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Abstract Optical vignetting of a Schmidt reflector is caused mainly by the spherical pri-
mary mirror not being big enough and by the effective light-collecting area of the corrector,
which depends on the direction of the star light. Calculations of the vignetting of LAMOST,
a special reflecting Schmidt telescope, are made by ray-tracing methods. The results show
various features due to LAMOST’s structure and observing modes. The un-vignetted field
is small compared with its field of view. In the outmost portions of the field vignetting in-
creases rapidly with the distance to the field center. The vignetting at a general position
within the field of view is a function of both its distance to the field center and its posi-
tion angle. Vignetting varies when the telescope points at different declinations and during
observations. There is difference in vignetting between direct imaging and multi-fiber spec-
troscopy. Vignetting distorts the relative intensity of celestial objects at different positions
in a field and also affects accurate sky-estimation and sky-subtraction. The determined vi-
gnetting functions may be used to correct the vignetting effect; alternatively flat-fielding may
be adopted for the calibration. The effective apertures, which affect the signal-to-noise ratio
of the observations, depend on the different declinations the telescope is pointing at and also
different positions within a field due to vignetting.
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1 INTRODUCTION

Telescopic optical vignetting may be present in wide-field astronomical observations. The vignetting dis-
torts the relative intensity of celestial objects at different positions within the field of view (FOV) and thus
affects the observational data in wide-field direct imaging, photometry, multi-fiber spectroscopy, etc. It is
essential to investigate quantitatively the vignetting effect of wide-field telescopes.

LAMOST (the Large Sky Area Multi-Object Fiber Spectroscopic Telescope) is a large reflecting
Schmidt telescope with a typical effective aperture of about 4 meters in diameter, an FOV of 5 degrees,
and is designed for multi-fiber spectroscopy with 4000 fibers on its 1.75-meter focal-plate and 16 spectro-
graphs (Wang et al. 1996; Su & Cui 2004). Compared with a classical Schmidt, LAMOST is peculiar in its
structure and observing modes (see Figs. 1 and 2). The spherical primary mirror M g is fixed on the ground
with its optical axis in the meridian plane, the corrector M 4 tracks the celestial objects as a coelostat, and
the primary mirror and corrector are both segmented mirrors and are not circularly symmetric. These may
lead to special features in its telescopic vignetting. Some preliminary typical estimations have been done on
the vignetting of LAMOST earlier (LAMOST 1997). In this paper an analysis on the causes of vignetting
will be made, and models and algorithms for the vignetting calculations based on ray-tracing methods will
be designed. The vignetting functions and variations with actual telescope pointing and tracking are deter-
mined. The effect of the vignetting on astronomical observations and its calibration are investigated.
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Fig.1 LAMOST overview. The primary M5 is at the south (to the right), the corrector M4 at the north
and the focal-plane in between.
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Fig. 2 Segmented mirrors of M4 and Mp. M4 has asize of 5.72 m x 4.40 m with 24 hexagonal submirrors,
Mp has a size of 6.67 m x 6.05m with 37 hexagonal submirrors.

2 VIGNETTING ANALYSIS
2.1 Causesof Vignettingin a Reflecting Schmidt

The un-vignetted field of a Schmidt telescope depends on the sizes of the primary mirror and the corrector,
and the focal length (Dawe 1984; Wilson 1996). Figure 3 shows the light paths in a reflecting Schmidt
telescope. The angle of the un-vignetted field in radius 6 . can be expressed as

0. = tan™"[(D — d)/Af], @)

where D is the diameter of the primary mirror, f is the focal length, and d is the diameter of the projection
of the corrector onto the primary mirror, which depends on the geometrical size of the corrector, the angle
between the corrector and primary mirror ¢ and the direction of the star light. Obviously, optical vignetting
will appear when the working FOV exceeds 6.

The light-collecting area of the corrector depends on the incidence angle of the star light. The cause
for vignetting is peculiar to a reflecting Schmidt and has not been investigated in previous literature. The
vignetting caused by variations in the light-collecting area (relative to the FOV center) is equal to

(Ao — Ap)/Ao = [cos(¢) — cos(¢ + 0)]/ cos(¢)~0 tan(¢), )

where Ay = A cos(¢) is the effective area corresponding to the FOV center, A is the geometrical area of the
corrector, Ap = A cos(¢+0) corresponding to field angle 6, and ¢ is also the angle between the direction to
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Fig.3 Schematic light paths of a reflecting Schmidt telescope. Here ¢ is the angle between the normal of
the corrector and the primary optical axis, and 6 is the field angle.

the FOV center and the normal of the corrector. The vignetting gets significant when ¢ is large, and negative
values of vignetting may also appear.

The focal plane of a Schmidt is in the middle of the corrector and the primary mirror. Light obstruction
of the focal-plate or plate-holder decreases the effective aperture and also affects the vignetting calculations.

2.2 TheLAMOST Case
2.2.1 The Sze of the Primary Mirror Mg
Following Equation (1), D/d can be derived as
D/d=1+4(f/d)tan(6,), (3)

where f/d is the focal ratio. The typical value of f/d for LAMOST is about 5. The working FOV of
LAMOST is 5° at low-middle declinations from § = —10° to § = 60°. By Equation (3), D/d is close to
about 2 for an unvignetted FOV of 5°. However, from the sizes of M and M 4 specified in Figure 2 it is
obvious that M g is not large enough for such an un-vignetted FOV to be obtained.

2.2.2 The Effective Light-Collecting Area of the Corrector M 4

When the telescope is pointing to a celestial object at declination ¢ in the meridian plane, the angle between
the normal of the corrector and the primary optical axis ¢ can be expressed as

¢ = (9046 — 25 — 40.5)/2, (4)

where the value 40.5 is the latitude in degrees of the Xinglong Station where LAMOST is located and the
value 25 is the tilting angle of the primary optical axis to the horizon. The angle ¢ varies in the range from
about 7° to 57° corresponding to declinations from § = —10° to § = 90°. The vignetting caused by the
varying light-collecting area of the corrector can be determined by Equation (2). The maximum difference
of vignetting at the FOV edges, i.e., 2.5° for low-middle declinations and 1.5° for higher declinations, is up
to 5%.

2.2.3 The Light Obstruction of the Focal-Plate

The focal-plate of LAMOST is about 1.75m in diameter, with a relatively large light obstruction area of
about 2.4 m?,

2.2.4 The Telescope Tracking Process

LAMOST can track the motion of celestial objects about 1.5 hours both before and after meridian transit.
During this tracking the relative positions of M 4 and M p keep changing and so affect the projection of
M 4 onto M g, causing variations in the telescopic vignetting.
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Fig.4 Fiducial reference frame and characteristic directions. The origin is at the geometrical center of Ma4.
The positive directions of X -axis and Z-axis point to the local south point and the zenith, respectively. ON
denotes the normal of M4 and OM denotes the primary optical axis. Sy is the FOV center, S; a general
position within the FOV, and OS] the reflected direction of OS;.

2.2.5 Multi-Fiber Spectroscopy vs Direct Imaging

LAMOST is designed for multi-fiber spectroscopy: the star images on the focal plane are fed into 16 spectro-
graphs by 4000 fibers. The focal-ratio of the spectrographs is f /4. Taking into account the fiber focal-ratio
degradation, the corresponding telescope focal-ratio should be about f /5, which corresponds to a circle of
4 meters in diameter projected from M 4 onto My (called “the 4 m circle” hereafter). However, there is no
such a restriction on light-collecting power under direct imaging observation, and thus the vignetting can
be different between multi-fiber spectroscopy and direct imaging. For the sake of comparison and better
understanding of the vignetting effect, separate vignetting calculations will be made for these two kinds of
astronomical observations.

3 VIGNETTING CALCULATION

We adopt ray-tracing methods for the calculation of vignetting. The main points about our models and
algorithms are:

(1) Some assumptions: The corrector M 4, the primary M g and the focal-plate are all taken as planes. The
focal-plate can be assumed to be perpendicular to the primary optical axis in spite of a very small tilting
angle of several arc-minutes.

(2) Fiducial reference frame and characteristic directions: A Cartesian reference frame related to the hor-
izontal coordinate system is adopted as the fiducial reference frame in the calculations. The reference
frame and some characteristic directions are shown and described in Figure 4.

(3) Ray-tracing steps: a) Determine the reflected directions of incidence light rays. b) Determine the points
at which the reflected rays intersect the focal plane. ¢) Continue ray-tracing on the rays not obstructed
by the focal-plate. d) Determine the points at which the rays intersect M g. €) Count the number of the
rays which lie within the range of M g and take this as the number of the effective light rays for the
calculation of vignetting in direct imaging. f) Count the number of the rays which lie within the range
of “the 4 m circle” projected from M 4 onto M g and take this as the number of the effective light rays
for the calculation of the vignetting in multi-fiber spectroscopy.

(4) The number of initial light rays: The number of initial light rays at a specific direction of the star light
is set to be proportional to the light-collecting area of M 4 at that direction (see Eq. (2)), which is
consistent with the flux density of the star light. The number of initial rays for the FOV center is chosen
as 36000, and it is found that the calculated results are stable even at about half of the above number.

(5) Determination of vignetting and effective apertures: Let the calculated vignetting be &, the number of
effective rays at the FOV center ng, and the number of effective rays at a specific FOV position n 1,
then we have e = 1 — n1/ny. For the calculation of effective apertures at the FOV center, let A be the
light-collecting area of M 4, Sy the effective aperture in area, and D, the effective aperture in diameter,
then we have Sy = Ag-n¢/36000 and Dy = 21/Sp /7.
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Fig.5 Vignetting functions at 6 = —10°. Vignetting varies with the position in the FOV: the distance to
the FOV center, r (from 0° to 2.5°), and with the position angle © (from 0° to 180°). The figure on the left
is for direct imaging, while the one on the right is for multi-fiber spectroscopy.
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Fig.6 Vignetting functions at § = 15°. See remarks as in Fig. 5.

4 RESULTS
4.1 Vignetting Functions

The vignetting calculations were made with the telescope pointing at different declinations in the meridian
plane. The vignetting functions determined are displayed in Figures 5-9. Different lines in these figures
refer to different position angles in the FOV. The vignetting results for the positions at the FOV edges are
given in Table 1, in which the columns and rows labelled A« list the maximum difference along the given
row or column. Results are given for both direct imaging and multi-fiber spectroscopy, and for half of the
position angles, considering the geometrical symmetry. These results show various features:

(1) Compared with the working FOV of LAMOST, the un-vignetted field as shown in these figures is small.
At low-middle declinations, the un-vignetted field is about 1.5 ° for multi-fiber spectroscopy, and barely
half of that for direct imaging. The un-vignetted field is even smaller at higher declinations above 60 °.

(2) In the outmost portions of the FOV, vignetting increases linearly with the distance to FOV center. The
vignetting at the FOV edges exceeds 30% in direct imaging and 20% in multi-fiber spectroscopy.

(3) The vignetting at a general position depends on the position angle as well as the distance to the FOV
center. At low-middle declinations the scatter in the vignetting due to position angles is larger for direct
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Fig.7 Vignetting functions at § = 40°. Same remarks as in Fig. 5.
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Fig.8 Vignetting functions at § = 65°. Same remarks as in Fig. 5.

imaging than for multi-fiber spectroscopy, while at higher declinations the scatter is large for both. The
maximum scatter at the FOV edges exceeds 10%.

(4) The vignetting varies with declinations. At low-middle declinations the maximum differences may be
up to 10% for direct imaging, but less than 2% for multi-fiber spectroscopy. At higher declinations the
differences vary in the range 1% — 6% with different position angles.

(5) Near the celestial pole, scatter in the vignetting due to position angles is significant and negative vi-
gnetting values also appear since the vignetting is defined relative to the FOV center. Despite a smaller
working FOV of 1.5° at high declinations, the maximum absolute vignetting is up to 6% and the maxi-
mum difference in vignetting, up to 10%.

All the differences between direct imaging and multi-fiber spectroscopy can be largely explained by
the restriction of “the 4 m circle” (see Sect. 2), which leads to smaller variations in vignetting in multi-fiber
spectroscopy.

4.2 Variation in Vignetting during Telescope Tracking

The variations in the vignetting during telescope tracking at declinations 6 = —10°, 15°, 40°,60°, 75° and
90° for field positions at the FOV edge are given in Tables 2. In the table, T" is the hour angle (from 1.5
hours before and to 1.5 hours after meridian transit), and © is the position angle within the FOV.

It can be seen that the vignetting does vary during the tracking and in ways dependent on the position in
the field. The maximum differences at low-middle declinations are about 2% and are larger at higher decli-
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Fig.9 Vignetting functions at 6 = 90°. Same remarks as in Fig. 5.

Table1 Vignetting results at the FOV edge at different declinations and position angles.

FOV | 2.5 | 15
©]6—]|—10° 0° 10° 20° 30° 40° 50° 60° Aec|60° 70° 80° 90° Ae

| Direct Imaging

0°| 325 325 322 317 310 30.1 288 270 55|37 36 43 55 19
30°| 30.4 30.2 29.8 29.2 283 269 251 235 69 |53 44 42 46 11
60°| 31.2 31.0 30.7 30.0 295 285 27.7 269 43|39 38 43 54 16
90° | 31.1 305 29.7 285 269 248 232 231 70|55 58 60 63 08
120°| 30.9 305 299 29.2 282 269 256 244 65|15 05 01 -01 16
150°| 29.8 29.2 285 274 26.1 242 218 189 109| 16 -0.7 -28 44 6.0
180°| 31.9 314 30.6 29.6 284 269 248 222 9.7 |-10 -32 -43 54 44
Ae| 27 33 37 43 49 59 7 81 65 9 103 117

| Multi-fiber Spectroscopy

0°| 220 22.0 221 222 220 220 222 227 07|15 31 40 51 36
30°| 195 194 195 195 195 194 19.7 203 09|24 32 35 43 19
60°| 21.9 219 221 219 220 220 221 225 06|12 20 25 31 19
90°| 19.4 194 194 195 194 193 193 198 05|16 17 19 23 0.7
120°| 21.9 21.8 22.0 219 22.0 220 219 215 05|01 -11 -15 -20 21
150°| 194 194 196 195 196 194 193 181 15|06 -16 -32 43 4.9
180°| 221 22.0 222 220 22 220 220 207 15|-0.7 -3.0 -39 5.0 43
Ae| 27 26 27 28 26 27 29 46 31 62 79 101

nations, especially near the celestial pole, and the variations are a little smaller in multi-fiber spectroscopy
than in direct imaging.

4.3 Effective Apertures

Effective apertures in diameter are also obtained in the calculations. The results corresponding to the FOV
center are given in Table 3. There are only very small variations in the effective apertures during the tracking,
less than 1%. The effective apertures vary with declinations, from4.5matd = —10°to 3.1mat ¢ = 90° in
directimaging; and from3.6matj = —10°to 3.0mat = 90° in multi-fiber spectroscopy. The differences
here between the two kinds of observations are also caused by “the 4 m circle” restriction.

LAMOST observes and surveys the sky like a transit instrument. The observable sky, from § = —10°
to & = 90°, may be divided into different declination belts, with areas inversely proportional to cos(d). With
this value as weight, the calculated mean effective aperture is 4.3 m in direct imaging and 3.6 m in multi-
fiber spectroscopy. The light obstruction of the focal-plate has been taken into account in these values. If the
light obstruction is not allowed for, then the mean effective apertures will be 4.6 m and 4.0 m, respectively.
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Table 2 Vignetting variations during tracking at § = —10°, 15°, 40°, 60°, 75° and 90°.

© |T—|15h 1.25h 1h 0.75h 0.5h 0.25h Oh -0.25h -0.5h -0.75h -1h -1.25h -1.5h Ae

| Direct Imaging (§ = —10°)

0°]322 322 324 324 325 325 325 325 325 324 323 323 322 03
30°(30.8 30.7 30.6 306 305 305 304 303 302 300 298 296 294 14
60°(31.0 311 31.2 313 313 313 312 312 310 308 305 303 299 14
90° (310 311 313 313 31.2 312 31.2 311 308 307 305 302 299 14
120°{30.8 309 31.0 310 310 310 310 309 306 305 303 300 29.7 13
150°(29.6 29.7 29.7 29.8 298 298 299 299 298 298 29.7 297 29.8 0.3
180°|31.7 31.8 31.8 318 319 319 319 319 319 319 318 318 318 02
Ae| 26 26 27 26 27 27 26 26 27 26 26 26 28

| Multi-fiber Spectroscopy (6 = —10°)

0°1221 220 220 220 220 220 220 219 219 221 219 221 219 0.2
30°(20.6 204 19.9 199 19.7 196 195 195 196 198 200 201 202 1.1
60°(21.9 220 220 219 219 219 220 219 218 219 218 218 218 0.2
90°(20.2 20.1 20.0 19.7 195 195 194 194 194 198 198 200 20.1 0.8
120°122.0 220 220 219 219 221 221 218 218 219 219 218 217 04
150° {204 20.2 200 198 19.7 195 195 195 19.6 199 200 201 203 0.9
180° (220 221 220 219 220 220 221 220 220 221 220 221 221 0.2
Ae| 19 20 21 23 25 26 27 26 26 23 22 21 20

| Direct Imaging (§ = 15°)

0°|317 317 318 319 319 319 319 319 320 318 318 317 317 0.3
30°(29.7 29.7 298 29.7 29.7 296 296 294 292 290 289 286 282 16
60°|30.6 30.5 30.7 306 305 305 305 303 302 301 299 297 295 1.2
90° (294 293 294 294 293 292 291 290 288 287 284 282 279 15
120°129.9 29.9 299 29.8 298 29.7 296 294 293 291 289 287 285 14
150°|27.6 277 278 279 28 280 280 279 278 278 277 276 274 06
180°{29.9 299 300 301 301 302 302 302 301 301 300 300 299 03
Ae| 41 40 40 40 39 39 40 41 41 41 41 41 43

| Multi-fiber Spectroscopy (6 = 15°)

0°]22.0 22.0 220 220 220 220 220 219 222 220 221 220 222 03
30°(19.8 19.7 19.7 195 19.6 195 195 195 195 194 195 194 195 04
60°(222 219 220 220 220 219 220 219 220 219 219 217 217 05
90°(19.7 19.6 19.6 195 195 195 193 194 193 192 193 195 193 05
120°| 22 22.0 220 22.0 220 220 220 219 220 218 219 217 218 03
150°119.8 19.7 19.7 196 196 195 195 194 194 195 196 195 195 04
180° (221 22.0 220 220 220 221 221 221 221 220 221 221 222 0.2
Ae| 25 24 24 25 25 26 27 27 29 28 28 27 29

| Direct Imaging (§ = 40°)

0°|29.8 30.0 30.0 301 301 301 301 301 300 300 299 299 298 0.3
30° (270 271 272 272 270 271 270 269 266 264 263 263 262 1.0
60° (283 284 28.6 285 285 286 285 285 284 284 283 282 281 05
90°(25.6 253 252 250 249 249 248 248 246 245 243 243 242 14
120° 275 275 274 273 271 271 269 268 266 264 262 258 255 20
150° (242 241 241 240 241 242 243 242 241 240 238 236 234 09
180°|26.4 26.6 26.7 26.8 269 26.8 269 269 268 268 267 266 264 05
Ae| 56 59 59 60 59 59 58 58 59 6.0 6.1 63 64

| Multi-fiber Spectroscopy (§ = 40°)

0°122.0 221 220 221 221 220 220 220 220 219 219 220 219 0.2
30°(20.0 19.8 198 196 195 196 195 195 195 195 195 196 19.6 0.5
60° (221 220 221 220 220 221 219 220 219 219 217 217 216 05
90°(20.1 198 198 195 196 195 194 194 194 195 192 196 195 0.9
120° (221 221 222 220 219 220 219 220 219 219 217 218 216 0.6
150° {199 199 199 196 196 196 196 196 195 196 195 197 19.7 04
180° (219 22.0 221 219 222 219 221 220 220 221 219 220 219 03
Ae| 22 23 23 26 27 25 27 27 27 26 27 25 25
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Table2 — Continued.

© |T—|15h 1.25h 1h 0.75h 0.5h 0.25h Oh -0.25h -0.5h -0.75h -1h -1.25h -1.5h Ae
Direct Imaging (6§ = 60°)
0°|26.7 26.8 27.0 27.1 270 270 270 271 270 270 270 269 267 04
30° (248 246 244 242 240 238 236 236 237 240 244 246 250 14
60° [26.3 265 266 26.7 267 269 270 270 271 271 271 270 27.0 08
90° (247 244 242 239 236 234 232 230 230 231 234 236 238 1.7
120° |24.4 245 246 246 245 245 244 243 241 240 238 236 234 12
150°|20.6 20.3 20.0 19.6 191 189 189 191 193 194 195 19.7 198 17
180°|21.6 219 221 222 222 222 223 222 222 222 221 219 217 07
Ae| 61 65 70 75 79 81 81 80 738 77 76 73 72
Multi-fiber Spectroscopy (6 = 60°)
0°|224 224 224 226 226 226 227 226 226 225 226 225 223 04
30°(21.0 209 208 207 207 205 204 205 20.7 208 21.0 209 210 0.6
60° (222 223 224 225 225 226 226 226 226 225 225 224 224 04
90° (21.3 21.0 208 205 203 200 198 19.7 196 195 197 200 201 1.8
120°|21.3 215 215 216 216 216 215 214 212 209 208 204 203 13
150° |18.8 18.8 18.7 187 185 183 182 183 185 183 183 185 184 0.6
180° {199 20.1 204 205 206 20.6 208 20.7 20.6 204 203 201 19.9 0.9
Ae| 36 36 37 39 41 43 45 43 41 42 43 40 40
Direct Imaging (6§ = 75°)
0°| 42 41 42 41 41 39 39 40 40 41 41 41 42 03
30°| 34 33 34 35 39 39 42 45 48 49 50 50 51 18
60°| 6.3 6.0 55 52 49 44 40 38 36 34 34 36 37 29
90°| 37 42 48 53 57 59 60 6.0 6.0 59 56 52 51 23
120°|-08 -0.7 -0.7 -06 -04 -02 02 07 12 18 24 29 35 43
150°|-16 -15 -14 -13 -13 -16 -18 -20 -23 -25 -27 -28 -28 15
180°|{-33 -33 -34 -35 35 -38 -38 -37 -36 -34 -34 -34 -33 05
Ae| 96 93 89 88 92 97 98 97 96 93 9.0 86 84
Multi-fiber Spectroscopy (6 = 75°)
0°| 36 35 35 36 36 35 36 35 36 35 36 36 36 02
30°| 29 28 30 31 32 31 33 33 35 34 35 36 36 08
60°| 28 27 26 25 26 23 22 20 22 20 21 25 25 08
90°| 11 11 13 16 17 17 19 18 21 21 22 23 21 12
120°|-20 -19 -19 -18 -16 -15 -13 -10 -07 -05 -0.2 02 03 23
150° |-26 -26 -26 -24 -24 -25 -24 25 -24 -26 -27 -25 -27 04
180°|{-33 -34 -34 -34 33 -35 34 -35 -34 -35-34 -33 -34 02
Ae| 69 69 69 70 69 70 70 70 7.0 70 7.0 69 6.9
Direct Imaging (6§ = 90°)
0°| 50 51 52 53 53 54 55 54 54 53 5.2 51 49 06
30°| 53 53 52 51 50 48 46 45 43 44 45 45 46 10
60°| 43 44 44 45 46 49 54 57 59 6.1 6.3 65 65 22
90°| 1.8 27 36 44 52 58 63 57 52 45 36 27 17 45
120°|-43 -38 -33 -28 -21 -12 -01 09 18 27 36 45 51 94
150° |53 -50 -49 -47 -46 -44 -44 43 -42 -38 -32 27 -22 31
180° |-45 -47 -49 -50 -53 -54 53 54 -53 -51 -49 -47 -46 09
Ae|106 103 101 103 106 112 116 111 112 112 112 112 111
Multi-fiber Spectroscopy (6 = 90°)
0°| 46 47 48 50 50 51 51 50 50 49 438 48 46 05
30°| 50 49 47 48 46 45 43 41 40 39 37 36 33 17
60°| 40 38 36 34 32 31 31 32 34 33 32 32 29 11
90°(-0.7 -01 05 11 15 19 22 19 16 11 06 02 -05 29
120° |-40 -38 -35 -33 -30 -25 -20 -13 -06 0.0 06 12 15 55
150° |50 -50 -48 -48 -47 -45 -43 42 -40 -37 -36 32 -29 21
180° |47 -48 -49 49 -51 -49 50 50 -49 49 49 -47 -45 06
Ae|100 99 97 99 101 100 101 100 99 98 9.7 95 91
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Table 3 Effective apertures in diameter at different declinations (meters).

6 —|—10° 0° 10° 20° 30° 40° 50° 60° 70° 80° 90°
Direct Imaging| 4.52 4.48 4.42 434 424 412 397 38 3.61 3.38 3.13
Multi-fiber Spectroscopy | 3.57 3.57 3.57 3.57 3.57 3.57 3.57 3.53 3.41 3.22 299

Table4 Relative Signal-to-Noise Ratio at different declinations.

FOV] § —|—10° 0° 10° 20° 30° 40° 50° 60° 70° 80° 90°
0° 1 1 1 1 1 1 1 0.99 0.96 0.90 0.84
1.5°| 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.98 0.95 0.90 0.84

2.5°| 0.89 0.89 0.89 0.89 0.89 0.89 0.89 0.88

5 DISCUSSION
5.1 The Effect of Vignetting and its Calibration

Telescopic vignetting causes differences in observing efficiency or throughput and thus distorts the rela-
tive intensity of different celestial objects at different positions within the FOV. The equivalent magnitude
change brought about by vignetting e is numerically approximately equal to ¢ itself:

Am = -25lg(l—¢)=~¢. (5)

The calculation results for the vignetting of LAMOST show there should be evident distortions in the
observed brightness of celestial objects across the FOV. The maximum magnitude change exceeds 0.2 ™. In
multi-fiber spectroscopy the vignetting also affects the sky-estimation and hence the sky-subtraction, though
a reasonable arrangement in the positioning of the sky-fibers that monitor the sky-background may reduce
this effect. The object-fibers that target celestial objects and the sky-fibers are positioned differently in the
field, and the sky-fibers are substantially fewer in number than the object-fibers. The telescopic vignetting
affects the observational data whether the integration-time for each exposure is long or short.

The vignetting functions determined may be used directly to correct the effect of vignetting. On the
other hand, flat-fielding is usually adopted to calibrate the non-uniformity in the instrumental responses. The
telescopic vignetting effect must be included in the flat-fielding observation for its calibration, whether a
diffuse screen evenly illuminated by lamps is used as the flat-field source or the night-sky flats are used (Shi
& Wang 2004). At low-middle declinations the flat-fielding observation can be made with the telescope-
pointing fixed in the meridian plane, since vignetting variations with different declinations and during the
tracking are small (see Sect. 4). At higher declinations the vignetting variations are larger and the flat-
fielding observation may be made with the telescope simulating the actual pointing and tracking process or
with the telescope pointing at some “mean” or “typical” positions with regard to the varying vignetting.

5.2 Effective Apertureand Signal-to-Noise Ratio

The effective aperture of a telescope is among the various factors which affect the signal-to-noise ratio,
S/N, of the observations. Let the effective aperture be S in area and D in diameter. When the instrumental
noises are small compared with the sky-noise, which is the case with LAMOST, we will have S/N ~ NE
or D (Howell 2000; Xue & Shi 2007).

The effective apertures of LAMOST vary with the declination as well as with the field position. A typ-
ical value for the effective aperture of LAMOST may be set as 4m, not allowing for the light obstruction of
the focal-plate. Then relative S/N can be calculated for different declinations and different field positions.
Such relative S/N for both the FOV center and the FOV edges, 2.5 ° at low-middle declinations and 1.5° at
high declinations, are given in Table 4. The decrease in S/N at the FOV edges and near the pole is expected,
with a minimum of about 85%. It should be pointed out that the decrease of S/N is much larger in direct
imaging according to the calculation results on the effective apertures.
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6 SUMMARY
To summarize this work on telescopic vignetting:

(1) Telescopic vignetting of a Schmidt reflector is caused mainly by the size of the spherical primary mirror
which may not be large enough and by the effective light-collecting area of the corrector which depends
on the direction of the starlight. The light obstruction of the focal-plate decreases the effective aperture
and also affects the vignetting calculations.

(2) Ray-tracing models and algorithms have been designed for LAMOST, note being taken of its geometry,
and vignetting functions as well as effective apertures have been determined quantitatively.

(3) The vignetting results of LAMOST show various features due to its structure and observation modes:
The un-vignetted field is small compared to its working FOV. The vignetting increases rapidly with
the distance to the field center in the outmost portions of the FOV. The vignetting at a general position
in the FOV is affected by both its distance to the field center and its position angle. Variations in the
vignetting are present when the telescope points to different declinations in the tracking of the celestial
objects. There is a difference in vignetting between direct imaging and multi-fiber spectroscopy.

(4) Telescopic vignetting distorts the relative intensity of different objects within a field and also affects ac-
curate sky-estimation and sky-subtraction. The vignetting functions determined may be used to correct
the vignetting effect, alternatively flat-fielding may be adopted for this calibration.

(5) The effective aperture of LAMOST varies with different declinations and also with different field posi-
tions due to vignetting, and affects the S/N ratio of the observations.
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