met and some are even excedderOST.

1) Ma altitude tracking range: 2
2) Ma altitude rotation range: 090
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3) Ma azimuth rotation range:51
4) Ma azimuth tracking range: 20
5) Pointing accuracy: less than®@on the focal surface)
6) Tracking accuracy (with guiding): less than ®%&4n the focal surface)
7) Focal surface rotation: 22.5 with an accuracy of 1%
8) Focusing: 200 mm with an accuracy of 0.1 mm (0.02mm in the nal test)
9) Focal surface attitud€:  10°with an accuracy of 10°
10) Focal unit lateral movement: 2.2 m with an accuracy 6f02 mm

rms point error 4.87arcsecond
only declination less than 50 degree
2008/12/09, 20:00--22:00

Altitude direction
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Fig. 24 Top result of pointing 4:87°% on 2008 Dec. 9Bottom result of tracking 0:42°% on 2008
Nov. 19.
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Fig.25 Enclosure of LAMOST with an open dome, tunnel enclosure \dtlvers, circular wind
screen of Ma with louvers and six active wind screens.

—Probhe value

Fig. 26 The numeric simulation for optimization of the enclosure.

2.14 Enclosure, Wind Buffering and Thermal Control

LAMOST's enclosure is unique. The design of the dome incoafs a completely open mode
during observation for Ma and a tunnel enclosure from Mb émuking (Fig. 25) (Yao et al. 2000).
For protecting the correcting mirror Ma from the heavy windd, a wind tunnel test has been
done (Yao 1998) and a numerical simulation for optimizatias been carried out (Yao et al. 2000)
(Fig. 26). From the wind tunnel test and optimization cadtioin, a xed circular wind screen around
Ma and six active wind screens to the north of Ma have beenefpkith the speci cation that
LAMOST could be in normal operation if the wind speed is najttar than level 5 on the Beaufort
scale. The circular wind screen has been designed so thaat itecluce the wind load from level 5
to level 3 on the surface of Ma. Under the conditions of wineele3, there should be no obvious
image distortion by wind load deformation and no vibratidéth@ mirror or the support system (Yao
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1998). In some cases when the wind is too strong in the nomfetitin, the active wind screens can
be raised for increased protection.

The optical axis of the primary mirror (Mb) in LAMOST is xedml tilted 25 downward with
respect to the ground. The optical path is 60 meters, mudafelathan that of a traditional telescope.
The temperature difference between the inside and thedeut$ithe enclosure and gradient around
the structure causes dome seeing and thermal distortiotieitelescope structure. The outside
temperature always decreases faster than the inside tatapeduring the observation. To ensure
good dome seeing, a cooling system should be used. A nurh&raaation has been done to model
the temperature distribution under cooling (Hao 2004; Yzad.e2003). The results of the simulation
showed the temperature difference between the focal sugad environment was 1.06 lower
than without cooling after one hour if the wind speed did nats®d 1 m s?.

The cooling system in LAMOST requires cooling air a maximufboC lower than the en-
vironment, to keep the temperature difference betweennide of the enclosure and the outside
nearly the same during the observation. The lowest tenmyrerat winter can reach —30 The tem-
perature can be adjusted by a computer control system angdodthe thermal monitoring system.
There are three cooling modes in LAMOST: (1) cooling thereritiside space of the enclosure: (2)
cooling the oor of the enclosure to let the temperature bigtla lower on the oor; (3) cooling the
local heating sources such as motors and electronics wreztede

There is a ventilation system used to reduce the air temyrergtadient inside enclosure, to let
the temperature inside the enclosure be close to that ofutside, and to keep a smooth air ow
for better enclosure seeing. There are ve fans with powdf\8Dto let air outside of the enclosure
move along the optical axis during observing. The speedefébulting air ow is adjustable in the
range of about 1-2m £. In the wall of the enclosure there are louvers, and when spekd is
suitable, the open louvers can be used for natural vetilati

The thermal monitoring system in LAMOST is composed of terapee sensors, temperature
measurement instruments, a network of computers to calitatand a central controlling computer.
There are also many electronics that can produce electnostiagnterference. In order to obtain a
precise measurement of temperature, hardware and sofaméiramming means are used. There
are about 300 temperature sensors distributed on the bdek sf mirrors, truss structure of Ma
and Mb, on the focal surface panel, on the pier, and in theosnot tunnel. With this monitoring
system, one can survey the temperature of the truss andrrsinpport systems of Ma and Mb, and
also measure the temperature in the enclosure and on thesto€ace. Using this system, we can
monitor the temperature gradient of the system, so as teadhe cooling and ventilation systems
to get temperature uniformity in the enclosure. The regmhutf the temperature monitoring system
is 0.02 C, precise up to 0.05C.

During 2000 to 2004, some experiments of the above vemtiladind cooling methods for the
LAMOST enclosure were carried out, together with the experit for active optics on the 1m
LAMOST experiment telescope in NIAOT. The experiment'sulesshowed that with proper ther-
mal monitoring, and with ventilation and a cooling systeneinly applied, the enclosure's seeing
could be signi cantly improved.

3 INSTRUMENTS
3.1 Fiber Positioning System
3.1.1 Introduction

The ber positioning system on the focal surface is an imaotpart of LAMOST. All of the 4000
bers must be positioned on the 5ocal surface precisely and quickly. The main technicalinesg
ments of the LAMOST ber positioning system are describedodlsws:
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Fig.27 Left the ber positioning system on the focal surfagdght distribution of ber position-
ing units.

1) The 2D positioning error of any one of the 4000 bers shobélless than 40 microns (with
respect to 0.%in the focal surface).

2) The time needed for positioning all the 4000 bers at ongetishould be shorter than 10 min.

3) During observation, errors should be compensated.

Before LAMOST, spectroscopy telescopes used two kinds ef gositioning methods: one is a
holing method, and the other is a magnetic plotter method.SIDSS project uses the holing method
(Gunn & Knapp 1993). This means before each observatiorfotted plate must be drilled with a
lot of holes according to the positions of objects, then thers need to be plugged into the holes.
After each observation, one must change the focal plate apldig the bers to prepare for another
observation. Another way is using magnetic plotter uni@cheunit has three parts: a re ecting
mirror, @ magnetic iron, and one ber. The focal plate is mafi@on. At each observation, each
magnetic unit is positioned in the right place for the ohjédter the observation, a robot will take
the unit and place it at the next position. This method is usdtie 2dF project (Jones 1994). To
increase the ef ciency of changing units, there are ten tebwdo the job.

The holing method could not be used in LAMOST because in ti@god, after each observa-
tion, one should pull out the bers from the focal surface quhag them in to the next position on
the focal surface. The time needed is about half an hour f@Shut it would be at least one hour
for LAMOST.

In the magnetic plotter method, the bers are placed on thlalfsurface, as in 2dF with thin

bers, with a low density of units, in such a way that they da imberfere with each other. LAMOST,
however, uses thick bers and the density of the bers is leigthan those in 2dF. In this case,
LAMOST would need twice as much area for the focal surfacdaogthe bers. It would also need
a long time for preparation before each observation, sankihiod is also not suitable for LAMOST.

There is a new kind of ber positioning system designed foNM@AST (Xing et al. 1998), named
the distributive parallel-controllable ber positionirgystem (the left panel of Fig.27). The focal
surface of the telescope with a diameter of 1.75m is dividéal4000 individual domains (the right
panel of Fig. 27). Each domain contains a controllable uhitivcan move a ber quickly anywhere
within its designated circular area on the focal surface. dbite parallel control system is set to
control all the units, so the 4000 bers can all move sepéyalte this system, the positioning errors
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Fig. 28 Left the double revolving ber positioning uniRight schematic of the structure of the unit.

can be compensated during real time, and the preparati@ftineach observation is shortened to
several minutes.

3.1.2 Design of the ber positioning system

The ber positioning system consists of a base plate (thalfsarvey), 4000 ber positioning units,
an electronic control system and equipment that measueepdkitions of bers. Each unit can
position its ber within the range of 33mm, and the distance to the nearest unit is 25.6 mm. The
circular domains are overlapped to ensure that there isind space on the focal surface. Each unit
is driven by two stepping motors and controlled by computestich a way to ensure that the units
do not collide with each other.

Double revolving ber positioning unit  The principle of double revolving ber positioning is
shown in the left panel of Figure 28. The unit contains a @ stiaft which revolves around its xed
end in a range of 180, and an off-center shaft which revolves around its end thabnnected to
the free end of the central shaft. The ber which is instaltedthe free end of the off-center shaft
could then be moved to anywhere within its designated arcdbmain of the focal surface when
the lengths of the two shafts are exactly the same. The sdiedrawing of the ber positioning
unit is shown in the right panel of Figure 28. The lengths eft¢kntral shaft and the off-center shaft
are all 8.25mm, to cover a positioning area 88mm.

The central revolving shaft is driven through a precisioargeair by a stepping motor with
reducer of 1:1024, and the off-center revolving mechansuiriven by a stepping motor with re-
ducer of 1:16. In order to ful Il the required positioningguision, some special technologies were
developed to improve the positioning accuracy. For exangfection mechanism was developed
for eliminating the return error of the central shaft gears] single-side-contact using a spring was
developed for the off-center shaft gears. Two types of igkhsitive electro-mechanical position
sensors were developed to set starting points for the twitsslaa the absolute positioning ducial
point.

The systematic errors of rotation angles of the two shaftewarefully measured and saved as
a database in the main control computer. It has been con iimedvith the real time compensation
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Fig. 29 Left Three types of regions involved in the observatiRight Sketch map of preparatory
processing.

of the systematic angle errors, and the positioning acguwall the units within their full range are
less than 40 microns.

Control system based on a Zigbee wireless communication nebrk The control system is
designed for the 4000 ber positioning units with a multida control structure. The rst layer is
the LAMOST main computer, the second layer is the control mater of the ber units, the third
layer is the control units connecting the mechanical uaitsl the fourth layer is the motor driver
and the motor.

The communication of control commands from the control cotapto the control units was
implemented through a Zigbee wireless communication nétw@ombining the advantages of low
power consumption, low cost and low data rate, the techiyadb@igbee wireless communication,
which follows the IEEE802.15 standard, can meet the needsost network topology models be-
cause it supports star networks, cluster tree networks arsth metworks.

3.1.3 Route planning for ber movement

According to the arrangement of ber positioning units, thigserving domain of one unit can be
divided into three regions (the left panel of Fig. 29). Theeats in region | can only be observed
by one unit, the objects in region Il can be observed by eitinétr and the objects in region Il can
be observed by any one of the three units. Because the obje@gion | can only be allocated to
one unit, they should be allocated rst. Then objects inoegill or Il are allocated. There are two
basic rules that allocations should follow. The rst is tllbcations should make the number of
objects as large as possible. The second is when two unigsthessame number of objects that have
been allocated, objects should be allocated to the one vidhiwdarer to them, in order to reduce the
probability of mechanical collisions during observatidime leftover objects are allocated nally,
and these allocations still obey the same two rules above.

After the allocations of objects, the paths of movement fiarrgits and the order of observations
must be planned to avoid mechanical collisions. The goalglarining are: collision avoidance,
higher ber usage ef ciency and higher total observatiorcieincy. Before collision detection and
processing, the objects to be observed in every unit canrbaged by the order of the central shaft
angles from small to large. This preparatory processingesdke arms of different bers point
toward almost the same direction during one round of obsiervarhe right panel of Figure 29 is
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an example. This leads to fewer mechanical collisions duoinservations. As a result, the loss of
ef ciency due to ber collisions can be decreased beforehan

3.1.4 Measurement of positions of 4000 bers

Ina ber positioning system, geometrical coordinates oérb need to be measured in order to verify
the precision of ber positioning. A measurement systemeldasn a CCD camera was constructed.
A standard spot array is used to calibrate the coordinateeo€amera with high precision. Fibers
installed in the positioning units are illuminated from ithether ends. When the bers move to a
point, its position is measured by the camera. The cooreipatameters in the focal surface of 4000
positioning units can be obtained by measuring a seriessifipos for each ber.

After nding the coordinate parameters of 4000 positioningts in the focal surface, the link
between the coordinates of the focal surface and the clesibrdinates is needed. The displace-
ment of a ber from an object is measured by the “ ber scan” hwat. The method measures the
ux changes of objects passing through the bers when thesebpe points to different positions
around the center of a sky eld. The displacements of 4000shzan be used to build a coordinate
relation between the focal surface and celestial coord#mat

3.2 Spectrographs
3.2.1 Introduction

The 16 low resolution spectrographs are the main surveyuimgnts of LAMOST. Those spec-
trographs have been put into operation at Xinglong statioceslate 2008 (Zhu et al. 2011, 2006;
Hou et al. 2010). The spectrographs can obtain specta of é€lésétial objects simultaneously via
bers with 3.3°diameter located in the SFOV of the telescope. The wavelength range of each
spectrograph is from 370 nm to 900 nm, and spectral resaligid000 or 5000, depending on when
different gratings and camera positions are used. Theutsolof the spectrographs can also be
enhanced to 4000 or 20 000 by limiting the ber slit to 1/4 slidth for a low or medium grating
mode. The throughput of the spectrographs is better than 30%

3.2.2 Design of the spectrographs

There are a few designs for multi-object ber fed spectrpipg(Uomoto et al. 1999; Saunders et al.
2004; Smith et al. 2004; Byard & O'Brien 2000). The LAMOST l@esolution spectrographs have
a double-beam full Schmidt design that uses volume phasgtaghic (VPH) gratings.

The layout of the optical system is shown in Figure 30. It ¢sts®f one f/4 Schmidt collimator,

a diachronic beam-splitter, four VPH gratings, two artatirg red and blue f/1.3 Schmidt cameras,
and a eld lens near the focal plane at the vacuum window of@® detector's cryogenic head.

Each spectrograph accommodates 250 bers that are 320 msi¢gnodiameter (corresponding to

3.3%Y. Beams that enter the spectrograph are of f/4 due to berattgion. The 200 mm diameter

collimated beam is split into two separate channels. The bhannel is optimized for 370-590 nm,

and the red channel for 570-900 nm.

Spectrograph speci cations Each spectrograph is articulated to work in low or mediurm res
olution mode. Tables 4 and 5 list the resolution of each matie. VPH gratings work at angles
near the blaze angle. The R number is larger than $2D@is means each spectrograph scale is very
large due to the seeing conditions. The scheduled collmgdteam size is 200 mm. By limiting the
entrance width of the slit placed at the end of the ber, sp@aeesolution is doubled. The spectro-
graphs are designed for spectral resolution power 10000408 5000 (20 000), with multi-object
capability. The actual wavelength coverage is 365 — 900 rite.Wavelength of the peak ef ciency
can be tuned a little due to the super blaze property of the yiRiltings.
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Fig. 30 Layout of the low resolution spectrograph optical system.

Table 4 Resolution of Low Resolution Mode

Blue Arm Red Arm

Wavelength (nm)  Resolution  Wavelength (nm)  Resolution

Full slit 370-590 1000 570 -900 1000
1/2 slit 370 —-590 2000 570 -900 2000
2/3 slit 370 -590 1500 570 -900 1500
1/4 slit 370 -590 4000 570 -900 4000

Grating sets of the spectrographs VPH gratings for low and medium dispersion respectively
afford higher ux and more exibility compared with ordingisurface relief gratings (Barden et al.
1998).
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Table 5 Resolution of Medium Resolution Mode

Blue Arm Red Arm

Wavelength (nm)  Resolution  Wavelength (hm)  Resolution

Full slit 510 —-540 5000 830 - 890 5000
2/3 slit 510 -540 7500 830 -890 7500
1/2 slit 510 -540 10000 830 - 890 10000
1/4 slit 510 -540 20000 830 —-890 20000

Table 6 Grating Sets of the Spectrographs

Gratings Grating 1 Grating 2 Grating 3 Grating 4
Number Of Units (Pcs) 16 16 16 16

Spatial Frequency (Ip mm) 540 800 1680 2750
Wavelength Range (nm) 570 - 900 365 - 590 830 - 890 510 - 540
Center Wavelength (nm) 740.46 480.38 862.65 526.25
External AOI () 8.63 8.17 43.9 43.9
External AOD () 14.46 14 49.1 49.1
Physical Dimensions (mm) 22@®20 20 220 220 20 310 220 22 310 220 22
Resolution 1000 - 2000 1000 - 2000 5000 - 10000 5000 - 10000

Notes: Only one set of medium resolution gratings is installed atdhrrent stage.

Fig. 31 Ef ciencies of 16 VPH gratingsLeft Blue channelRight Red channel.

Table 6 shows the grating sets of the low resolution mode hadrtedium resolution mode.
Ef ciencies of VPH gratings are shown in Figure 31. Thoseigigs are delivered in different batches
which show a variation in ef ciency. The ef ciency of the ichannel gratings is around 80%. The
ef ciency of the red channel gratings is around 90%.

3.2.3 Performances of the spectrographs

The 16 spectrographs used in LAMOST are in low-resolutiodenwith 2/3 slits. The spectral
resolution power iR = 1500. In the future, one can change the spectral resolution biacey
gratings or slits.

The throughput was de ned as the ratio of the number of phetariering the spectrograph slit
to the number of the photo-electrons detected by the CCDeThiency of each spectrograph was
measured with a monochromator and a silicon detector. &ig@rshows the throughput of the red
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Fig. 32 Ef ciencies of 16 VPH gratingsleft: Blue channelRight Red channel.

Fig. 33 The measured image shift along the dispersion directioraiie) along the space direction
(*) in 12.5h. The abscissa axis represents 12.5 h, and tlieabedaxis represents image movements
in pixels.

and the blue channel of one spectrograph. The throughplbiedétescope, ber, slitand CCD is not
included.

The LAMOST science objective requires that the radial viéileg of stars be measured to a
relative accuracy of 4km & over the entire 5 FOV within 2 h. This requirement results in the
speci cation of image movement of the spectrograph beisg than 0.6 m/h (0.05pixel/h).

Figure 33 gives the measured image shift along the dispessid along the space direction in
12.5h. The image shift is measured from the arc spectrunwagexposed for 12.5h.

3.2.4 CCD cameras

A spectrum of a light beam from bers (arranged along a slitmrieight of 144 mm in front of each
spectrograph) is imaged onto 32 cameras each with a 40986 EEV CCD chip and a square pixel
size of 12 m (Zou & Wang 2006; Wei & Stover 1996). The full width half meniim (FWHM) of
monochromatic images is about 7—9 pixels. Dispersion ofédeband is about 0.084 nm pixél,
and the dispersion of the blue band is 0.057 nm pikel

The 32 CCDs, used for low resolution spectrographs, are EEB2ZD3-82 scienti ¢ CCD sen-
sors with different coatings. Figure 34 (top) shows typigahntum ef ciency curves of the blue
channel CCDs and of the red channel CCDs. The 49.2 8.2 mm imaging area of a chip has
atness better than 15 m with a 100% active area. The back-illuminated spectrgdonse, com-
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Fig. 34 Top Typical quantum ef ciency of CCDsBottom Typical output ampli er noise of CCDs.

bined with very low read-out noise, gives exceptional d@ritsi. There are extra rows of pixels such
that the total number is actually 4096 horizontal by 2068 = 4136 vertical. The register and out-
put capacities are designed to allow full capa@ity 2 binning, so that the device can be operated
ef ciently as a2048 2068imager with 24 m pixels.

Figure 34 (bottom) is its typical ampli er noise curve witbgpect to reading speed. The perfor-
mance (at 173K unless stated otherwise) of the CCD cameaaSddlows:

Min Typical Max Units
Peak charge storage (image) 130000 175000 -  Ipigel
Peak charge storage (register) - 750000 - Ipiel
Readout noise 3 45 ems
Readout frequency 20 50 3000 kHz
Dark signal
At 173K - 3 - e /pixel
At 153K - 0.01 2 e /pixel
CET
Parallel 99.9990 99.9995 100 %
Serial 99.9990 99.9995 100 %
Spectral range 300 - 1060 nm
Peak QE - 90 - %
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4 SURVEY OPERATION
4.1 Survey Strategy System
4.1.1 Introduction

The scienti ¢ goal of the Survey Strategy System (SSS) of L@ST is to carry out an effective
observation program, determine the observation time arashge the observation process.

LAMOST will take about three to ve years to perform surveyselvations of several million
celestial objects. A good observation program for LAMOSThwi000 bers should have a higher
ber allocation rate so that a series of observation progravifl use less observation times to meet
a designated coverage rate on a large sky area. Each olisereats 90 min for a given sky area
and data are readout every half an hour. During the specipassurvey of LAMOST, SSS operates
under many static and dynamic restrictions, trying to nceafpct observation position and allocates
bers to objects with the goal of assigning targets to a largmber of bers.

Where to point the telescope (plate center) and how to dkdbta@ bers (one plate) is the pri-
mary problem that SSS solves. We use several tiling mettoodifferent situations, and simulations
have demonstrated the feasibility and effectiveness efemethods. Different constraints listed in
Hao et al. (2005) were considered when designing each tlirthy ber allocation method.

4.1.2 Tiling algorithm

To best utilize multi- ber observations with LAMOST, theegatest density object-selection strategy
is adopted in SSS. For an available sky area, a batch of slifebe observed is stored in a database
and updated after every observed night. Searching for lihg tvith maximum density is a major
task of SSS. To achieve this goal, the maximum density dlyoridensity gradient algorithm, the
mean-shift algorithm and bright central star methods aeel s SSS.

1) Maximum density method The basic idea of the maximum density method is to nd the tile
with the maximum object count by making a uniform tiling oeegiven sky area. By traversing
all the tiles covering the sky area, a tile with the maximurjeobcount will be found and the
new observation program is to be made at this position.

The only factor that affects the speed of this algorithm arclieacy of the process of nding
the tile with maximum density is the observed sky area. Theselethe covering of sky is, the
higher the accuracy of nding the tile with maximum densigdomes and the longer the time
for calculation is. By contrast, the less strict the requieat becomes, the shorter the time cost
will be and the lower the accuracy of nding the maximum tiledomes.

2) Density gradient method The density gradient method is essentially iterative. Base a
uniform covering, this method makes an estimate of objesttidution and moves the tile to the
direction which is expected to have a higher object density.

3) Mean-shift method The basic idea of the mean-shift algorithm is also iteratA® objects
in the sky area are distributed freely, a density gradienbisputed by using the difference in
density of different positions. Vectors are used to desdfile position of targets in the tile, and
then it is provable that the sum of vectors will be set alorgpbsitive direction of the density
gradient. Using that key conclusion and the method of thmtitee calculations, by moving
the center of the telescope along the sum of vectors and agkiunlating the new vector sum,
and then iteratively moving the telescope center, the¢efes will converge to a local peak in
density. In order to maintain the goal of uniformity of thera@ning area and to avoid neglecting
some local maxima in areas where density varies in a contptiasay, the algorithm will try to

nd a position with an overall greater density at the begimgof the iteration by making a quick
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coverage with crude accuracy over the whole available ség before performing the iteration
(Ren et al. 2007).

4) Bright central star This is a tiling method requiring a bright star (namely bitgtthan mag-
nitude 8) in the plate's center for the S-H detector used tivaoptics and four stars (brighter
than magnitude 17) for four guiding CCD cameras. These akltight stars are selected from
the Hipparcos catalog (Perryman et al. 1997), those thdiinegies are rejected, then the focal
plane is rotated a bit to nd the proper guide stars insideR®¥ of the four guiding CCD cam-
eras. Guiding stars are selected from the GSC2.3 catalay€rat al. 2008). Those central stars
will be rejected if no corresponding guiding stars can bentbiSince in some areas (e.g. low
Galactic latitude), the central stars are more than enondhlly cover that part of sky, a step
by step search is applied to reject those redundant brigtg ahd nd the maximum coverage
of that area (Yuan et al. 2012).

4.1.3 Fiber allocation method

After the plate center is determined by the tiling methodheabject in the input catalog will be

assigned a priority according to the scienti ¢ requiremerg. most important targets will have

highest priority. Beyond those scienti c targets, therewld be ve standard targets whose ux is

known to establish calibration and 20 sky bers reservedaohespectrograph for data acquisition.
The targets used for ux calibration will be allocated withet highest priority compared to other
targets. All the other scienti ¢ targets will be assigneddiyler of priority. If there are more than

two targets of the same priority in the same ber cell, the olusest to the center of the ber cell

will be selected to avoid collision with neighboring bel$§.one target can be reached by different
bers at the same time, the target will be assigned to the Wwéh the least number of available

targets within its ber cell (Morales et al. 2012). The skyebwill be assigned last, and those bers
that are not assigned to any target will be considered fdhére are less than 20 sky bers per
spectrograph allocated, the scienti ¢ bers with lowestagpity will be rejected and reassigned to
blank sky until there are 20 sky bers assigned.

4.1.4 Simulation

In order to estimate how many objects can be observed in aicgrériod of time, and to adjust the
survey design accordingly, a ve year survey simulation waglemented using SSS with the actual
weather information (i.e. the observational time, moongghetc.) of the Xinglong station of NAOC
(Yao etal. 2012). 1 362 043 galaxies and 5 659 582 starsrwitAgnitude less than 18 were selected
from SDSS DR8 catalog as the input catalog, and galaxies greea a higher priority than stars.
The sky coverage and density map are shown in Figure 35. TBBERJE stripes with width less
than the LAMOST eld were not counted in the simulation. Theslation used the bright central

Table 7 Summary of Simulation

Target observed

Time Observational hours Total plates observed Scienti ¢ targéocated per plate
all galaxies stars
15t year 1047360 353351 694009 875 409 3151
2nd year 1744094 570081 1174013 655 711 3081
34 year 2472446 767778 1705216 730 1065 2898
4th year 3008734 910808 2097926 721 1393 2700

5 year 3542042 1040562 2501480 875 1787 2470
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Fig. 35 Density map of the simulated input catalog. The unit of thiercbar is number of objects
per square degree.

Fig. 36 Relationship between number of targets and the allocateds bor one plate. The number
of allocated bers drops when the number of targets is lean &0 000.

star tiling method, scienti c targets, sky bers and berlatation method, which were described
in4.1.2.

The results are summarized in Table 7. Totally, 3.5 milliargets were observed in a 5 year
survey. 76% of galaxies and 44% of stars were observed. Thetsaobserved per plate dropped
yearly since target density dropped. Fiber allocation staged high when the density of the input
catalog was higher than 10 000 per plate (in 20 square dggeseshown in Figure 36.

Figures 37 and 38 show the fractions of galaxies and staesods respectively, with galaxies
having a higher observational rate due to higher priority Emver density. Both galaxies and stars
were less observed in the RA range of 210240, due to the seasonal weather and observational
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Fig. 37 Fraction of galaxies observed after a ve year survey.

Fig. 38 Fraction of stars observed after a ve year survey.

time change of the Xinglong station which becomes worséistgirom April. This seasonal pattern
can also be seen from the map of observed stellar fractiomure 38.

4.2 Observatory Control System
4.2.1 Introduction

The Observatory Control System (OCS) is one of the main Byste the LAMOST software (Zhao
2000). The highest level is OCS, the lowest level is the tiea¢-system, and the middle level is sub-
systems of LAMOST which include the TCS (Telescope Contyait&m), ICS (Instrument Control
System) and DHS (Data Handling System). OCS operates #e&ctgie in real-time during spectro-
scopic observations and handles the observational sahttdtoligh SSS and data processing through
DHS (Fig. 39). The goal of OCS is to do the entire observingess automatically, and make the
scienti ¢ process more ef cient.

The main mission of OCS is managing, coordinating and ctlimtgathe operations of the tele-
scope in a precise and orderly manner in accordance withitbereation plan. OCS will be imple-
mented with software and hardware components that inef@etween the telescope subsystems,
and between the running modules. These interfaces will @mglmulti-layer architecture that is
both centralized and distributed.
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Fig. 39 LAMOST software system.

4.2.2 The development of OCS

To develop OCS, we have used modern software engineerihgdémies including the standard
modeling language, Uni ed Modeling Language (UML) and it®aeling structures, a reusable,
object-oriented, component-and-framework-based apprta software-development (Wang et al.
2005).

The whole work ow of LAMOST is shown in Figure 40. Firstly, aarding to the science goals
and sky survey strategy, the observation plan is generateé®S35, in which 4000 observed ob-
jects are selected from the database containing millionsbgdcts (galaxies, quasars and stars).
Secondly, OCS operates TCS and ICS in real-time based ontiker@tion Plan and Observation
Process Flow during the observing night. The telescope &iparReports and spectral Raw Data
are recorded. Thirdly, the spectral Raw Data and spectraliyiReport are handled by the DHS.
The Operation Report, Quality Report, and Analysis Repatadso generated and sent to SSS for
the next observation plan. The nal data products will besasled to collaborators for scienti ¢
research.

During the whole period of observation, every operationitesules. Every operational com-
mand is send to SSS, TCS, ICS or DHS by OCS. When a commandeisedand accepted by
a subsystem, the subsystem will execute the task and rdtaragerational information to OCS.
There are two kinds of sequences for basic execution of cardmaarallel and serial. The parallel
sequence is where the commands can be executed in parbkedefial sequence is where the com-
mands will be executed one after another. The whole sequdrmteservation commands, called the
Observation Command Pipeline, is the combination of palralid serial commands.

Communication between different OCS subsystems is impbitghen the system runs, OCS
controls the process to make the whole observation auton@@S sends a command to the sub-
system and the subsystem executes the command. At the saedhe subsystem must return the
current status information to OCS. If an abnormality occ@&S will process it quickly to restore
functionality.

The commands are classi ed as synchronous commands andhaieyioous commands. If the
command can be completed immediately, OCS will use it in @lsggnous mode. If the command
needs a period of time to complete, OCS will use it in an asgorabus mode. In OCS, most of the
commands are asynchronous.

In order to guarantee that the command can be sent and edewrimally, a command/status
protocol, a command acceptance/rejection protocol andnrar@nd execution feedback protocol
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Fig.40 LAMOST work ow.

between OCS and the various subsystems are de ned. In anlagyous mode, when the subsystem
receives the command, it will simply analyze the commancliting the command syntax scanning
and command rule check), then decide whether to accept tmenead and return the result to
OCS. If the command is accepted, it will return “0.” Othergyig returns a nonzero error code. The
protocol can ensure that the command will be executed anblocked.

The command execution feedback protocol makes the OCSndgpore quickly. If all the
information about the subsystem is not visible to OCS, OGfhctef ciently monitor the execution
status. The subsystem must send the execution informati@QCiS. There are six execution states
when a command is executed: START, DONE, ERROR, ACTIVE, IRREJPTED, and PAUSE,
which are shown in Figure 41.

The status protocol includes errors, warnings and systémiation. If the change of status is
random and unknown for OCS, there must be an approach to on@mitl deal with the status. The
subsystems have the responsibility to monitor the statdgeport the change to OCS. When OCS
receives the change of status, it will generate an event eaaddndth the change of status.

The OCS is designed and implemented as a set of cooperaistdgbuted components that
consist of objects. The objects in the system communicegedan the industry standard Common
Object Request Broker Architecture (CORBA), which prowidee communication infrastructure
for the OCS. User interfaces use CORBA to communicate betwesmselves and with objects in
the control and sequencing tier. CORBA objects act as wiragipe data servers providing public
interfaces for local and remote user interfaces.

4.3 Data Reduction, Analysis and Data Products

The goals of LAMOST data reduction and analysis softwaretaneeduce raw data, to classify
spectra and to measure spectral parameters. The wholéus&'ad the software was described in
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Fig.41 The state machine for execution.

Luo et al. (2004). The input data of the data reduction saftvesie raw CCD images, which are fed
to the 2-dimensional (2D) Reduction Pipeline to be proagssel extracted to 1-dimensional (1D)
spectra. The output of the 2D pipeline is extracted and thbraeted 1D spectrum in the form of a
FITS leis generated for each target. These 1D spectra aredbnto a hard disk array managed by
a storage management server and indexed by a database.skistgpne-processing procedure reads
the 1D spectrum through standard 1/0, and ts continua giitgmm and/or emission lines. Then, the
spectrum is classi ed and measured by the 1D Pipeline by &@matching and a line recognition
algorithm. The output of the software includes two parte @ncalibrated spectra with parameters
and analysis results written to FITS les, which are stonedhie hard disk array, the other is FITS
formatted catalogs, which record all information aboutphecessed targets. All the data products
will be stored in a database at the Data Center and releaskd public.

4.3.1 2D pipeline

There are 16 spectrographs and two CCD cameras mountedlosaatrograph to record both red
and blue images of multi ber spectra. On each CCD image, 2i) spectra can be affected by the
observing conditions.

The 2D pipeline of LAMOST aims to extract spectra from CCD gasg, and to calibrate them.
The main tasks of the 2D pipeline include bias calibratiat, eld, spectra extraction, sky subtrac-
tion, wavelength calibration, exposure merging and wagtle band connection.

The flat eld is a very important process among all image @ssing steps. The focal surface
of LAMOST is too big to easily correct differences in ef ciepm between bers in the pipeline;
it is currently using the ber at eld to correct ber to berdifferences inside the FOV of each
spectrograph, since each of the 250 bers mounted on thd fagéace are located within about
a 1 of FOV. Vignetting correction is also implemented by the rbat eld procedure. The at
eld processing will ensure equal ef ciency of each ber, weh is related to the spectral extraction,
accuracy of ux calibration and sky subtraction etc. Cuthei AMOST is regarded as 16 different
instrument systems, and calibration of spectra is basedcm ®parate spectrograph.

Extraction of spectra depends on the trace of the CCD imagedch ber. A good tting of
each spectral trace overcomes interference betweenddiffdrer spectra. The trace of each spectral
at eld can be easily tted by a polynomial, but it is dif cul at both ends along the wavelength
direction because of relatively low signal to noise ratio.pick out signal pixels from background
pixels is a key step of extraction and the pipeline ts eachkripro le by a Gaussian function in the
spatial direction.
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Fig. 42 The spectra of the LAMOST pilot survey. The top spectrum isuission line galaxy with
redshift 0.061, and its magnitudes wjriz are 20.30, 19.60, 19.90, 19.60 and 19.30 respectively;
The second spectrum is also an emission line galaxy withhift@s09, and magnitudes ofgriz are
20.10, 19.70, 19.90, 19.70 and 19.90 respectively; Thd thie is a quasar spectrum with redshift
2.40, and its magnitudes afjyriz are 19.84, 19.21, 19.14, 19.18 and 18.97 respectively; dimehf
spectrum is a K3 type star, and its magnitudesi@fiz are 22.52, 20.37, 19.40, 19.17 and 19.11
respectively; The bottom one is a white dwarf spectrum, ignitudes ofugriz are 18.21, 17.89,
18.18, 18.42 and 18.64 respectively.

To achieve a limiting magnitude, many objects are faintanttheir sky background, so one
should carefully subtract the sky to reveal the spectra @$¢tobjects. Instead of moving the ber
to the sky position of each object, xed bers on each areapoimted to the sky and modelled by
a supersky background for each spectrograph. If the skytisvath subtracted, the continua and
lines of sky remnants will affect the subsequent spectralyais. So several algorithms are used to
subtract the sky, for example, PCA is applied to model the akg sky emission lines are used to
correct differences in ef ciency between sky bers and attjders.

The accuracy of wavelength calibration is decided by thpeatsion curve which is tted by a
polynomial. With emission lines from wavelength lamps, digpersion curve of each ber is tted.
Then, the wavelength of each pixel can be calculated. Torertsgh precision of wavelength, sky
emission lines are also used in the pipeline to check the leagth result. Figure 42 shows some
spectra of the LAMOST pilot survey.
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4.3.2 Online version of 2D pipeline

Online processing of a CCD image is a simple version of a 2Rlip, but the algorithms used in
the online version are not exactly the same as the 2D pipdiimeaim of the online procedure is to
evaluate the quality and estimate the signal to noise ratiseoacquired spectra using in the DHS.

By using the online procedure, one can adjust the obsenvétie in the next exposure. It is
necessary to process the CCD image in real time. WheneveiDasp€ctral image is acquired, the
online processing will start, and the processing resulthveilgiven in several minutes. The quality of
the acquired spectra could simply be judged by estimatidhen$ignal to noise ratio and magnitudes
of the objects.

FITS le packing is another important task of the online pedare. One FITS le of a CCD
image produced by a camera only includes information abdmiekposure and CCD parameters.
We need to record as much of the original information in thecum as possible. Thus, the online
procedure has to collect a lot of related information froffedent subsystems of LAMOST, such as
telescope control, focal surface, spectrograph, weatbeitoring data, and guidance system status.
Then, the information is fed into the FITS header as partef#w data.

4.3.3 Spectral analysis pipeline

The spectral analysis pipeline of LAMOST includes contimuand line tting, spectral classi ca-
tion and identi cation, measurement of spectral paransstéc. A one dimensional spectrum should
be processed by rst tting its continuum and lines. Thisyste the basis of measuring spectral fea-
turesin a spectrum. It is dif cult to decide the physical tionum point in a low resolution spectrum
for some kinds of objects, so the pipeline ts the so calleabgl pseudo continuum to normalize
the spectrum. For spectral line measurement, the localreamh for each line is also tted by the
pipeline. In the model of continuum tting, the wavelet tetdtue is used to derive a continuum in
multi-scale to get the local continuum. For most spectrasenaffects the line measurement and
local continuum tting. Noise level varies with wavelengtha spectrum and local noise should be
estimated for line measurement and some research work oalimgthe noise has been carried out
(Luo & Zhao 2001) and will be continued.

There are two kinds of spectral classi cation algorithmghe pipeline applied separately de-
pending on the signal to noise ratio (SNR) of a spectrum. &r3NR spectra, some information
from the input catalog has to be referenced to get the apmiadei type of the object, although it
might be a false classi cation. Then, the spectrum is croatched with all templates for identi ca-
tion. For relatively higher SNR spectra, a line measureraadtidenti cation algorithm is applied,
For example, there are less than 1 percent of objects thattmaj be recognized correctly when
SNR is higher than 10 (per pixel), and the details of the atlgwr used in our pipeline are analyzed
in another paper (Luo et al. 2012a).

No matter if line measurement or template matching clasgian are used, there are still some
spectra that the pipeline cannot recognize by the abov@atdrmethods. Another data mining
pipeline is available to identify spectral candidates oém@bjects, such as cataclysmic variable stars
or supernovae.

Measurements of redshift for extragalactic spectra anlradlocities for stars are also tasks
for the pipeline. Two methods, template matching and spklitre shift averaging, are both used
to get more precise velocity. The accuracy depends on wagtsecalibration, spectral type and
SNR of spectra. Theoretically, the accuracy of the velocity reach one tenth of the instrument's
resolution.

Another important task is to estimate stellar atmospheaaiameters, e.g. effective temperature
Te , surface gravity logy, and metallicity [Fe/H], mostly for A, F, G and K type starhélstellar
parameters play signi cant roles for studying the formatand evolution of the Galaxy. These
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parameters are sensitive to some features in the spegpiostata, thus the pipeline determines
these parameters through measuring the speci ¢ featureseter, these parameters do not act
independently on an individual spectrum, e.g. degenesaoissts among temperature, gravity and
metallicity, so there are several lines of research effoitts the goal of estimating stellar parameters
from low resolution spectra. We have classi ed methods #ratusually used in a reference (Luo
et al. 2008).

Currently, three steps are employed to effectively deteerthiose fundamental stellar measure-
ments. Firstly, we utilize the relationship between theapzaters and the line index features to
approximately de ne the effective temperature range ofahalyzed star, within a con dence inter-
val 1000K. Secondly, based on the formerly xed temperaturg@ecthe pipeline automatically
selects the appropriate stellar template tting range chtincludes features that are sensitive to the
three parameters, then gives a set of the initial approXéwedties of the three parameters. Finally, we
exploit ULySS (Koleva et al. 2009), which minimizes thé value between the observed spectrum
and a multidimensional grid of model spectral parametehgre/the model spectrum is generated
by an interpolator (Wu et al. 2011b) built on the empirical®RIE library (Prugniel & Soubiran
2001). We use this method to reliably determine the threddomrental parameters. Validation and
precision of this method were illustrated in the work of Wale{2011a). The details of the pipeline,
result analysis, and error estimation will be publishechglwith the data release of the data catalog
for the LAMOST pilot survey (Luo et al. 2012a).

4.3.4 Data products

The LAMOST data archive will be distributed in two main formasset of spectroscopic objects and
a set of individual spectra. The former will contain infotima on objects (such as spatial positions
and photometric values), information related to the telpscand observations, line intensities (or
equivalent widths), wavelengths of identi ed lines, idiesd types of all objects and measured pa-
rameters (such as redshifts or radial velocities, phygi@aemeters etc). The latter will be comprised
of one-dimensional spectra of observed objects.

The spectroscopic catalog is derived from headers in iddali 1D spectra that record all in-
formation described above. The catalog is easily used bgrasiers for their own researches, and
a modern database of techniques ensure the highly ef ciecess to the catalog. There are also
different sub-catalogs for peculiar objects which are petkut by the data mining method. Also for
the 1D spectral dataset, each FITS le includes a calibrafegttrum and a normalized spectrum,
which can be indexed and downloaded through the networketting data policy of LAMOST, the
Virtual Observatory standard is introduced into the datalipbing system.

Besides the spectroscopic catalog and spectral databetlyaithm modules we used in the
pipeline could be provided to the public. Astronomers aieoenaged to apply all these programs to
their own research elds.

5 EARLY SCIENCES

LAMOST is a world-class survey instrument that is adaptabla broad range of important astro-
physical problems. The unique combination of a signi caaingin multiplexing ability, wide FOV
and large telescopic aperture will place LAMOST at the fayef of diagnostic survey spectroscopy
in the next decade. It will provide astronomers with uniediresearch opportunities in Galactic and
extragalactic astronomy.

Much progress has been made in the two year commissioniraggenimprove the performance
of LAMOST systems, including ber positioning, dome seeiocgntrol, and optical alignments of
spectrographs on the hardware side; and calibrations pi@¢tines and data archiving on the soft-
ware side. LAMOST was already producing useful spectra éendbmmissioning period and has
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produced a number of scienti ¢ results, such as 17 new ptametebulae discovered by Yuan et al.
(2010) which are in the outskirts of the Andromeda Galaxynéw background quasars discovered
by Huo et al. (2010) which are in the vicinity of the Androme@alaxy, a very brighti(= 16:44)
qguasar discovered by Wu et al. (2010a) that is in the ‘reddbgert’ and eight new quasars dis-
covered by Wu et al. (2010b), as well as eight new candiddteeetal-poor stars discovered by Li
et al. (2010) and another eight new candidates discoveitbe ipipeline for automatic determination
of stellar atmospheric parameters (Wu et al. 2011a). LAM®S3 also been used to research the
kinematics and properties of stellar populations in the inteda galaxy (Zou et al. 2011).

The pilot survey of LAMOST was launched on 2011 October 24 aisthed in 2012 June 24,
as a test run of the whole system in survey mode in order takdheanstrumental performance and
assess the feasibility of the science goals of the LAMOSTtspscopic survey (Zhao et al. 2012).
More than 677 000 spectra of objects are being released twe€hiastronomers and international
collaborators (Newberg et al. 2012). A part of the pilot @yrdata, including about 319 000 high
quality spectra with SNR 10, a catalog of stellar parameters of AFGK stars (Luo et@Gl2p) and
another catalog of a subclass of M type stars (Yi et al. 204i#)be released to the public in August
2012.
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