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Abstract We describe a newBV RI multicolor CCD photometric system situated at
the prime focus of the 85-cm telescope at the Xinglong StatioNAOC. Atmospheric
extinction effects, photometric accuracy and color calilon dependence of the system
are investigated. Additional attention was paid to givibgervers guidance in estimating
throughput, detection limit, signal-to-noise ratio angesure time.
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1 INSTRUCTION

With a CCD photometer, it has become possible to obtain higbigion which is comparable to that of
a photoelectric photometer (Walker 1990). CCD photomdions its advantage in observing multiple
and faint sources simultaneously, which is impossible gisirtraditional multi-channel photoelectric
photometer (Nather & Mukadam 2004). As such, we have coctgttiuthe primary focus optics for
the 85-cm telescope at the Xinglong Station of NAOC and llestaa CCD photometer. We purchased
a frame-transfer CCD camera from Princeton Instruments gPRoper Scientific Inc., USA and a
filter-wheel drive made by the Astronomical Consultants &pgqent Inc., USA (ACE). The standard
BV RI filters are made by Custom Scientific, Inc. (USA).

Our scientific goal is to increase the magnitude limit andaege the field-of-view (FOV)
with the CCD at the prime focus for high-speed time-seriedtipie color photometry. As of the
spring of 2007, the new multicolor CCD photometer (abbredaas MiCPhot) that consists of a Pl
MicroMAX:1024BFT CCD camera and a standaBd’ R/ filter system started to serve astronomers.
Below, we first describe the system concisely and then pteseme observational results in view of the
system’s performance. Additional materials are provicteithé Appendix and are available online.

2 THE PRIME-FOCUSOPTICS

In place of the previous secondary mirror, a corrector wigkteof lenses was constructed. The inclusion
of the whole prime focus system (corrector, filter set and @@Mera) is illustrated in Figure A 1lt is
anodized black to prevent reflections in the optical systEme. optical layout of the corrector is given
in Figure A.2. The focusing is accomplished through an irthejent control box, which is connected

x Supported by the National Natural Science Foundation of&hi
1 Note: Figures and tables not given in the text are provide&pipendix and are available online only.
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Table 1 Specifications of PI MicroMAX:1024BFT Camera

Attribute Specifications
CCD image sensor Marconi CCD47-20 (BFT): back-illuminatedme-transfer CCD
CCD format 1024x 1024 imaging pixels;

On-chip storage
Grade

Linear full well

Readout noise

Readout bits/speed
Frame readout time
Frame transfer time
Gain

Spectral range
Dark noise

13.0x 13.0um pixels size;
13.3x 13.3-mm imaging area (optically centered)
1024 1024, frame transfer operation
Grade 1100 dark defects<5 traps,<2 column defects
(based on CCD manufacturer’s cosmetic blemish definitions)
(1) single pixel: Typical:> 60,000 € (factory-tested value: 68,000¢
(2) 2 x 2 binned pixel: Typical:> 200,000 &
(1) 2-MHz: 11.5¢(typical)
(2) 1-MHz: 8 (typical) —10 & rms (maximum)
(3)100-kHz: 4 (typical) — 5& rms (maximum)
16 bits @ 50, 100, 200, 500, 1000, 20@Gdiditization
1.1 seconds for full frame @ 1-MHz with imming, see Table 2
1.24 ms=31L6 x4
2 e /ADU at medium setting
typical: 350-1000 nm
< 10 e /pixel/sec (factory-tested value: 7.8 ) @10°C

Nonlinearity < 2%
Quantum efficiency 30% at 358080% in 4500-6508, 40% at 900@, see Fig. A.3
Chip temperature —45°C

Operating environment 0° — 30°C ambient, 0%-50% relative humidity, non-condensing

to the same computer that controls the CCD camera and filelwithe prime focus optics have been
designed in a compact space within 100 mm (excluding the @rakng the optical axis to allow more
space for star light, while the original secondary mirrociggied some 400-mm of space; The corrector
is position adjustable. Its effective working wavelengémge is 380—900nm with the possibility of
color extinction in each of th&V RI bands. The optical system finally has a measured effectixe FO
of 16.5 x 16'.5 at a focal ratio of 3.27 = 2780 mm) with a scale of 0.96 arcsec per pixel for the 1024
CCD. Focusing is driven by a step motor and is adjustableamge of+-10 mm in steps of 0.001 mm by
moving the CCD camera relative to the fixed corrector. Foguis controlled via stand-alone computer
software. In addition, it has the following features: (1gffiwients of vignetting had been designed to be
within 0.076, 0.062, 0.048 and 0.029 arcsec for the full50(B7 and 0.5 FOV, respectively; (2) useable
for both 1024 (13um) and 2048 (12tm) CCD cameras with the corrector’s aperture size of 80 mm;
(3) elimination of locally scattered light to ensure vaas in the flat-field images are within a few
percent.

3 THE MULTI-COLOR CCD PHOTOMETER SYSTEM
3.1 TheCCD Camera

The Pl MicroMAX:1024BFT camera (with a rectangular heada isigh-resolution device that com-
bines the sensitivity of back-illuminated technology witle speed of frame-transfer readout. The cool-
ing system allows the MicroMAX camera to typically maintainemperature of45°C. The standard
MicroMAX controller (model ST-133B) enables both high-sepgeand high-precision readout capabili-
ties. It can collect 16-bit images at a readout rate of up tdlleom pixels per second (i.e. 2 MHz) in the
high-speed mode or at 50 thousand pixels per second (50 kiiz¢ ioptional precision mode. There are
six readout rates to select with the software control. Thleeifications of the CCD camera are provided
in Table 1, while Table A.1 lists additional features andédféa of the camera. The thin back-illuminated
CCD array has a broad-band anti-reflection coating. Thiegix80% peak quantum efficiency in the
range 450-650 nm. Detailed wavelength response is showigime=A.3. Image display orientation on
the computer monitor is north up and east to the left.



MiCPhot, a Multicolor CCD Photometer on the 85-cm Telescope 351

Table2 Readout timet(, in seconds) and readout noisgd, in units e~
rms) at gain of 1.17e/ADU. A subframe of 40&400 is only given for
1 MHz. Two rates at 50 and 200 kHz and less used modes are tex.tes

Binning
Read Rates 21 2x2 3x3 4x4
2 MHz tr 0.50 — — —
Oron 11.51 —_ J— —
1 MHz ty 1.09 0.417 0.266 0.178
FPS 0.91 2.40 3.76 5.60
Oron 8.6 8.46 9.29 9.89
500 kHz tr 2.00 — — —
Oron 6.5 i i i
100 kHz ty 11.18 3.38 2.38 1.43
Oron 4.93 5.74 8.01 9.28
1 MHz Region 40400
tr 0.357 0.178 — 0.105
FPS 2.8 5.6 — 9.5

Analog gain control can be used to change the number of efectequired to generate an Analog-
to-Digital Unit (ADU, also known as a count). Therefore, avlgain is commonly used for bright
objects, while high gain is for faint objects. A gain valuesigoressed in units of electrons per count.
There is a gain switch on the camera. It has three settingk; medium and low, which correspond to
a gain of about 1.05, 1.94 and 3.86/ADU, respectively. In most instances, the medium setthguid
generally give an overall noise 6fl count or~9.23 € rms. The observer must select the gain setting so
that at the desired exposure time, the stars of interestdmwats between 8000 and 35 000, placing the
observationsin the linear regime of the CCD while optima#ing the dynamic range (refer to Fig. C.4).
The amplifier gain selection can also be made via the cortdftware. When software-selection of gain
is available, the software selection will override any heaice setting. However, when the ST-133 model
controller is used (i.e. our case) the hardware switch istiledsied. Our practical test shows that the gain
is automatically set to high (measuret. 17 e /ADU) when using the ST-133B controller and MaxIm
DL Version 4.11 software — this software does not provideralative gain options.

In addition, the CCD software provides binning and subframerations. The former is the process
of adding the data from adjacent pixels together to form glsipixel (sometimes called a super-pixel).
We have measured readout noises and actual readout timdgfésent read rates. Table 2 gives the
readout times in different configurations of pixel binninglasubframe, in normal readout mode. Frame
readout rates (in frames per second — FPS) correspond tedipeacal readout times.

In Figures 1 and 2, we provide an on-axis and off-axis poiréag function (PSF) of the system as
an indication of imaging quality. These were measured withreal images of a field centered on the
standard star 98 670 taken during moderate weather conslitio

3.2 Filter System

The filter system consists of filters, filterwheel and filtexb®ur standard Johnson-Cousin-Bessel set
BV RI filters are manufactured by the Custom Scientific, Inc. (USé9ording to the Bessell (1990)
formula. They are integrated with a filter wheel of model ACEV&32-8-S, which is placed in an
ACE SmartFiltef™ for single filter box. There are eight holes in the wheel tocawmodate eight
32-mm square filters. The filter box is controlled using an B&S2&erial port independently via the
hyper-terminal under Microsoft Windows. However, the filb®x or filter system is also controllable
using MaxIm DL software. In addition to thBV R/ filters, a ‘clear’ piece for unfiltered observations
is also supplied. The transmission curves of ¥ R/ filters are given in Figure A.4. The central
wavelengths and passbands in nanometers are (440, 100),96% (630, 120) and (790, 300) for
BV RI respectively. As the optical correctors’ effective woigkiwavelength is limited to 380—900 nm,
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Fig.1 On-axis radial count distribution (left) and fractionalcécled energy as a function of angular
radius.
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Fig.2 Gaussian profile radii of 406 stars measured as a functioff-ai angle. The radii refer to the
values at which 90% of the total energy is encircled on theagi$ angles.

light in the U band (though we also have thkfilter) is basically cutoff and then cannot be used in
photometry. The wheel uses a positive mechanical detekingsystem to ensure filters return to the
same position for perfect flat fields. We measured the avéeimganeeded to rotate the filter wheel from
a filter to its neighbor, and the value is about 2.57 s.

3.3 Camera Control Computer and Timing

The CCD camera connects to an ST-133B controller (A/D cdavenounted near the end of the tele-
scope’s tube) via an analog cable. An interface PCI carddtbinshe camera control computer connects
to the controller via a 30 meter digital high-speed commaitiin cable. Also inserted into the computer
is the interface card which controls the focusing devices prsonal computer (PC) also needs an eth-
ernet card to connect to the Internet so that the Network Tmotocol (NTP) software can interface
with the system clock. At the beginning of an observation wheénever needed during the night, an
observer needs to run a standalone focusing-control pmotgradjust the focus.

A time-series photometer must know precisely when an exgoisustarted, and precisely how
long it takes. Accurate timing is crucial for the frame-tséer operation and high-speed photometry.
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Table 3 Atmospheric Extinction Coefficients at Xinglong

Year Ky ky, Ky K
2008 0.33@0.007 0.24Z0.005 0.195-0.004 0.066:-0.003
1995 0.35 0.20 0.18 0.16
1989 0.31 0.22 0.14 0.10

However, the data-acquisition software gets time from tBeBck, which always has a drift compared
to the standard clock. Therefore, we currently use NTP sofwio frequently correct the PC clock.
The software (ETTIME) obtains timing information over the Internet by periodiigde.g. every six
minutes) contacting several nearby time servers and audljLtste PC system clock accordingly. It allows
for internet time delays as well as it can and averages theréadings it finds to keep the PC system
clock in proper synchronization. We find a common timing Biea within a few milliseconds.

3.4 OnlineImage Reduction and Real-TimeLight Curves

We have developed an online image reduction program for @& ghotometer in order to monitor the
variability of the target and also weather changes. It digplthe real-time light curves of the target,
one or two comparison stars, sky background and the difterbetween the target and the comparison
stars. Besides doing online photometry, the program alsoledes signal-to-noise ratios (SNR) and the
uncertainty of the target in each image. For calculaticeferto Appendix D. The SNR values provide
a guide for refining an observing night in order to optimideseope time and ensure data quality.

4 CAMERA PERFORMANCE AND SYSTEM CALIBRATION

In order to provide observers with a general knowledge oath@spheric extinction and color transfor-
mations of the new multi-color CCD system, we have colletieddata of some photometric standard
stars. We performed aperture photometry based on the atibimages. The procedures of data re-
duction, which include bias subtraction, dark reductioat-field correction and magnitude extraction
are outlined in Zhou et al. (2006). The data are describechaatyzed in the followings sections. The
results are presented for the purpose of calibration anthkig-noise reference. Miscellaneous tests
conducted to evaluate the CCD photometer’s performancgieea in Appendix.

4.1 Atmospheric Extinction

As an estimate of extinction effects through atmosphesitgmission and the response of the telescope’s
optics, filters and detector, we observed the open clustériMieBVRbands with one field especially
around the knowm Scuti star EX Cnc on 2007 November 30, as well as the field cediten GSC
0880-0055irBVIon 2008 February 14. Data were acquired on a Moonless phatomight. We took

a complex approach by using not only the standard stars $oitlabse known to be non-variables. The
assembly photometry (arithmetic mean) of at least threeversstars in each field was used to study
the extinction dependence on airmass and colors. We jukttt@omain extinction into consideration
while the second-order extinction is ignored. Figure 3 repthe results, which represent a common
winter condition — dome seeing of about 3.0 arcsec. The etin coefficients are given in Table 3 and
compared with two sets of values for the site given by Shi.gt18198).

4.2 BV RI Throughputsand Color Transformations

With the new multi-color CCD photometer, we have observedtaoU BV RI photometric standard
stars near the celestial equator (Landolt 1992) for systdilration. A Landolt equatorial field centered
on the standard star 98 670 was observed on a Moonless phatonight when it was close to zenith.
The field was exposed twice in each of tBd” R/ bands with identical integration times for each
filter. Fortunately, there are more than twenty standand stathe frame. We had combined the two
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Fig. 3 Bouguer extinction lines i3, V', R, I bands, see Table 3.

series of BV RI frames by averaging them. The observed equatorial photans¢andard stars were
first measured with the data-taking software Maxim DL forerers’ direct reference, then they have
been calibrated, photometrically measured and analyzediisform the instrumental magnitudes to a
standard system. Investigations on throughputs and SNEg\a®e in Appendix.

Concerning the CCD photometer system calibration, theungtntal magnitudes are defined as

mag = 23.2 — 2.5 log(flux/exptime)

so that the values are close to those standard magnitudess fiinx/exptime refers to encircled counts
per second. The extracted individual instrumental magde#of 22 selected standard stars (ten of them
are listed in Table D.1) were converted to their exoatmosphalues using the extinction coefficients.
Finally, we transformed our instrumental magnitudes ihtodtandard system. The results are plotted in
Figures 4 and 5, where the least-squares fittings which septéhe color transformations are presented
in Equations (1) to (5) along with fitting errors. The lowexse letters represent the instrumental mag-
nitudes (corrected for exposure time and photometry apErtwhile the upper-case symbols indicate
magnitudes in the standard system. ‘X’ stands for airmasdstla@ subscript ‘0’ in Figure 4 denotes
exoatmospheric magnitudes.

B—V = —0.172+0.014 + (1.202 £ 0.014) (b — v) — (0.106 £ 0.009)X, & =0.030 (1)

V — R = 0.255 + 0.008 4 (0.977 £ 0.017)(v — r) — (0.046 £ 0.005)X, o =0.027  (2)
R—1T = 0.456 + 0.006 + (0.818 = 0.018)(r — i) — (0.102 £ 0.005)X, o = 0.028 ©)
V —1 = 0.741 £ 0.009 + (0.898 & 0.012)(v — i) — (0.154 £ 0.007)X, o = 0.038 ()

V = 040.058+0.014 — (0.111 +0.013)(B — V) — (0.330 £ 0.007)X, o =0.035 (5)



MiCPhot, a Multicolor CCD Photometer on the 85-cm Telescope 355

ProvidingV" and the color indicesi — V), (V. — R), (V — I), individual magnitudes ilBRI can
befoundbyB=V + (B-V),R=(R—1)— (V—-1I)+Vandl =V — (V —I). Observers doing
absolute photometry are encouraged to improve these eranafions in their research efforts by taking
additional observations and further measurements, suitioas given by Cousins & Caldwell (2001).
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0.2 T T T T T T T T
0.1 g
.
.
0.0 . 4
- [ -
>| | ] \!\ [ ]
[ \\\\l
> 0.1 . ;;\\\ g
0.2 - ]
T T T T
0.0 0.5 1.0 15 2.0 25
B-V

Fig.5 Color transformation —¥ —vo) vs. (B—V), see Eq. (7).



356 A.Y. Zhou et al.

4.3 Photometry Accuracy

We used independent measurements on two frames of a fieldredrdn the standard star 98 670 in
order to estimate the actual photometric precision. Figusbows the results, where the precision is
better than 0.02 mag in 12—-15mag in flidand during a 20-s exposure. Larger scatter on stars fainter
than 15 mag is due to short exposure. For absolute photortiegrgrecision will also be constrained by
the calibration equations that would generally have therdyars of 0.035, 0.035, 0.038 and 0.038 mag
for BV RI, respectively. Careful exposure and better weather congitvould improve the photometric
accuracy. In Figure D.4, we present a set of non-variabte’steeasurements from the V577 Oph field
for a general evaluation of differential photometry’s datatter. The standard deviations for each set
(from top to bottom) are = 0.0036, 0.0047, 0.0049, 0.0056 mag.
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Fig.6 Scatter of two sets of independent measurements of 858staesfield centered on the standard
star 98-670 with a 20-s exposure in ¥éand. Top panel shows a zoom-in at 12—-15 mag.

5 ENDING REMARKS

With MiCPhot, the new prime-focus multi-color CCD photomeibbservers can dBV RI sequential
photometry on a fast-readout mode with short readout timendo 1 s or less if working in frame trans-
fer mode. An online image reduction and light-curve dispgtaggram has been developed to monitor
the variability of the target and control data quality dgrimbservations. The current work has paid at-
tention to exploring exposure throughputs, atmosphetioetion effects and color transformations of
the system for ordinary observing conditions.

As for a dedicated precise multi-color photometry systema@omatic guiding system is expected
to be made available. A dome flat field system is indispensabiesubstitute for taking the twilight or
dawn sky flats in some case. As a substitute, another pradisi@keeping system (better than 1 ms)
based on a local Global Positioning Signal (GPS) clock isenrabnsideration. GPS and NTP will
compensate each other for assuring data quality in the ¢a#er no Internet connection or local GPS
time signals being unavailable. A further consideratiotoipurchase an alternative set of Stromgren
intermediatesvby S filters to provide observers another multi-color photomeyrstem.
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Appendix A: OPTICSAND CAMERA
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/

Chamber for Correctors

Fig.A.1 Configuration of the prime focus system. The enclosure islized black.
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Fig.A.2 Optical layout of the corrector of the 85-cm telescope’snarfocus system.
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Fig.A.3 Quantum Efficiency of the PI MicroMAX:1024BFT CCD.
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UBVRI Filter Characteristics
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Fig.A.4 Transmission curves df BV RI filters ranged from left to right ar&, B, V, R, I, respec-

tively.
Table A.1 Features and Benefits of PI MicroMAX: 1024BFT Camera
Features Benefits
1024 x 1024 imaging array Highest resolution available in a bdlckrinated format
Back-illuminated CCD Highest sensitivity throughout thsile spectrum
Frame-transfer readout Fast image readout (normal mode) an
shutterless operation (frame-transfer mode):
shutter compensation time: 200 ns
Low-noise readout Able to measure smaller signals
Flexible binning and readout  Increases light sensitivitylevincreasing the frame rate
16-bit digitization Quantifies both bright and dim signaighe same image
Cooling Thermoelectric & fan air exhaust allows stable viegkaround—40°C
and long integration times for higher sensitivity
C-mount Easily attaches to standard lenses or optical sranp
Shutter 25-mm internal shutter: Electronic: 6 ms; small:s8m
PCl interface Works with PC or Macintosh
Video output Compatible with standard video equipment

Appendix B: FRAME TRANSFER OPERATION

In most cases, we operate the CCD in the standard timing nfdédi-frame readout (sized 10241024)
with shutter control. Besides the normal mode, the MicroM2OR4BFT CCD fully supports frame
transfer readout. In frame transfer operation (sized X@B#8), half of the CCD array is used for
sensing light and it is exposed continuously, raising theoskre duty cycle to nearly 100%. The other
half of the CCD is shielded to prevent exposure for storagerandout, and it is here that the images
are stored until they can be readout.

Figure B.1 shows the readout of a masked version of a schedat CCD array. The shading
represents the masked area (masking is on the array). Gnéxffosed region collects charge. At the end
of the exposure, the charge is quickly shifted into the maskgion. Since the shifting is accomplished
in a short time, i.e. a few milliseconds, the incident ligatises only minimal “smearing” of the image.
While the exposed region continues to collect data, the eths&gion is readout and digitized. The
percentage of smearing can be determined by dividing thetieeded to shift all rows from the imaging
area by the exposure time.

Here we illustrate exposure and readout modes under theefteansfer operation. There are two
modes: Non-Overlap and Overlap. The Non-Overlap mode allome to expose the array for the ex-
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1 Charge accumulates in 2 Accumulated charge in 3 Charge from cells A1-D1 shifted
unmasked cells during exposed cells is quickl 1o serial register. Exposed cells
axposure. transferred under mas accumulate new charge.
L1 O LT s ICICIED

A1 |B1|C1|D1 Az | B2 |Gz |D2
Az | Bz |Cz2|D2 A3 | B3| Ca|Ds
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4 Charges in serial register shiftinto 5 Shifting continues until all masked 6 All data from first exposure has been

Outﬁgt Node, emptying the register data has been shifted into serial shifted out. Second exposure continues.
so the next line can be transferred in.  register and from there to the Cutput Initial conditions are restored.
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Fig.B.1 Frame transfer readout — illustration fox8 CCD.

posure time specified in the software and is similar in penfoice to a normal, full-frame device. For
a 10 ms exposure, assuming a 34.8 ms readout time, the ta&fdr 3 frames is 310 + 3 x 34.8 =
134.4ms, which is equivalent to a frame rate of 22.3fps. The opmrat sequence is (1) clearing the
CCD array; (2) exposing for the specified exposure time; {#}isg the image from the sensor area to
the frame-transfer area; (4) reading out the CCD. The Openlade means simultaneous exposure and
readout. Once a frame is exposed and transferred into thegstarea, the next exposure immediately
starts and continues until the previous frame is read ountirthe exposure time is finished, whichever
is longer. Therefore, the minimum effective exposure tisne readout time. For example, fora 10 ms
exposure, 34.8 ms readout, the total time to acquire 3 frégni@st- 3 x 34.8 = 114.4ms. If the exposure
time is set to 50 ms with the readout time remaining at 34.8hestime taken to acquire 3 frames will
be3 x 50 + 34.8 = 184.8 ms (equivalent to a frame rate of 16.2fps).

Appendix C: CAMERA EXAMINATIONS
C.1. BiasLevel and Dark Current Characterization

We tested the bias level at the chip temperature #5°C, winter ambient temperature of5° C and
100 kHz read rate. The bias distribution of about-20 ADU pixel~! along a central column and a line
is shown in Figure C.1.

We have measured the dark counts as a function of the expis@éor 1x1 (unbinned) and 2
binning. At each integration, in which times ranged from a®00 s, three dark frames were obtained.
Readout rate was set to 100 kHz and gain at medium. The CCD wddng at a cooling temperature of
—50° C and the ambient temperature was arow®d C. The unbinned pixel accumulates dark counts
of about 1.8 ADU pixet! s~! while with 2x 2 binning we got 7.4 ADU pixel! s~!, a value which falls
in the expectation of four times as much as an unbinned tglire C.2 shows the results, where the
fitted lines are described a&0.3 + 1.1) + (1.847 4 0.003) At with fitting standard deviatios = 4.75
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Fig.C.1 Bias level distribution at-45° C and 100 kHz read rate in the central chip.

6000 | © 22 binning i 260 | 2 Line512 i
5000 T

4000 .

3000 s

Dark Counts (ADU's)

2000 .

Dark Counts (ADU/pixel)

1000 E

PR N NNNUN NN SN NS NS NS SRS N I
00 0 )

0
0 100 200 300 400 500 600 700 800 900 1000 o 200 400 600 800 1000

Exposure time (s) Pixel Number

Fig.C.2 Dark counts shown as a function of expo- Fig.C.3 Dark current distribution at-45° C, 100-
sure time for the X 1 and 2<2 binning settings. kHz read rate and 30-s exposure in central chip.

and(26.6 + 7.4) + (7.41 £+ 0.01)At with ¢=19.8 for 1x1 and 22 binning, respectively. In general,
an observer can expect a dark currentdtimes 1.85 ADU pixef! s~! for n x n binning at—45° C.
Our data show that this is true when integration times argdothan 120 s. When dark counts are less
than 60 s, they do not increase following this rule but araaltt lower — less than 2 times<1 values

for 2x2 binning when exposures are shorter than 30s. The measalgs\are much better than the
factory ones (see Table 1). A dark distribution of about 6 Afiikel~* s~! taken atAt = 30's, —45° C
and 100 kHz read rate along a central column and line is showigure C.3.

C.2. Linearity and Gain

We want to test whether our CCD is linear, i.e. whether theliere read out (when the bias has been sub-
tracted), is proportional to the integration time. Our gedb acquire photometry at the milli-magnitude
level. To attain this precision, it is important that no facts, such as slow shutter speed or chip non-
linearity, enter the data reduction. To check for thesec&ffeve obtained images of the dome during a
perfectly clear day with the Sun high in the sky (attemptedstant light source), with the dome shut-
ter slightly opened and pointed in the opposite directiowbére the telescope points (to a reasonably
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Fig.C.4 Photon transfer curve shows the CCD’s  Fig.C.5 Flat distribution of the central chip.
linearity up to 35000 counts. The measurements in-
dicate a gain of 1.19¢ADU and readout noise of

8.6e” rms.

blank portion of the dome interior). Approximately 30 s mtations were chosen so that the intensity
of the illumination reaches saturation of the CCD chip. Wauiied two sets of daylight flats with the
same exposure times in a sequence with random order (in stedpsr 0.5 second) spanning the full
range of the CCD (saturation at 65535 ADU). The mean levelsefummed images and the variance
in the difference of these images were determined. We habteasiied dark current from the flats and
image statistics are performed within a section of £200 square pixels, which is visually flat. A lin-
ear least-squares fitting of all the measurements givgsy; = (54.10 + 0.03) + (0.843 £ 0.008) x S
(o = 431.5ADU), whereS refers to mean pixel counts. The transfer curve is formdlage
1—- 1
oAby = 7 S+ 72 Olon- (C.1)
The slope of this fitted line stands for the reciprocal gaihug, we graphically got the gain of
1.186+0.011¢~/ADU. From the fitted intercept we obtain read noisg,, = 8.74+0.2¢~ rms. The
results are given in Figure C.4. As we actually work in theéindomain, a gain value of 1.89 rms
which was indicated by the linearity trend drawn in the figonay be used. This figure also shows that
the CCD is linear up to 35000 ADU, about 53% of the saturatialne. The factory’s linear full well
value of 68 00@~ at medium gain of 2~ /ADU (see Table 1) would correspond to 34 000 ADU, which
confirms to our value. The deviation from linearity is distime when the counts are over 40 000. These
measurements were acquired with the gain at low (hardwaitetgwbut as stated in the previous sec-
tion, the actual gain is controlled by both the CCD-con&ofind data-taking software and is working
at the high gain setting.

We have also measured the gain and read noise with IRikdgaintask.Findgainuses Janesick’s
method for determining the gain and read noise in a CCD fromilagh dome flat exposures and a pair
of bias exposures (zero frames). We obtained two flatsahd F,) and two bias framesH; and B5).
The calculations are given as follow:

(FiL + F,) — (B1 + Ba)
U(2F1—F2) B 0(231—32)

Gain x 0(B1—B3)

V2

where the mean pixel values within each image are desigrfated- , B, and the sum and difference
images are expressed in formatsfast F, andB; — B,. The tests give gain=1.£1 /ADU and read
noise of 8.6~ rms. The results derived from the two approaches are censigit high and medium
gains, the factory values are 1.00 and 1.98 for the 100-kHdaet speed, respectively, while for the

Gain =

(C.2)

, Readnoise =
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2-MHz speed they are 0.97 and 1.86, respectively. A twilgytflat distribution at-45° C and 100 kHz
read rate along a central column and line is shown in Figuze C.

Appendix D: BV RI THROUGHPUTSAND EXPOSURE GUIDE

To provide future observers with a helpful reference inneating exposure times and signal-to-noise
ratios for their targets, we have first intentionally measuthe standard stars without bias, dark and
flat corrections with MaxIm DL in order to obtain the maximumuats per pixel (the indicator for
saturation and CCD linearity) and SNR for each standard Flaase two parameters are most often a
special concern for observers during observations of aigiplitude pulsating variables and eclipsing
binaries. We used a uniform aperture radius, gap width amailas thickness of 5, 6 and 6 pixels
(matching seeing condition), respectively for all the staperture photometry. In Table D.1, we list
the results of ten standard stars which range fiéra= 10.5 to 16.3 mag. Saturated values are given
as 65535. The intensitiesV(,, integration counts or electrons accumulated over theta@grare not
listed for all filters, but we list the mean count rat@s=£ N. /np«, averaged counts per pixel) f8V
filters and draw them (scaled &g ) against the standaBV magnitudes in Figures D.1 and D.2 as a
reference for throughput measurements. The linear fitémggiven in Equations (D.1) and (D.2).

logn, = 6.232 4+ 0.362 — (0.212 + 0.024) B, o =0.154 (D.1)

logn, = 6.892 4+ 0.157 — (0.262 £ 0.011) V, o =0.062 (D.2)

TableD.1 Standard star throughput values acquired usAagRI filters at exposure times of 40, 20, 10
and 8 seconds, respectively. Below the magnitudes in edaehdile the maximum counts in ADU and
SNR. Mean count rates are only given for BV filters. A dash rsgammeasurement.

Standard stars

Filter 98-185 98-670 98-666 98-676 98-682 98-966 98-581 6298— 98-L1 98-L4

B 10.742 13.286  12.894 14.216  14.382 14.469  14.798 15.589.9136 17.674
65535 11243 15469 4859 4185 3352 2700 1734 754 555
— 1372 1917 528 489 368 325 172 — 26
Ny — 3387 4552 1559 1380 1260 1245 715 451 399

\Y 10.540 11930 12,730 13.070 13.750 14.010 14.560 14.900.67Q5 16.330
65535 19539 10490 7095 4220 2823 2164 1676 884 613
— 3019 1783 1071 561 304 269 228 — 56
n,, — 7040 4091 2746 1725 1478 1104 920 658 560

R 10.431 11.207  12.639  12.387 13.384  13.717 14.442 14.472 9414 15.394
48133 24405 7045 8249 3682 2255 1436 1427 951 653
1395 3031 1102 792 — 304 172 190 — 71

| 10.309 10.555 12530 11.718 13.033  13.387  14.199 14.083.22%4 14.604
36275 28108 5197 9228 2957 1928 1178 1368 1223 937
697 2718 635 675 — 199 123 155 — 85

Since we did not acquire these measurements at zenith bub#inaass of 1.32, we have attempted
to correct the measured counts for extinction by using thi@etion coefficients derived in the previous
section. The linear fittings of the extinction correctedtighputs (see the dashed lines in Figures D.1
and D.2) would represent measurements at the zenith as

log 71, , = 6.408 4 0.362 — (0.212 + 0.024) B, o =0.154 (D.3)

log i, , = 7.008 + 0.157 — (0.262 + 0.011) V, o = 0.062 (D.4)
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Table D.2 Approximate Detection Limits
at Different SNR and Exposure Times

SNR As)y B VR I
200 113 116 117 114

1
100 1 127 13.0 131 129
200 3 125 128 129 126
100 3 139 142 143 140
200 5 13.0 133 134 131
200 10 138 141 141 138
200 20 145 148 148 145
200 30 149 152 152 149
200 60 156 159 159 155
200 90 16.0 16.2 16.2 15.8

200 180 16.6 16.8 16.6 16.3
100 180 17.7 179 177 173
200 300 17.0 173 171 16.7
100 300 18.1 18.2 181 17.6

Scaling with exposure timeXt), we can rewrite Equation (D.4) ag,, = 509295 At x 0.547V.
Adopting the ‘CCD equation’ (Howell 1989, PASP, 101, p.616)

SNR = il (D.5)
\/N* + npiX(NS + Nd + NrQ)
and generally simplifying it to be
Nis,in
SNR ~ /N, — £ edn) (D.6)

2 /N,

we may estimate SNR a bit easier. The individual terms afg:the total number of photons (sky
subtracted) from the stau;,;,, the number of pixels contained within the software apertdi, the total
number of sky photons per pixeNy, the dark current in photons per pixel; and, the readout noise
in electrons per pixel. For a bright star, usualy, 4,y < v/N., SNR~ /N,. If total noiseN 4 ,) is
comparable with signaV.,., say half the value, then we can further get approxim&®R ~ 0.75+/N...
Assuming a photometry aperture of radius 1.8*FWHM = 4.5 |sixed.3 arcsec, corresponding to seeing
of 2.5arcsec, the common weather condition at the Xingléatips, at gain of 1.17e/ADU, we have

VN, = 6156V At x 0.547V, thus we finally get

SNR ~ 4617v/At x 0.547V. (D.7)

For instance, adopting the results given in Equation (Dor)a star oft” = 15 mag with 20 seconds
of exposure time, we might expect to obtain a mean count fatd @6 ADU pixel~! at zero airmass,
SNR= 223 and corresponding to a photometric accuracy ofd®.6ag. The uncertainty in the star’s
single magnitude is determined by

N+ N(s,d,r)

*

Omag = 2-5log( ) &~ 1.0857(N(s,4.1)/N+) = 1.0857/SNR. (D.8)
Please note that the actual observations highly dependeomehther conditions at the time, which may
be a bit lower or higher than this expected value.

There is an easy way to estimate exposure time and SNR witiFERBCDTIME task. Here we
have edited two tables based upon the parameters corrésgdadhe present instrument system: (1)
Moonless night sky brightness: 21.8, 20.9, 19.9, 18.9 magear? (Liu Y. et al. 2003, PASP, 115,
p.495); detective quantum efficiency 0.53, 0.68, 0.73, @80 extinction coefficients of 0.33, 0.24,
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Fig.D.1 Throughput values of standard stars acquired Fig.D.2 Throughput values of standard stars acquired
using theB filter at exposure time 40 seconds. using theV filter at exposure time 20 seconds.
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Fig. D.3 Approximate exposure times at SNR=200 as a function of ntades.

Table D.3 Approximate Exposure Guide at SNR=200 Times in Seconds

SNR mag B 14 R 1
200 17 792.18 285.40 218.62 246.90
200 16 91.69 69.16 70.72 115.42
200 15 33.04 24.71 23.80 34.12
200 14 12.61 9.39 8.79 11.71
200 13 4.93 3.67 3.39 4.37
200 12 1.95 1.45 1.33 1.69
200 11 0.77 0.58 0.53 0.67

200 10 0.31 0.23 0.21 0.26
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Fig.D.4 Four sets of differential light curved/(filter) among five field stars around V577 Oph. ‘C2—
C346’ stands for C2—(C3+C4+C6)/3.

0.19, 0.07 magnitudes per airmass 8V R1, respectively. (2) read noise 8 gdark rate 7.8¢/s,
pixel size 13:m. (3) seeing 2.5 arcsec, unbinned, at zero airmass and zava phase. We can see for
stars ofV = 15 mag, the results in Tables D.2 and D.3 could predict an expdsue of 25 seconds
with SNR=200, which is consistent with that estimated abdVithin 5 minutes of exposure, one may
observe stars of = 18.2 mag with SNR=100 of/ = 17.3 mag with SNR=200; this could act as a
detection limit for a time-resolution demanded photometethe 85-cm telescope. We plot a complex
exposure guide for thBV RI filters in Figure D.3. Caution must be taken when referrintpase tables
and figures because they are estimated under the aboveionrditdeal parameters.
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However, we must be aware that the SNR values given by MaxInai2Lover-estimated and are
higher than the approximatioky/ V., which is simplified for the case of stars much brighter thacki
ground, while they are under-estimated for fainter stahss i why we calculate SNR for each frame
online as described in Equation (D.5). The online SNR isalbtundicative of photometric accuracy.
By comparison we found that the Maxim DL's SNR usually mushlggher than 100.
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