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Abstract Precise fiber positioning is crucial to a wide field, multiditspectroscopic
survey such as the Guoshoujing Telescope (the Large Sky Mtdi-Object Fiber
Spectroscopic Telescope, LAMOST). Nowadays, most posiioor measurements
are based on CCD photographic and image processing te@mighese methods
only work for measuring errors orthogonal to the telescapiecal axis, but there are
also errors that lie parallel to the optical axis of the tetgee, such as defocusing, and
errors caused by the existing deviation angle between ttieabpxes of a fiber and
the telescope. Directly measuring the two latter types sftfmn errors is difficult for
an individual fiber, especially during observations. Passsources of fiber position
errors are discussed in brief for LAMOST. By constructing@del of magnitude loss
due to the fiber position error for a point source, we propas@direct method to
calculate both the total and systematic position errorefmh individual fiber from
spectral data. Restrictions and applications of this neb#re also discussed.
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1 INTRODUCTION

The Guoshoujing Telescope (also called the Large Sky AreétiH@bject Fiber Spectroscopic
Telescope, LAMOST) is a specially designed reflecting Schiri@lescope with 4000 fiber units
mounted on a focal plane with & field of view (FOV). Fibers in LAMOST feed light from targets
into 16 spectrographs (Cui et al. 2012). The Two-degretkRdF) Galaxy Redshift Survey and
Sloan Digital Sky Survey (SDSS) have achieved great suesésshe last two decades. LAMOST
is also conducting a major multi-fiber spectroscopic suiZayao et al. 2012), and releasing spectra
of more than one million targets each year.

Large spectroscopic surveys primarily require the sigoaloise ratio (SNR) of observed spec-
tra to reach certain criteria, and the SNR strongly depemdthe proportion of light feeding the
effective aperture of each fiber from the target. Considgttiat the size of each LAMOST fiber is
only 0.32 mm in diameter (corresponding to’3.3n terms of engineering, it is not easy to reach
the position accuracy of about for 4000 fiber units, and even harder to maintain them dutieg t
entire cycle of operation during a survey over a year. Thogtimely measuring the fiber position
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errors and retaining the position accuracy are crucialdaching the SNR requirements for a sur-
vey like LAMOST. Moreover, besides the random position exyohe spatial distribution of fiber
position errors in the focal plane may display a systematditepn across fields that are repeatedly
observed over a period of time. This could lead to positigretielent selection effects and eventually
jeopardize certain scientific goals of the survey.

There are many sources of fiber position errors. Newman (2082 a detailed discussion
of the sources that impact the fiber position accuracy, ésihein the cases of SDSS and 2dF.
There are three types of position errors according to New(R802): position errors orthogonal
to the optical axis of the telescope, errors parallel to thical axis and telecentric alignment er-
rors, which arise from an angle that exists between the alptixes of the telescope and fibers.
Although LAMOST does not adopt the magnetic puck-positipstem of 2dF or the drilled-plate
system of SDSS, Newman'’s discussion is still suitable foM@ST in general. Moreover, because
LAMOST employs 4000 double revolving fiber position unitstbe focal plane to move the fibers
synchronously (Xing et al. 1998; Cui et al. 2012), there am@e new sources of error that could
affect the positioning accuracy, e.g. a malfunction in ttepging motors, errors in machining and
installation of the motors and fiber units, etc.

Due to the importance of fiber position accuracy and haviniyersity of sources in determin-
ing position errors, many efforts have been made to measwtehen correct the position errors.
So far, most such efforts in measurements are based on CCiogsaphic and image processing
techniques. LAMOST routinely takes photographic measergmto calibrate the focal surface co-
ordinates and check the working condition of fiber units. tagtice, measurement of LAMOST
fiber positioning is conducted about every three months d@eioto test the precision of the fiber
positioning system. A series of CCD images is taken and gemzkto analyze the focal plane, while
the fiber-heads are illuminated from the end of spectrograpld arranged in multiple testing posi-
tions to calibrate the focal plane coordinates with the loélp standard spot array (Cui et al. 2012).
Through this process, malfunctioning fiber units can thembatified and replaced.

Recently, a number of modified CCD photographic methods fweeen proposed, either to
achieve higher precision (Gu et al. 2012), or to cut down thee trequired for measurement in
order to have the capability for near real-time measureraadtfeedback during the observation
(Wang et al. 2012). However, all the methods based on phapbgrare only able to measure the
position errors orthogonal to the optical axis, which offitie help in dealing with errors parallel to
the optical axis and the error arising from fiber telecerdtignment.

In this paper, a new approach is proposed to measure theptsalon errors, including or-
thogonal, parallel and telecentric alignment errors. ‘Bpisroach is based on a model describing the
magnitude loss of a point source due to position errors ilouarseeing conditions. Because the light
from a point source and the light from the sky background até directed into a fiber’s aperture,
in principle the magnitude of sky brightness can be caledlaty providing the magnitude of a point
source from an input catalog, and measurements of the tangkesky flux can be made from the
observed spectrum. Actually, the sky brightness calcdifxan this method varies with the value of
position errors, i.e. the greater the position error is)dnger the sky brightness becomes. Of course
this is not entirely true because the flux corresponding ¢ontlagnitude from the input catalog is
not completely directed into the fiber aperture due to pasigrrors. Given a true sky brightness
magnitude, the difference between the true and calculételrigghtnesses represents the magnitude
loss due to fiber position errors. The values of positionrezam then be solved using the previously
mentioned model.

In the rest of this paper, Section 2 briefly explores the sssaf fiber positioning errors, par-
ticularly in the case of the LAMOST fiber positioning syste®ection 3 introduces the concept of
equivalent position error. It only has an orthogonal conguurthat is nonzero, and has magnitude
loss that is caused by all three types of positioning erfbng&n a model is presented to quanti-
tatively describe the correlation between the magnitude taf a point source and the equivalent
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position error. Section 4 describes a procedure that detesthe value of equivalent position error

by comparing the true sky brightness with the sky brightmadsulated from the input catalog and

spectral flux. In Section 5, several aspects of this measemeane discussed, including the influence
of atmospheric transmittance, possible sources of ertbisrmethod, and a comparison of SNR and
photographic measurements.

2 SOURCES OF POSITION ERRORS FOR LAMOST

Newman (2002) gave a comprehensive description of the setinat cause a mismatch between the
positions of fibers and the resulting image in spectrosdafgscopes that use multiple fiber systems,
particularly in the cases of SDSS and 2dF. LAMOST incorpesain efficient fiber positioning
system. It is able to reconfigure fibers in minutes with itdigttio adjust 4000 fibers simultaneously.
The spherical focal surface is actually composed of the {egals of 4000 individual fiber units. In
addition to the sources of position errors listed in Newn200Q), the precision of fiber positioning
in LAMOST strongly depends on the accuracy of fabricatiod arstallation for these 4000 fiber
units. Maintaining an accurate positioning system dependse working conditions of these fiber
units.

Table 1 gives a summary of the sources of position errors hadcorresponding measure-
ment/correction when dealing with position errors thategrglied during the operation of LAMOST.

Table 1 Sources of Position Errors and Measurement/ Correctioniéghpo LAMOST

Sources of Position Errors Measurement/ Correction Appliel to LAMOST
Errors orthogonal to the optical axis

Astrometry Input catalog and guiding system

Aberration, parallax and proper motion Input catalog anidigg system

Conversion to focal surface coordinates Calibration CC®‘ber scan’ (Cui et al. 2012)

Fiber and fiber unit mounting Calibration CCD images

Temporal variation in image scale Guiding CCD images anigeoptics

Collimation and field rotation Guiding CCD images and actipgics

Atmospheric distortion and guiding Guiding CCD images Hing system

Atmospheric differential refraction Restricted obseiatarea (Donnelly et al. 1989)

Telescope pointing Guiding system

Stepper motor malfunction Motor controller feedback anithgre implementation
Errors parallel to the optical axis

Shape of focal surface Manufacturing / installation accyiaf fiber units

Focus errors during observation Guiding CCD images / adapiptics

Telecentric alignment error
Angle between fiber axis and optical axis of telescope lladiah accuracy of fiber units

3 MODEL OF MAGNITUDE LOSS DUE TO POSITION ERRORS

For a point source, the fiber-to-image position mismatctagdy causes flux loss for this target, and
thus the resulting spectrophotometric magnitude lossvesely, the magnitude loss also leads to
measurement of the total position errors in the targetingfifer for a point source. Since the total
position errors include orthogonal, parallel and teledeatignment errors, the concept of equivalent
position error is introduced in this paper for construcngodel of the decrease in magnitude. The
equivalent position error is defined as setting the parahel telecentric alignment components to
zero, and only having a nonzero orthogonal component leftGvhis approach causes the effects of
magnitude loss to be equivalent to that caused by totalipogtrors.

The image profile of a point source on the focal surface iseqeoimplex, because it has been
convolved with the point spread function (PSF) of the tedgss the turbulence of the atmosphere
and random motion of guiding adjustment, which are all iraégd over the exposure time. In this
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paper, the image profile of a point source is adequately nedd®} a normalized two dimensional
Gaussian (Brodie et al. 1988) with known= 1W/(2v1n4)

1 _@-ae?4y?

T (1)

f(xv y) - 271'02
whereAx is the equivalent position error.

The width of the PSF}V, is measured by the FWHM of point sources which are stars on
the guiding CCD images. It is affected by both dome and atimex$p seeing, and any systematic
defocusing across the focal plane. In this paper, a constginhg disk across the focal plane is
assumed. Because four guiding CCD cameras are mounted iraeeson the LAMOST focal plane
(Cuietal. 2012), it is easy to verify if this assumption isisfeed by checking the variation in values
of W among images from the four guiding CCDs.

Considering that the diameter of the fiber is’3.§ivenAxz andW , the fluxF'(Az) falling into
the fiber aperture is computed by the integration

1.65 V1.652—x2
ran = [ f f(,y)dady @)
—1.65 J —1/1.652—z2
GivenAzxg = 0 and a set ofAz; > 0, the corresponding magnitude loss is
N o F(sz)
me (1) = mag(Az;) — mag(Axg) = —2.51og F(an) 3)

whereF(Azq) = F(Axz = 0) is the flux into the fiber aperture when the equivalent pasi&oror
is Az = 0.

Figure 1 shows the data points from a point source’s magaissm,, () corresponding to the
equivalent position errof\x;, and the polynomial fitted curves during various seeing tan (as
measured byV).

4 SKY BRIGHTNESS AND EQUIVALENT POSITION ERROR

The flux feeding into the aperture of thih fiber is actually composed of two components: the flux
from the targeted object and the flux from the sky backgrodmtse two components fall into
exactly the same aperture and are both convolved with tlaé $gstem response of the telescope
and instruments. The sky background is a mixture of airglaekground light from faint celestial
objects, zodiacal light, ground pollution light, etc (Rbak964, Gustafson et al. 2007). A portion
is from outside the atmosphere, similar to the light fromtdrgets, but some is not. Therefore, the
magnitude of sky brightnessy, can be calculated from the equation

. . ﬂuxobs (Z) .

Mobs(i) — Msky (1) = —2.51og sk (1) + Amaim (i) , (4)
where fluxs() is the flux of a point source targeted by thk fiber after the sky background has
been subtracted; flyx, (i) is the flux of sky background light feeding into thh fiber, which in
practice is composed of spectra from nearby sky samplingsfibe,.s (i) andmg, (¢) are their cor-
responding magnitudes; amthn i, (1) = —2.5 log(Afluxobs, atm (1) / Afluxeky atm (i) represents
the difference in magnitude caused by differing thicknessfehe atmosphere through which light
from the target and sky background passes.

For each target, the LAMOST input catalog provides the pimetoic magnitudengy; re-
trieved from high precision multi-band photometric cat@psuch as SDSS, PanStarrs, the Xuyi
Antigalactic Center photometric survey, etc (Zhao et all20Considering the size of the seeing
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Fig.1 The model of magnitude lossn(,) due to the equivalent position erraA{) for a point
source. The various seeing conditioME) give different polynomial fitting curves.

disks, only part of the target’s light falls into the fiber ajpee which is 3.3 diameter; the corre-

sponding magnitudeny,,; is not equal tan,,;

fffooo f(xv y)dzdy
ff\/md,65 f(z,y)dzdy
= myy,; — 2.5log(1/F(Axp)). (5)

For a long time, the night sky, especially the dark night $ias been regarded as a uniform
source for flat field exposures when observations are beigji@d. The uniformity of the dark sky
at zenith is nearly perfect during a clear, dark night. THatiee gradient slowly degrades to one
percent per degree to a zenith angle of abodt 88d degrades further to about 2% per degree until
the zenith angle is close to 7QChromey & Hasselbacher 1996).

Therefore, the differential in sky magnitude among the fikiarone exposure would be very
small if this exposure is taken on a clear, dark night, andzéréth angle is limited to within 50
Under these conditions, the gradient of magnitude for skghibmess among the 4000 fibers across
the B FOV is less than 0.05 mag. This number is negligible comptrdtie value we are most
interested in, magnitude loss, plotted in Figure 1, wheeeettuivalent position error is larger than
1.0".

The value ofm,,, depends on air mass (Donnelly et al. 1989). Near the zengleaf 30,
the difference in air mass across aBOV is about 5%, corresponding to a maximal difference
of 0.05 mag among 4000 fibers. When zenith angle increase8°tatte differential in air mass
changes to about 10% across 8orresponding to a maximum of about 0.1 mag among 4000 fibers
Therefore, there is a need to consider the differentiahjj,, when the zenith angle is larger than
30°. If we select an exposure such that the pointing of the zemithe is less than 3Qignoring the
differential inmgy, and inmat, among fibers in the 5FOV, we have

Mgky (2) = Mgky
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and

Amatm (2) = mobs,atm(i) - msky,atm(i) = Amatm-

Note that hereng,s = m;bj + m, by definition and let the pseudo sky brightnessrhg,’ =
msky — Amaem; Equation (4) can then be rewritten as

I(i) = miq, —mal(i)

(6)

. fluxops(7) 1
ob;(i) +2.51 : ,
mabi(8) +2:5 Og{ﬂuxsky(z’) F(Axo)}

wherel (i) = m;ky — my(7) is defined as the implied sky brightness.

Both itemsm{,  andm, (i) in Equation (6) are unknown, buti) is calculated from the right-
hand side of Equation (6). A histogram &i) is plotted in Figure 2. Considering the many random
position errors and the large number of fibers targetingtEmorces in selected exposures3000
for some exposures), it is reasonable to assume that atdeast fibers haven, close to zero,
that is, the part on this histogram corresponding to thetdairvalues. We are able to estimate the
sky brightnessn.y,’ on the histogram in Figure 2. Then it is easy to determine thieesponding
mq(i) = mex,” — I(i) for each individual fiber, and to solve the value of equivafesition error
from the model described in Section 3.

Figure 3 shows the equivalent position error distributidfilzers for one exposure, calculated
from three specified sky brightness values: the peak, themrmem (with outliers being manually
rejected, which is discussed in Section 5.3), and the valilees8o cut, whereo is the standard
deviation of the half-Gaussian distribution on the rightil side of Figure 2. The equivalent posi-
tion error distribution from the peak sky brightness imglibe fiber positioning units are working
correctly, and ignores the systematic errors that are mamtributed during guiding motion and
defocusing of the whole focal plane. It represents the josirrors caused by orthogonal mis-
matching, the random shifts from defocusing in the focahpleand the tilt (telecentric alignment
error) of individual fibers. The result from tt#zr cut is close to that from the maximum, and it is
convenient to exclude the outlets from the implied sky bingiss distribution. The shift between the
left distribution, calculated from the peak sky brightnesgl the other twd).5” ~ 0.7” in Figure 3,
can be regarded as the value of systematic position ernartine guiding motion and defocusing of
the whole focal surface.

Figure 4 gives plots of the distributions of implied sky birigess and equivalent position errors
on the focal plane. At least for this exposure, there is n@pmuous evidence for a gradient across
the focal plane.

5 DISCUSSION
5.1 Width of the PSF,IW

As mentioned before, the width of the P$F, is given by measuring the FWHM of point sources
which are stars on images taken by the guiding CCD. A consian$ assumed across the focal
plane. This assumption can be checked by measuring theiwaria 1/ among images from four
guiding cameras, which are mounted in a square on the foagaépl

In this technique, variation il is regarded as arising from defocusing, both individuatig a
systematically, so the effects of variationlii contribute to equivalent position error if it is caused
by individual fiber defocusing, or tilt and deforcusing oétfocal plane plate. However, the result
could be misleading if it is caused by a local thermal distimd®e on the focal plane.

Increasing the value df” will flatten the distribution of equivalent position erraad expand
the range of the distribution to the side with larger errors.
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Fig.2 Histogram representing implied sky Fig.3 The distribution of equivalent posi-
brightnessl (i) = mg,’ — mq(i) of one expo-  tion errors is solved with the error model in
sure with a seeing disk/ of 2.6”. The peak of  Section 3, while the magnitude loss, (7) is from
the distribution is 19.85 mag. The uniform sky Equation (6) using the sky brightness on Fig. 2.
brightness is estimated to be 20.5 mag (at max- From left to right, three equivalent error distri-
imum) or 20.38 mag (by using 3 cut) on this butions are respectively calculated from the sky
plot, wheres is the standard deviation on the right brightness of the peak, ti8 cut and the maxi-
side of the peak. mum.

Fig.4 The implied sky brightness distribution on the focal plaleit), and the equivalent position
error distribution on the focal planeight). The blank fiber units were not assigned to point targets.

Another notable aspect & is the guiding motion. According to Newman (2002), we consid
ered the effect on the flux loss due to the integration of gigighotion to be a part of the position
errors in this paper and to be a main contributor to the syastienposition errors. From another
perspective, this effect can also be considered as an edeging disk during the exposure. The
stacked guiding images could be used to measure this extétide
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5.2 Influence of Atmospheric Transmittance

Since not all components of sky light are from outside thettiEsmmatmosphere, the integrated at-
mospheric thickness through which the sky light passesnayal less than that through which the
target light passes. Therefor®mn,.,,, also depends on atmospheric thickness. The valdeof;,,

is hard to measure in practice, because either the inteofityjght sky components or the atmo-
spheric transmittance continually varies during the expesNe can regarthgiy (1) andAmaem (i)

in Equation (4) as a single quantity, definedras, (i), because only the uniformity of both is
required for Equation (6) to be valid.

The major components of sky light include airglow, aurord hght pollution (Gustafson et al.
2007). The aurora is weak at Xinglong, which has a latitudebafut40° N. Both aurora and airglow
are from the top level of the atmosphere at an altitude of ah6Q km or higher, so they have
a similar effective atmospheric thickness as lights frongess. Therefore, the major contributor
to Am,y is artificial light pollution from the ground. Ice crystalsiéh water droplets in clouds
attenuate the light from outside the atmosphere and reftdhttijpn from the ground (Burke et al.
2010), thus affecting the uniformity @figky andAm e,

5.3 Sources of Measurement Error

Uniformity of both sky brightness and atmospheric trantamnite is essential for this method to
measure the fiber position error, so a telescope pointing feelected exposure is limited to an
angle close to zenith, e.g. a zenith angle less than Gar, cloudless exposure conditions are
needed. Having a moonless condition is not necessary btlégscope pointing needs to maintain
some distance from the Moon in order to avoid the brightnesgdignt caused by the Moon. For an
exposure with a larger zenith angte,50°, the error caused by the gradientin, could be larger
than 0.1 mag. It mainly affects fibers with an equivalent fiosierror less than 1’5for good seeing
conditions {V) in Figure 1. For fibers having larger equivalent positioroes, the final results are
not sensitive to this gradient, at least for exposures withlsseeing disks.

Stray lights, undetected cosmic rays and an unmasked wdumomn CCD images contami-
nate the target spectrum and lead to the calculated skythdagh being unusually faint. Actually, a
few fibers satisfy this kind of situation in the bottom rigltner of Figure 2, which have an isolated
sky brightnessn/, . — m,(i) value of about 22. These fibers are rejected when decidingentbe
cut off the right edvge of the histogram.

The assumption that at least some of the fibers with the ftinkgy brightness satisfy,, (i) = 0
may not be true. If so, the histogram in Figure 3 would shifitards. However, the profile of the
distribution of equivalent position errors changes ljitdad the order of fibers sorted by the value of
position error remains unchanged. The precision of dataatézh affects the measurement accuracy,
especially the precision of sky subtraction.

5.4 Comparison to the SNR and CCD Photographic Methods in Mesuring Position Error

Position errors greatly affect the SNR of the observed spePractically speaking, the SNR of a
spectrum is often used as an indicator of fiber position srifdewman (2002) acknowledges that
the real-time evaluation of spectral SNR is a tool to comptnfor variation in position errors. SNR
is also used for statistically selecting the fiber units Wattye errors. Besides position errors, SNR is
also affected by many other factors, such as vignettingatian in efficiency among spectrographs
and CCD cameras, variation in throughput among fibers, eaddrement of equivalent position
errors overcomes these aspects, because, as a referensley tiyht goes through exactly the same
aperture as light from the target, and is convolved with #iescope and instrument response in the
same way. From Figure 3, this method implies there is a sépamf systematic and random errors.
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Equivalent position error measurement and photographasorement are complementary. The
former measures the total position error, but is unablegtirdjuish the error sources. Photographic
measurement could help to estimate the source by providgimytaogonal component of the error,
which benefits troubleshooting and provides a solution ¢atie the bad fiber units.

This equivalent position error method is a measuremenighatiependent of the instrument. It
could be easily applied to spectral data of other multi-fiebgscopes to measure the total position
errors for individual fibers.
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