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Abstract The Tsinghua-NAOC (National Astronomical ObservatoriésChina)
Telescope (hereafter, TNT) is an 80-cm Cassegrain reftptelescope located at the
Xinglong Observatory of NAOC, with the main scientific goafsnonitoring various
transients in the universe such as supernovae, gamma-igtg ovae, variable stars,
and active galactic nuclei. We present a systematic testiaalysis of the photometric
performance of this telescope. Based on the calibratioarohtons taken on 12 pho-
tometric nights, spanning the period from 2004 to 2012, wevdd an accurate trans-
formation equation between the instrumentatri magnitudes and standard Johnson
UBV and Cousing?I magnitudes. In particular, the color terms and the extimcti
coefficients of different passbands are well determinedh \ttiese data, we also ob-
tained the limiting magnitudes and the photometric precisif TNT. It is worthwhile
to point out that the sky background at the Xinglong Obsemnyabecame gradually
worse over the period from 2005 to 2012 (eg21.4 mag vs~20.1 mag in thé/
band).
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1 INTRODUCTION

The Tsinghua-National Astronomical Observatories of @H{INAOC) Telescope (TNT), the first
professional telescope owned by a university in China, i8@tm Cassegrain telescope made
by APM-Telescopes in Germany. This telescope is located at the Xinglong Obisgr&tation

of NAOC (117°34/39”E, 40°2340”N, at an elevation 0f~830m), jointly operated by Tsinghua
University and NAO, Chinese Academy of Sciences, since 2064 main science projects con-
ducted using TNT in recent years have been multi-color, ginetric studies of supernovae (SNe,
Wang et al. 2008, 2009; Wang et al. 2012 in preparation; Zledafy 2010; Zhang et al. 2012), active

x Supported by the National Natural Science Foundation ofi&hi
1 http:/Aww.apm-telescopes.com
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galactic nuclei (AGN, Liu et al. 2010; Zhai et al. 2011; ZhaN8ei 2012), and gamma-ray bursts
(GRBs, Xin et al. 2010, 2011). Other projects involving tteiescope include photometric observa-
tions of binary stars (Li et al. 2009; Yang et al. 2010; Yanle2@12; Fang et al. 2012) and variable
stars (Wu et al. 2005, 2006; Fu et al. 2009). However, an thetamination of the performance of
the CCD photometric system on TNT is still absent.

Knowing the properties and performance of a telescope, asidis throughput, detection limit,
and instrument response, will be of great assistance tolikereers in preparing their observation
proposals. These parameters allow a better estimate okpgusere time and prediction of photo-
metric precision for individual objects. We started a peogrto investigate the characteristics of
the CCD photometric system on TNT. Relevant evaluationk®fhotometric system of the BATC
60/90-cm Schmidt telescope and the 85-cm telescope at thglofig Observatory of the NAOC
are available from Yan et al. (2000) and Zhou et al. (2009)ctwhelp users better understand the
performance of these facilities and work out a reasonalderming plan.

This paper is organized as follows: in Section 2, we brieflsodide the TNT observation system.
Then we present the CCD detector test results in Section&phbtometric calibration results are
given in Section 4. The systematic performance of TNT is eskd in Section 5, and we provide a
summary in Section 6.

2 OBSERVATION SYSTEM

TNT is an f/10 ‘classical’ Cassegrain, equatorial refledtdnas a parabolic primary mirror with an
effective diameter of 0.80 m, and a hyperbolic secondaryanivith an effective diameter of 0.26 m.
The pointing of the TNT is relatively fast and accurate, withximal slew speed being up t6 ger
second. At latitudes larger than 2%he pointing accuracy is better th&6”. The pointing drift
without guide star tracking is less thafi in 15 min. The main parameters of TNT are very similar
to those of the Lulin One-meter Telescope (LOT; Kinoshitale2005), except for differences in the
aperture of the main mirror and the cooling mode of the CC2ctet.

The CCD detector mounted on TNT was made by Princeton InsinisVersArray: 13008
This is a high-performance, full-frame digital camera eystthat utilizes a back-illuminated,
scientific-grade CCD. With a 13401300 imaging array (2020pum pixel=1), this system provides
a field-of-view (FOV) of11.5’ x 11.2" with a spatial resolution of 0.52" pixel=!.

Table 1 Parameters of the VersArray: 1300B

Features Specifications

Pixel number 13481300

Pixel size 2@mx 20um

Imaging area 26.8mm26mm

Fill factor 100%

A/D conversion 16 bits

Scan rates 100 kHz, 1 MHz

Full frame readout time 18s@100 kHz, 1.8s@1 MHz
Readout noise 2.8e@100 kHz, 8~ @1 MHz
Software-selectable gains  X21x, 2x

Dark current 0.5-le pix 'hr—!
Nonlinearity < 2%

Cooling medium Liquid nitrogen

Operating temperature  —110°C
Thermostating precision +0.05°C

The main parameters of the VersArray: 1300B CCD are liste@iaile 1. It has two readout
modes, with the readout time being about 18 seconds in the slode (100 kHz) and about 2

2 http://www.princetoninstruments.com
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seconds in the fast mode (1 MHz). There have been nominakketh300B CCDs that have been
used on TNT since the start of observations in 2004. The 13D@QED had been used before
2006, and later replaced by the 1300B-2 CCD during the pédrad 5 Jan. to 14 Jun. in 2006 for
maintenance. After that, the 1300B-3 CCD was used until. 2840, when it was broken, and the
1300B-1 was installed again on TNT as a replacement.

The filters used on TNT are manufactured by Custom Scientific, (USA)3. They are the
standard Johnsdii BV and Cousingk/ system (Bessell 1990). This has been indicated by a small
color-term correction needed to transform the photomegscilts from the instrumental system of
TNT to the standard BV RI system (e.g., Wang et al. 2008, 2009).

3 CCD TESTS
3.1 Bias Level

A bias level is present in every CCD image, arising from actedmic offset which is added to the
signal of the CCD before being converted to the digital valls stability has a non-negligible effect
on high precision photometry. The bias level has been meddar all the three CCDs used on TNT
in both the slow and fast readout modes. We performed a aanign30-hour test of the bias for the
1300B-1 CCD, an 8-hour test for the 1300B-2, and a 7-hourf¢teshe 1300B-3. These results are
reported in Table 2.

Table 2 Bias, gain, and readout noise determined for the VersAara90B CCD attached
to TNT. Two readout rates at 100 kHz and 1 MHz are indicatetiérbrackets of Col. (2).

Readout Mode 1300B-1 1300B-2  1300B-3
(before 2006.1) (2006.1-6) (after 2006.6)
Bias (ADU) Slow Mode (100kHz) 1953 110+2 185+2
Fast Mode (1 MHz) 4036 182t4 213+5
Readout noisee(") Slow Mode (100kHz) 2.7%0.03 2.9Gt0.05 2.5@:0.21
(findgain in IRAF) FastMode (1IMHz)  9.380.34 5.63:0.08 5.94-0.33
Readout noises(") Slow Mode (100kHz) 2.720.18 2.92:3.90 —
(fit Signal & Noise) Fast Mode (1 MHz) 9.560.50 6.16:3.79 —
Gain ¢~/ ADU) Slow Mode (100kHz) 1.960.02 1.96:0.03 1.73:0.09
(findgain in IRAF) Fast Mode (1 MHz) 2.220.05 1.99:0.03 1.81:0.07
Gain @~/ ADU) Slow Mode (100kHz) 1.990.01 1.86:0.02 —
(fit Signal & Noise) Fast Mode (1 MHz) 2.230.01 1.99:0.01 —

One can see from Figure 1 that the mean bias level is relatéek tieadout mode of the CCD.
For the 1300B-1 CCD, this value is about 195 Analog-to-iditnits (ADU) for the slow mode and
about 400 ADU for the fast mode. We note that the bias measoréx fast readout mode shows
some fluctuations, which might be affected by ambient facsurch as the temperature. Further
studies are needed to clarify this phenomenon. Owing to stalility of the bias level seen in
the fast readout mode, observers are suggested to takefrielgjas frames during observations to
achieve high precision photometry when this mode is used.

3.2 Gain and Readout Noise

The gain (&) of a CCD is the ratio between the number of electrons reacbbgehe CCD chip and
the counts of ADU contained in the CCD image. It is useful towrthis value in order to evaluate

3 http://www.customscientific.com/astroresearch.html
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Fig. 1 The mean bias level of VersArray: 1300B-1 CCD derived in fbev&nd fast readout modes
during a continuous 30 hour period. The solid curve repitssére dome temperature during the
measurements of the bias.

the performance of the CCD camera. Knowledge of the gainvalkhe calculation of the readout
noise (R) and other quantities of the CCD. One can measure the gairCafa by comparing the
signal level to the amount of variation in the signal, egthie flatfield images. This works because
the relationship between counts and electrons is diffemrthe signal and the variance. The gain
of a CCD can be determined from the following equation (H&2@00)

(F1+F2) — (B1 + B2)

¢= o2 — 02
F1-F2 ~ OB1-B2

: 1)

whereF'1 andF2 are the mean values of different flatfield images, &ldand B2 represent those

of the bias imagesr7, 1, ando%, g, are the standard deviations of the difference between two
flatfield images and two bias images, respectively. Sulitrgdtvo flatfield images increases the
noise by a factor of/2. Therefore, the correlation between the sigfand the noiseV can be

expressed as
S [R\?
N =4/—= — 2
G + (G) ’ 2)
whereR is the readout noise.

We took twilight flatfield images in thé& band, with the exposure time varying from 0.1 s to
400 s. At each time of exposure, we took four flatfield imagebénslow readout mode and another
four images in the fast readout mode. We then chose two lmttes and performed the subtraction
to determine the standard deviatiog. The noise level can be obtained by dividing the standard
deviation byy/2. To obtain a mean signal, we subtracted the combined biasffeom the flatfield
images. The nois&’ and signalS measured from the flatfield images are used to determine the ga
and readout noise through a best fit to the relation shown loxatian (2). We also calculated these
two parameters using the task FINDGAIN in IRAFTable 2 also lists the resultant gain and the
readout noise derived for 1300B-1, 2, and 3 CCDs used on TNT.

4 IRAF, the Image Reduction and Analysis Facility, is disitérl by the National Optical Astronomy Observatory, which
is operated by the Association of Universities for ReseamncAstronomy, Inc. (AURA) under cooperative agreement with
the National Science Foundation (NSF).
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Fig.2 ADU counts of the pixels in the flatfield images as a functiorihaf exposure time for the
1300B-1 (eft pane) and 1300B-2right pane). The counts in the fast mode are shown as squares and
those recorded in the slow mode are denoted by circles. Taiglst lines show linear relationships

in both modes.

3.3 Linearity of the CCD Response

One advantage of a modern CCD is its linear response ovega thmamic range. Some pixel
values in the images may be unusable if they are saturatedddhe charge exceeding the full well
capacity) or are within the nonlinear range. To check thednresponse of the VersArray: 1300B
CCD, we measured the ADU counts as a function of exposure tisireg the unfiltered flatfield
images. For the 1300B-1 CCD, we use images taken on 2005 Addusith exposure times of
3~80 s, and for 1300B-2 images taken on 2006 April 6 with expesiures of 0.2-400 s.

Figure 2 shows a relationship in both the fast and slow moalethé 1300B-1 and the 1300B-2
CCDs. One can see that the linear correlation holds for tked palue up to~50 000 ADU, with the
correlation coefficients of the two relations of 0.9998 ar@B97 respectively.

3.4 Dark Current

A routine step of processing CCD images involves a subtraaif dark current. Dark current of
a CCD usually originates from the collection of electronshivi the potential well of a pixel in
the image, which can become part of the signal and are indigghable from the astronomical
photons. It is usually specified as the number of thermatmlas generated per second per pixel or
as the actual current generated per area of the device. @radhdark current depends on the CCD
operation temperature (see fig. 3.6 in Howell 2000 for a ietdbetween the dark current and the
temperature), which becomes nearly negligible for a pigmeoled CCD.

Dark frames with different integration times (e.g., 600 &l &600s) were obtained for the
1300B-1 CCD to estimate the dark current. We found that thamrate of dark current genera-
tion for the 1300B-1 is about 0.00025 s !pixel ! for an operational temperature ofl20°C. It
is not surprising that the dark current level of the CCD on Tislmmuch lower than that of the CCD
on LOT (i.e., 0.064 s 'pixel ') since the working temperature of the latter is much highién w
T = —50°C. With the above dark current generation rate, we estintatieain observation with an
exposure time of 600 s will produce a dark current of @-5xel ~*. This is far less than the signal
and noise. Hence, we neglect such a minor effect in our imadjaction.
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4 PHOTOMETRIC CALIBRATIONS

The magnitudes obtained by TNT are the instrumental mage#uTo compare our photometric

results with those obtained from other instruments, we m@ednvert our instrumental magnitudes
into the magnitudes defined in the stand&@V RI system. To perform this conversion, itis essen-
tial to know the transformation equations, which are uguatbressed as:

uw=U+Zy+kyX+Cuy(U-B), (3)
b= B+Zp+kyX+Cp(B-V), (4)
v=V+Zy+k,X+Cy(B-V), (5)
r = R+ Zp+krX +Cr(V - R), (6)
i =I1+Z1+kX+C(V-1I). (7)

where ubvri are the instrumental magnitude$/BV RI are the standard magnitudes,
Zy,Zg,Zyv, Zr, andZ; are the zero point magnitudes;, k5, ki, k%, andk} are the first-order
extinction coefficientsCy, Cg, Cyv,Cgr, andC; are the color terms, and is the airmass. The
above parameters can be simultaneously determined byvilgerseries of Landolt standard stars
covering a certain range of airmass and color (Landolt 1.992)

Observations of Landolt standard stars were conducted @ha@metric nights, spanning the
period from Oct. 2004 to Mar. 2012. Most of these photometights were moonless or crescent
nights, with a steady, cloudless sky. For a better compan$these observations obtained at differ-
ent times, we divided the photometric nights and the comedimg results into three epochs: Epoch
1 (2004-2005), Epoch 2 (2006—-2007), and Epoch 3 (2011-2012)

Table 3 lists part of Landolt standard stars that were oleseduring Epoch 3. The typical
exposure time for these stars is 300 £in60 s inB, 40 s inV, 20 s inR, and 20 s inl. The
photometric data of these Landolt standard stars were eeduging the “apphot” package of IRAF.
The deduced coefficients in the transformation Equatiojq{3are shown in Table 4.

The photometric data obtained at different epochs seenvéoagsimilar mean value of the rel-
evant coefficients except for the magnitude zero points.ldige difference in the magnitude zero
point between Epoch 3 and the other two epochs is primaiéyeé to the specific definition of the
magnitude zero point, e.g., with an offset of 5.0 mag in athafU BV RI bands. The mean atmo-
spheric extinction coefficientsat Xinglong Observatory, obtained with the most recent daig.,
Epoch 3), are 0.550.06 inU, 0.35+0.02in B, 0.24+0.02inV, 0.1740.02 inR, and 0.02-0.02 in
1. Recently, Zhou et al. (2009) also examined the atmospkegtiaction at Xinglong based on the
observations with the 85-cm telescope. Their studies shattthe first-order atmospheric extinction
coefficients in the BVRI bands are 0-88.01, 0.24:0.01, 0.26-0.01, and 0.0£0.01, respectively,
which are consistent with ours within the quoted errors. abl& 5, we also compared our results
with two earlier estimates for the site given by Shi et al.98p

The color terms determined at the above three epochs areadjgrie accordance with each
other, except in thé/ band where the variation is likely related to the change ef @CD that
directly determines the quantum efficiency and hence thi#l@uad the instrumental response curve.
The 1300B-1 CCD was used during the periods over Epoch 1 andrEp, and the corresponding
photometric system has a larger U-band color term; the 13DQED photometric system has a
smaller value.

Figure 3 shows the correlations between the Landolt colaadolt 1992) and the instrument
colors of TNT transformed by Equations (3)—(7). The Landtdhdard stars observed on 2011 Dec

5 The extinction coefficients are in units of magnitude pemaiss.
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Table 3 Landolt Standard Stars Used for the Photometric Calibmati?011 and 2012

Star « (2000)  § (2000) v B-V U-B V-R R-I V-I
92 263 00:55:40 +00:36:23 11.782 1.048 0.843 0.563 0.522 1.087
93317 01:54:38  +00:43:11 11.546 0.488 —0.055 0.293 0.298 0.592
94 251 02:57:46  +00:16:18 11.204 1.219 1.281 0.659 0.587 1.247
95190 03:53:13  +00:16:39 12.627 0.287 0.236 0.195 0.220 0.415
96.83 04:52:59 —-00:14:22 11.719 0.179 0.202 0.093 0.097 0.190
97.75 05:57:55 —00:09:07 11.483 1.872 2.100 1.047 0.952 1.999
98 666 06:52:10 —-00:23:12 12.732 0.164 —0.004 0.091 0.108 0.200
100.280 08:53:36 —00:36:24 11.799 0.494 —0.002 0.295 0.291 0.588
101413 09:56:15 —00:11:44 12.583 0.983 0.716 0.529 0.497 1.025
103626 11:56:47 —00:21:47 11.836 0.413 —0.057 0.262 0.274 0.535
104.598 12:45:17 —-00:16:41 11.479 1.106 1.050 0.670 0.546 1.215
105815 13:40:04 —-00:02:19 11.453 0.385 —0.237 0.267 0.291 0.560
106.1024 14:40:07 +00:01:31 11.599 0.332 0.085 0.196 0.195 00.39
107484 15:40:17 —-00:21:31  11.311 1.237 1.291 0.664 0.577 1.240
108475 16:37:00 —00:35:01 11.309 1.380 1.462 0.744 0.665 1.409
109381 17:44:12 —00:20:55 11.730 0.704 0.225 0.428 0.435 0.861
110.280 18:43:07 —00:04:02 12.996 2.151 2.133 1.235 1.148 2.384
1111965 19:37:42  +00:26:30 11.419 1.710 1.865 0.951 0.877 01.83
112250 20:42:27  +00:07:25 12.095 0.532 —0.025 0.317 0.323 0.639
113260 21:41:49  +00:23:39 12.406 0.514 0.069 0.308 0.298 0.606
114750 22:41:45 +01:12:30 11.916 —0.041 —0.354 0.027 —0.015 0.011
RU_152E 07:27:25 —01:58:47 12.362 0.042 —-0.086 0.030 0.034 0.065
PG1047+003C  10:50:18 —00:00:21  12.453 0.607 —0.019 0.378 0.358 0.737
PG2349+002 23:51:53 +00:28:17 13.277-0.191 -0.921 -0.103 -0.116 —-0.219
2.0 1.6
1.6 1.3f
1.2 1.0p
8
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Fig.3 The relationship between the Landolt (1992) color indiced #he colors deduced from the
transformation Egs. (3)—(7). The data taken on 2011 Dec&iised for the plot.
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Table 4 Transformation coefficients of zero-point magnitudest-firsler atmospheric extinction co-
efficients, and color terms in tiéBV RI bands, derived from the calibration data of 12 photometric

nights.
Date (ymd) Zu ZB VAY ZRr Zr
20041026 1.1620.145 —-1.31740.046 —1.711H0.036 —1.67H0.039 —0.872+0.032
20041127 —1.356+:0.028 —1.68A4-0.021 —1.604£0.020 —0.875+0.017
20050902 —1.023+0.017 —1.502+0.011 —1.552£0.016 —0.910+0.024

Epochl mean 1.1620.048  —1.232£0.019 —1.633t0.014 —1.609:0.016 —0.886+0.014

20061221 —0.186+0.046 —1.854£0.024 —2.040+0.021 —2.155+-0.020 —1.692£0.029
20070107 0.0320.045  —1.798+-0.034 —1.978+0.028 —2.113+0.026 —1.573+0.021
20070111 —0.042+:0.061 —1.770£0.025 —1.935£0.020 —2.048+0.017 —1.586+0.024
20071212 —0.123+0.061 —1.83A40.032 —2.025£0.032 —2.085:0.033 —1.659+-0.028

Epoch2 mean —0.080+0.027 —1.815+0.014 —1.995+0.013 —2.100£0.012 —1.628+-0.012

20111024 5.6560.369 3.535-0.082 3.216-0.036 3.23%0.019 3.6910.068
20111223 5.5240.105 3.626:-0.016 3.25%0.010 3.304-0.008 3.729%:0.036
20111231 5.90€0.066 3.646:0.049 3.2140.071 3.35@:0.040 3.756:-0.045

20120306 3.9080.126 3.658-0.110 3.65&0.119 4.20&0.117
20120327 3.9820.035 3.566:0.027 3.595-0.029 4.0470.021
Epoch3 mean 5.6910.078 3.73%0.033 3.386:0.028 3.426:0.026 3.8850.030
Date (ymd) ky, kg KL, ky K
20041026 0.6920.095 0.31%0.030 0.21%0.023 0.1530.025 0.0620.020
20041127 0.306£0.020 0.20%0.014 0.12%0.015 0.0820.011
20050902 0.2720.011 0.184-0.008 0.149-0.011 0.092-0.016

Epochl mean 0.6900.032 0.296:0.012 0.199:0.009 0.14%0.010 0.083:0.009

20061221 0.6480.027 0.295-0.014 0.20%0.012 0.152-0.011 0.092-0.016
20070107 0.5480.028 0.295-0.020 0.214-0.016 0.175:0.015 0.074:0.012
20070111 0.644:0.040 0.332-0.016 0.22@-0.013 0.158-0.011 0.093-0.016
20071212 0.7020.038 0.30#:0.020 0.2230.020 0.158-0.021 0.09#0.018

Epoch2 mean 0.6370.017 0.30#:0.009 0.214-0.008 0.1630.008 0.09%0.008

20111024 0.5480.242 0.31€:-0.055 0.18€-0.021 0.136:0.021 0.104:-0.053
20111223 0.6020.147 0.309-0.009 0.226-0.006 0.1610.009 0.082:0.024
20111231 0.5140.053 0.366-0.038 0.3168-0.026 0.215-0.046 0.126:-0.030

20120306 0.44+0.086 0.242-0.074 0.186-0.078 0.031#0.079
20120327 0.3140.025 0.222-0.020 0.153-0.020 0.0830.016
Epoch3 mean 0.5530.058 0.348-0.022 0.236-0.017 0.1680.019 0.085-0.021
Date(ymd) Cu Cp Cy Cr Cr
20041026 —0.30140.023 —0.190+0.011 0.07#0.009 0.135%0.017 —0.043+0.007
20041127 —0.165+0.005 0.083-0.004 0.146-0.006 —0.036+0.003
20050902 —0.22%H-0.005 0.067-0.004 0.085-0.009 —0.024+-0.007

Epochl mean —0.3014+0.008 —0.195+0.004 0.076:0.003 0.1220.007  —0.034+0.003

20061221 —0.132+0.016 —0.132£0.008 0.086-0.007 0.116:0.011  —0.037:0.009
20070107 —0.10A4-0.013 —0.128+0.011 0.076:0.009 0.106-0.016  —0.035£0.007
20070111 —0.136+0.011 —0.134+0.006 0.08&-0.005 0.105-0.007  —0.040+£0.005
20071212 —0.124+-0.016  —0.133+£0.007 0.0720.007 0.10#0.013  —0.038+£0.006

Epoch2 mean —0.125+0.007 —0.132+0.004 0.08&-0.004 0.106:0.006  —0.038+0.004

20111024 —0.316+0.063 —0.144+£0.011 0.068-0.007 0.108:0.007  —0.026+£0.011
20111223 —0.218+0.027 —0.149£0.002 0.064-0.004 0.095-0.004  —0.023t£0.006
20111231 —0.36/40.034 —0.146£0.010 0.064-0.009 0.076:0.015  —0.025£0.007
20120306 —0.164+0.035 0.0710.029 0.088:0.055  —0.015£0.031
20120327 —0.155+-0.008 0.062-0.007 0.083:0.014  —0.033£0.005

Epoch3 mean —0.300£0.015 —0.152£0.008 0.066-0.006 0.09€:0.012  —0.024+0.007
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Table 5 Atmospheric Extinction Coefficients at the Xinglong Obseory

Year kg Kl Ky k' Reference
2011-2012 0.3480.022 0.236:0.017 0.168:0.019 0.085:0.021 [1]
2008 0.33&0.007 0.2420.005 0.195-0.004 0.066:-0.003 [2]
2006-2007 0.30%0.009 0.214-0.008 0.163#0.008 0.09%#0.008 [1]
2004-2005 0.2960.012 0.199-0.009 0.143%#0.010 0.0830.009 [1]
1995 0.35 0.20 0.18 0.16 [3]
1989 0.31 0.22 0.14 0.10 [3]

References: [1] this paper; [2] Zhou et al. (2009); [3] Shale(1998).

31 are used for the plot. Fitting those data points in a lirfaahion yields a slope that is very
close to 1.0, with an rms: 0.1 mag in different filtefs This means that the transformation from
the photometric system of TNT to the Johnson-Cousins stdnolaotometric system can be well
established.

Note that the above color coefficients are obtained from mbstars with theB — V' color
ranging from—0.3 mag to +2.2 mag, and may not account for all the photomeiifierences be-
tween the instrumental magnitudes and the standard Jol@masins magnitudes for some variable
sources such as SNe and GRBs because of their peculiaradsapes and features. Besides the
color term correction, additional corrections such as thm®ection (Stritzinger et al. 2002) are
usually required for precise photometry of these objects.

5 SYSTEM PERFORMANCE
5.1 System Efficiency

Using the photometric observations of Landolt standardsstae could also estimate the total
throughput of the overall observation system. This invslttee filter response, the atmospheric
transmission, the telescope optics and the detector quagtficiency. Following the descriptions
by Kinoshita et al. (2005) (see their egs. (15)—(18)), we goted the throughput efficiency of the
1300B-1 CCD for the TNT observations. The results in difféfgands are summarized in Table 6,
with higher throughput efficiency in thi and R bands. This is in accordance with the light curves
describing the CCD quantum efficiency provided by the mactufars.

Table 6 The total throughput of the TNT photometric system for the
U BV RI bands, including telescope optics, filter transmittanod,de-
tector quantum efficiency.

Band U B %4 R I
Throughput 9.5% 12.1% 24.7% 36.4% 13.6%

5.2 Sky Background Brightness

As a byproduct of our photometric calibrations, we couldastimate the brightness of the night
sky based on the flux of the sky background. The instrumendginitudes were converted into the
standard system with the transformation Equations (3)aiid) the coefficients shown in Table 3.
We did not consider the effects caused by the differencedrattmass and the direction of the sky
ared. As the sky background emission is affected significantlgi®ymoon phase, we divided the

6 The scatter il is slightly larger ¢-0.58 mag) due to relatively lower quality data.

7 Xinglong Observatory is located 115 km northeast of Bejji2@0 km northeast of Tianijin, and 7 km east of Xinglong
county. The city lights from Beijing, Tianjin, and Xingloraan contribute significantly to the western sky backgroudiad
the Xinglong Observatory.
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Table 7 The background brightness of the night sky at the Xinglongediing Station. The bright-
ness is expressed in the unit of mag arcgec

Date (ymd) U B \%4 R 1

20041026 19.8310.261 19.4340.079 19.21#0.060 18.96%0.441  18.32%0.180
20041127 19.37#0.044 19.46#0.032 19.226:0.186 18.672-0.081
20070107 19.3880.186  19.725-0.050 19.6780.042 19.47%0.393 18.658-0.155
20120306 17.0260.015 16.85#0.015 16.525-0.019 16.212-0.018

moonlit above

20050902 21.7240.024 21.45%0.016 20.9140.243  19.41%0.180
20061221 22.3120.287 22.1950.035 21.4160.031 20.4740.309 18.908:0.225
20070111 21.70820.148 21.606:0.039 21.083:0.031 20.3580.197 19.079-0.143
20071212 21.4050.269 21.279-0.049 20.7640.049 20.1420.363 18.896:0.165
20111024 22.3520.465 21.129-0.147 19.84#0.086 19.279-0.101  18.11#0.062
20111223 21.5740.147 21.2780.091 20.286:0.063  19.486:0.061 17.978-0.035
20111231 20.6580.077  20.4968-0.063 20.118:0.042  19.382:0.045 18.108-0.026
20120327 20.9950.061 20.106:0.043  19.37%0.044  18.102:0.028

moonless above

1989 10 22.15 21.04 20.25 18.77
1995 10 21.81 20.60 20.22 18.46

data from the 12 nights into two groups: moonlit and moonifgghts. During the moonless nights
(2004~2007), the sky brightness was estimated-&1.8 mag inU/, ~21.7 mag inB, ~21.2 mag in

V, ~20.5 mag inR, and~19.1 mag in/. These values are generally consistent with the estimates
obtained in 1989 and 1995 (Shi et al. 1998, see also Tableh@)value ofl/ is also consistent with

the mean value of the moonlight-corrected sky brightnesivetk from the BATC data (Liu et al.
2003). In 2011, however, the sky brightness was found te-B&.3 mag inU, ~20.9 mag inB,
~20.0 mag inV, ~19.3 mag inR, and~18.1 mag in/. These values are apparently brighter than
those obtained a couple of years ago, indicating that théakkground at Xinglong Observatory
has become worse in recent years. This is perhaps relathd tmhtamination of the city lights of
Beijing, Tianjin, and Xinglong.

5.3 Limiting Magnitude and Photometric Precision

We estimated the limiting magnitudes of the TNT photomedyistem as well. We used the equation
below (Howell 2000) to perform our calculation

S o j\gtar
N \/Nstar +npix(Nsky +Ndark+Nr2 )

eadout

(8)

Nitar 1s the total number of photons collected from the targsig., is the total number of pho-
tons per pixel from the sky backgrountly..x is the dark current per pixel from thermal electrons.
Nieadous 1S the readout noise estimated in Section 2,2, is the number of pixels under considera-
tion for the calculation. The dark current electrons ardewgd here.

The limiting magnitudes derived on the moonless nights aithaperture size df”’ in a slow
readout mode are listed in Table 8, with mean value§/of- 19.2 mag,B ~ 19.0 mag,V ~
18.8 mag, R ~ 18.7 mag, and/ ~ 18.2 mag, for a signal-to-noise ratio (SNR) of 100 and an
integration time of 300 s. Compared with the detection lifoitthe 85-cm telescope obtained by
Zhou et al. (2009, see their table D.2), TNT seems to go $jigleeper, e.g. 18.8 mag vs. 18.2 mag
in V for a 300-s exposure, given a similar exposure time and SNR.

We further estimated the photometric precision of the TN$tesyn. The errors of 1684 data
points for the observations of 73 Landolt standard starslaoe/n in Figure 4. It is clearly seen that
the photometric precision is 0.01 mag for sources brighter than 15.0 mag, with an expdsuaee
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Fig. 4 Photometric errors of 73 Landolt standard stars obtainettidyNT system. Symbols in the
left panel show the distribution of the observed values @LftBV RI filters while the curves in the

right panel represent the best fit to the corresponding dzata

Table 8 Limiting magnitudes (for an SNR of 100) derived in the slowdaaising the data taken on
moonlit and moonless nights with an exposure time of 300 sagpltbtometric aperture 6f’.

Date (ymd) U B \%4 R 1

20041026 18.2800.122  18.0940.038 17.9840.029 17.863-0.215 17.553%0.089
20041127 18.0640.021 18.10#£0.015 17.992:0.090 17.723-0.039
20070107 18.0680.089 18.238-0.024 18.20#0.020 18.109:0.189 17.712-0.076
20111006 17.7950.021 17.666:0.021 17.889-0.020 17.936:0.021
20120306 17.57#0.007 17.52#0.007 17.7440.009 17.7850.009
moonlit mean 18.1760.030 17.95%0.011 17.8980.009 17.919-0.060 17.74%0.025
20050902 19.1080.009 19.008:0.007 18.7730.107 18.088:-0.087
20061221 19.32£0.092 19.286-0.012 18.983-0.013 18.57#0.142 17.8380.109
20070111 19.1020.056 19.06%0.015 18.846-0.013 18.525-0.091 17.928-0.069
20071212 18.9810.107 18.929-0.021 18.70#0.022 18.4250.170 17.832-0.080
20111024 19.3580.017 19.00%£0.015 18.69#0.016 18.76%0.016 18.452-0.016
20111223 19.25%0.008 19.078:0.008 18.863-0.009 18.8550.009 18.418-0.010
20111231 19.1160.006 18.902:0.008 18.772-0.007 18.815-0.007 18.474-0.007
20120327 19.1040.029 18.902:0.021 18.919-0.021  18.582:0.013
moonless mean  19.234%.019 19.058:0.006 18.84#0.005 18.706:0.033  18.199-0.022

of 300-600 s inJ, 60-120 s inB, 40-90 s inV/, 20—-60 s inR, and 20-40 s id. This is similar
to the precision reached by the 85-cm telescope for a simidposure time and SNR (Zhou et al.

2009).

6 SUMMARY

In this article, we evaluate the performance of the VersiriB00B CCD photometric system
mounted on the Tsinghua-NAOC 0.8-m telescope at the Xinggl@bserving Station of NAOC.
Results of the evaluation are summarized as follows:

(1) Typical CCD parameters such as bias, gain, readout harsk dark current are derived for
VersArray:1300B. These parameters, especially the bidghereadout noise, are related to the
readout modes. Compared with the fast readout mode, therstmte produces an apparently
lower bias level and readout noise. Because of a very low iwgtiemperature, the dark current
of the CCD detector is very low and can be ignored in the imadection.
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(2) Based on the observations of Landolt standard starsaodezen photometric nights, we derived
the transformation coefficients between the instrumemtal: magnitudes and the standard
U BV RI magnitudes: (i) the color terms used to normalize the phetonare relatively small
for the ubvri filters mounted on TNT, suggesting that the response cumneesimilar to those
of the standard Johnson/Cousins (Bessel) system; (ii)tthespheric extinction coefficients in
U BV RI bands are robustly determined for the Xinglong site withedensive calibration data
taken on the photometric nights.

(3) The limiting magnitudes are also obtained for TNT. Withexposure time of 300 s, it can detect
a point source wittB ~ 19.0 mag and/’ ~ 18.8 mag for an SNR-100.

(4) The emission of the sky background at the Xinglong Oleery was also examined with our
extensive calibration data, which shows an apparent iserefter 2005, e.g. from a level of
V ~21.4magin 2005 td” ~ 20.2 mag in 2011. This change definitely brings a negative effect
on the astronomical observations and research prograimes Xiriglong Observing Station.
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