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Abstract We evaluate the performance of the first generation sciei@if1OS (sC-
MOS) camera used for astronomical observations. The sSCM@® & was attached
to a 25cm telescope at Xinglong Observatory, in order tareg# its photometric
capabilities. We further compared the capabilities of B¥OS camera with that of
full-frame and electron multiplying CCD cameras in laborgttests and observations.
The results indicate the sSCMOS camera is capable of penfigrptiotometry of bright
sources, especially when high spatial resolution or tealpesolution is desired.
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1 INTRODUCTION

Both CMOS cameras and CCD cameras convert incident phattmslectrons in accordance with
the photoelectric effect. However, their different pixelstures lead to differences in characteristics
of their performance. Conventional CMOS cameras are nothyidpplied to astronomical obser-
vations because of their higher readout noise (RN), pixaundormity, lower quantum efficiency
(QE) and fill factor as compared with CCD cameras. Howeveg, tuthe rapid development of
CMOS technology in the past decade, the CMOS camera has steoadvantages in observations
with high spatial resolution and rapid frame rate (Hoffmaale2005).

An application of an IBIS5 CMOS camera to astronomical otestion indicated that it per-
formed well in applications where a large dynamic rangedgiired. However, its high dark current
and pixel-to-pixel nonuniformity still need to be improvghang & Song 2006). We purchased the
first generation scientific CMOS (sCMOS) camera from Andattifelogy PLC; its 5.5 megapixel
sensor offers high spatial and temporal resolution withiRiMe The SCMOS camera is mounted on
a 25cm /3.6 Newtonian reflector at Xinglong Observatorytidial Astronomical Observatories,
Chinese Academy of Science. Compared to the IBIS5 CMOS a@rttes sSCMOS camera has the
following advantages: four times larger chip size, highét, Qigher fill factor (more tha®0%),
higher frame rate, higher dynamic range and lower RN. It igdrtant to evaluate if the SCMOS
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is suitable for more applications in astronomical obseéovet For a better evaluation, a full-frame
CCD (FFCCD) and an electron multiplying CCD (EMCCD) are usethake comparisons with the
sCMOS (Waltham 2010; Janesick et al. 2002).

This paper is organized as follows. We calculate the thaaletynamic range and photometric
accuracy of the sCMOS, FFCCD and EMCCD in Section 2. In Se@&iwe present the evaluation,
as well as the results from laboratory tests and obsenatibreal stars. The conclusion is shown in
Section 4.

2 SPECIFICATIONS OF THE SCMOS, FFCCD AND EMCCD

FFCCD and EMCCD cameras are frequently used in professiobsérvations. At Xinglong
Observatory, FFCCD cameras are equipped on larger telescoe. the 4m Guo Shou Jing
Telescope and 2.16 m telescope) for spectroscopy and snteléscopes for photometry. An
EMCCD camera is equipped on a 1 m telescope for time-ser@®optetry. The FFCCD (VersArray
1300B by Princeton Instruments) and EMCCD (DU-888E by Antemhnology) are chosen to com-
pare with the sCMOS (DC-152Q-FI by Andor Technology) forteeinvestigation of its application
for astronomical observations.

2.1 Specifications

Specifications of the sCMOS, FFCCD and EMCCD that we testedshown in Figure 1 and
Table . The FFCCD has the largest imaging area of 26.8x@6.0 mm and highest pixel well
depth for an active area of 2100@0. The EMCCD has an ultra-low dark current of 0.001
e~ pixel~! s7! at —75C and highest peak QE of abdit% at 570nm. Compared with the FFCCD
and EMCCD, the sCMOS has more active pixels, smaller pixad,dower RN and higher frame
rate, but lower QE and well depth.

Fill factor is the percentage of the light-sensitive partadf the pixel. A fill factor which cannot
reach100% will affect the photometric accuracy, because the camemnaatacollect photons from
the targets if they reach the portions of the pixels that atdight sensitive. Compared with scien-
tific grade CCD cameras, the fill factors of CMOS cameras careazh100% due to the different
structures of pixels (Fig. 2). The fill factors of conven#@MOS cameras range fras0% to 40%,
which is one of the reasons why they are not widely appliedstooaomical observations. For the
sCMOS we tested, the fill factor is more than 90% (email comoation from Andor Technology,
Beijing Representative Office). A fill factor has differegifects on photometric accuracies. When
oversampling, the target is distributed over a number oélgixin which the portions that are not
light sensitive are small parts of the star image, thus theqrhetric accuracy is hardly affected in
this case. However, when undersampling, the target is crated on fewer pixels, so the effect of
the portions that are not light sensitive would be noticeaihd the photometric accuracy may be
greatly affected in this case.

2.2 Theoretical Dynamic Range and Photometric Accuracy

The sCMOS has a dual-amplifier architecture, in which datalm sampled simultaneously by
both high gain and low gain amplifiers. The architecture isigleed to simultaneously minimize

RN and maximize dynamic range. The sensor has four indivitiLiit gain settings (PAG1, PAG2,

PAG3, PAG4) and one dual-amplifier 16-bit setting (Dual: RABd PAG4) (sSCMOS technical notes
2010). The detailed specifications of the three camerassaee in Appendix A. The parameters of
the settings we used during the evaluation are listed ineT2bl

1 Data describing the SCMOS, FFCCD and EMCCD in Figure 1 andeTatare from the manufacturers’ data sheets
of Andor Technology SCMOS DC-152Q-Fl, Princeton InstrutseversArray: 13008, and Andor Technologgon®™ DU-
888E, respectively.
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Fig. 1 Quantum Efficiency Curves of the sCMOS, FFCCD and EMCCD tteatasted.
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Fig. 2 Simple architecture of a CMOS array. The CMOS has an indegperainplifier in each pixel,

which converts the integrated charge into voltage. Bectesamplifier shares the pixel area, the fill
factor could not reach00%.

The dynamic range of a CCD is defined as the ratio of the full degdth of one pixel to the RN of
the detector (Howell 2006). However, the dynamic range d&BICCD with application of EM gain
is defined as the ratio of the full well capacity of one pixeltie detection limit (Andor Technology
2009). We calculate the theoretical dynamic range of the @SMFFCCD and EMCCD, which is
shown in Table 3.

We calculate the signal-to-noise (S/N) value obtained fgivan camera system and integration

time based on Equation (1) (Howell 2006), and our calcutetiof photometric accuracy are also
based on this equation.

The source S/N equation is

R, xt
(Ri X t + Ry X t X Npix + RN X nipixe + (Gain/2)? x npix + D X npix X t)

S/N = 7z (D

and '
R* — QE x Robj X 1070.4><k Xalrmass' (2)
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Table 1 Factory Specifications of the sSCMOS, FFCCD and EMCCD

Camera sCMOS DC-152Q-FI FFCCD VersArray 1300B EMCCD DU#B88

Active Pixels 2562160 134(x 1300 10241024

Pixel Size (Wx H; pum) 6.5x6.5 20x20 13x13

Image Area (mm) 16.614.0 26.826.0 13.%13.3

Well Depth ¢, typical) 30000 210000 88000 730 006

Frame Rate (frames') 30° 0.56 8.9

Readout Noiseq(, typical) 1@100 MHz 2.8@100kHz 7.7@1MHz
1.4@280 MHz 8@1MHz 45@10 MHz

Dark Current ¢~ pixel~! s71) 0.03@-40C 0.3@-40C 0.001@-753C

Fill Factor >90% 100% 100%

Peak QE (typical) 57% @570 nm 93% @570 nm 97% @570 nm

Notes:! The well depth of the active area of a pixéThe well depth of the gain register of a pixel. The gain
register has a linear response up to 400 800and a full well depth of 730008~ at maximum (Andor
TechnologyiXon®™™ DU-888E 2009)2 With the cameralink base in Rolling Shutter readout modedgkn

Technology sCMOS DC-152Q-FI 2010).

Table 2 The Parameters of the Settings Used in Evaluation

Camera System Readout Rate  Preamp setting  Gain RN Well Depth

sCMOS 280MHz 16-bit Dual 0.66 1.14 30000
FFCCD 2.0MHz 16-bit Low 4.17 7.33 210000
EMCCD 10MHz 14-bit 2.4 21.13 50.29 88000; 730000

Table 3 Dynamic Range of the Cameras in Different Settings

Camera System Readout Rate  Preamp setting  Gain RN DynamgeRa

sCMOS 280MHz 16-bit Dual 0.66 1.14 26316:1
FFCCD 2.0MHz 16-bit Low 4.17 7.33 28649:1
EMCCD 10MHz 14-bit 2.4 21.13 50.29 1750:16884:F

Notes:! EM gain is turned off2 EM gain is set at 4.

The above S/N equation is effective for a given CCD measunéwfea source. However, it is
unsuitable for EMCCD with application of EM gain because$tid value of an EMCCD is affected
by application of a gain register. The gain register canctiffely amplify the signal (especially for
faint sources); in other words, it can eliminate the RN dbntion to the detection limit. However,
a statistical variation is generated, which is quantified s&lue of\/2 called the “Noise Factor”
(Andor Technology 2009). Thanks to thermoelectric (TE)lzwp(at least —75C), the contribution
of dark current (for a short exposure time) can be ignored.

In this paper, the S/N equation for EMCCD with applicatioredl gain is simplified as

R* Xt X Gain_EM (3)
(Ri x t x Gain_gm + Reky X X Npix X Gain_EM)1/2 X \/5.

S/N =
The equation describing photometric accuracy is written as

o(m) = +2.5log (1 + 4)

)

Below is a legend of the symbols.
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Symbol Legend Unit

R. count rate of star collected by detector e s!

Ry count rate of background collected by detectos™ s~ pixel™*
Rob;j count rate from star e st

t exposure time s

Npix number of pixels in aperture -

D dark current e~ s~ ! pixel™!
Gain inverse-gain e” ADU!
Gaingum EM gain of EMCCD -

RN readout noise e pixel™!
QE quantum efficiency -

K extinction coefficient magnitude
k’'x airmass  atmospheric extinction magnitude

For a star of 10th magnitude in tHé band of a Johnson/Bessel system, we compared the
photometric accuracy of the three cameras with a 25 cm mbesand exposure time of 1s when
the airmass was around 1. Based on the conditions at Xinglgprvatory, we seRq., =
20e~ s ! pixel™, ¥ = 0.201 magnitude (Zheng et al. 2009),,;x = 9 to match the pixel size
of seeing (Warner 2006), and = 0 to ignore dark current. Peak QEs are used during the ealcul
tion. For the EMCCD, we calculated the photometric accwstir both cases where EM gain was
turned off and was set at 4. The calculated photometric actes are shown in Table 4.

Table 4 The calculated results of the photometric accurdcigsa 10th magnitude
star with a 25 cm telescope in théband of the Johnson/Bessel system.

Camera System Readout Rate Preamp setting Gain RN Phomaesturacy
sCMOS 280 MHz 16-bit Dual 0.66 1.14 0.77%
FFCCD 2 MHz 16-bit Low 4.17 7.33 0.59%
EMCCD 10 MHz 14-bit 24 21.13 50.29 0.769%0.429%

Notes:! During the calculation, we sét 1, Ry, : 20e™ s~! pixel™!, k’: 0.201 magnitudep,ix: 9,
airmass: 1D: 0, and QE: Peak QE (Table ) EM gain is turned off> EM gain is set at 4.

3 EVALUATION

The sCMOS is used as the detector of the 25 cm telescope aloXm@bservatory. The 1 m tele-
scope is equipped with a 3-channel CCD photometer; eachnehbas an independent CCD camera
and is controlled by the same computer (Mao et al. 2013). Btbes of equipment use the filter
system from the Sloan Digital Sky Survey (SDSS) (Fukugital .€t996).

The raw data are reduced by using the Image Reduction ang#is&acility (IRAF).

3.1 Bias

To evaluate the stability of the cameras’ bias, we acquifidias frames for each camera under
settings shown in Table 2, and calculated the mean valuethamdot mean square (RMS) of biases
by using the imstatistics task in IRAF. The results (Tabl€i§, 3) show that the sSCMOS performs
well in terms of bias correction thanks to its stable bias.

3.2 Gain and Readout Noise

In order to evaluate the gain, RN and to characterize théfotmity, we divide the image into nine
sub-regions (Table 6). The gain and RN of each sub-regiooacelated by using the findgain task
in IRAF. The raw biases and flats were obtained under thengstihown in Table 2.
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Fig. 3 The stabilities of 100 bias frames from the sSCMOS, EMCCD,BRECD.

Table 5 The Mean Values and RMS of the Bias

Camera Mean value RMS
sCMOS 99.63 0.02
FFCCD 486.53 0.14
EMCCD 93.49 0.35

Table 6 The Position of Each Sub-region of the Image Acquired by the s

MOS, EMCCD and FFCCD

Camera| sCMOS | EMCCD | FFCCD

Region | « y | = Y | = Y

A 80:880 30:730 60:360 960:660( 70:470 1250:850
B 880:1680 30:730 360:660 960:660| 470:870 1250:850
C 1680:2480  30:730 660:960 960:660[ 870:1270  1250:850
D 80:880 730:1430 | 60:360 660:360| 70:470 850:450
E 880:1680 730:1430 | 360:660 660:360| 470:870 850:450
F 1680:2480  730:1430 | 660:960 660:360| 870:1270  850:450
G 80:880 1430:2130 60:360 360:60 | 70:470 450:50
H 880:1680 1430:213(0 360:660 360:60 | 470:870 450:50

| 1680:2480 1430:213Q 660:960 360:60 | 870:1270  450:50

The gain and RN of each sub-region are shown in Figure 4. Taefsmtions gain and RN of
the sCMOS, EMCCD and FFCCD derived from the tests (Table @ tlamse from the manufacturers
(Table 2) are approximately equal. The stable gain and RMe@&8CMOS ensure a high accuracy
during data reduction.
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Y sCMOS Yy EMCCD
A B C A B C
Gain 0.645 Gain 0.684 Gain 0.651 Gain 21.295 Gain 21.105 Gain 21.338
RN  0.942 RN  0.987 RN 0949 RN 534588 RN  53.000 RN  53.803
D E F D E F
Gain 0.650 Gain 0.659 Gain 0.642 Gain 21.085 Gain 21733 | Gain 21.080
RN 0932 RN 0.942 RN 0926 RN 53.280 RN 54.617 RN 53.120
G H | G H |
Gain 0.666 Gain 0.713 Gain 0.670 Gain 21.213 Gain 21.078 Gain 21320
RN 0.948 RN 1.019 RN 0.962 RN 53.028 RN  52.840 RN  53.565
X > X
Yy FFCCD
A B C

Gain 4.226 Gain 4.256 Gain 4.260
RN  10.000 RN 10.076 RN 10.068

D E F
Gain 4.238 Gain 4.200 Gain 4.254
RN 10.028 RN 9,930 RN 10.036

G H |
Gain 4.254 Gain 4.240 Gain 4.234
RN 10.036 RN 10.034 RN 10.008

X

Fig. 4 The gain and RN of each sub-region of the sCMOS, EMCCD and F=CC

Table 7 The Gain, RN and RMS of the sCMOS, FFCCD and EMCCD

Camera | System Readout Rate  Preamp settihgsain RN | RMS (Gain)  RMS (RN)

sCMOS | 280MHz 16-bit Dual 0.66  0.96 | 0.022 0.029

FFCCD | 2MHz 16-bit Low 424 10.02| 0.019 0.043

EMCCD | 10MHz 14-bit 2.4 21.25 53.42| 0.21 0.55
3.3 Linearity

In order to characterize the linearity of these cameras,ogeieed a series of images with increasing
exposure time until the images reached saturation. The ic@dlbias was subtracted from all im-
ages, and signals from the central XAMO pixels were averaged. The settings were fixed as shown
in Table 2.

The results show that the linearity of the sCMOS, EMCCD an@E€B is abou®99.9% up to
29400e, 99.7% up to 8390C:~, and99.8% up to 205 00@~, respectively (Fig. 5).

3.4 Pixel Nonuniformity

Pixel nonuniformity is the variation in pixel sensitivityitlv respect to incident photons (Janesick
2001). The conventional CMOS cameras have higher pixelmiéonnity when compared with CCD
cameras, due to their differing pixel structures. All pixef a CCD camera share the same output
amplifier at the end of the chip, but each pixel of a CMOS carhesaits own output circuits. The
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Fig.5 Linear response curve of the sCMOS, EMCCD and FFCCD.

pixel nonuniformity in cameras can be evaluated using flaiges, which is described as follows

g
Py = TA’ (5)
wheres 4 is RMS of flat image pixels and is the mean value of flat image pixels (Janesick 2007,
Shang & Song 2006).
We obtained dome flats (about half saturation) and subtidbtsr combined bias. A region of
the central 10@ 100 pixels is used to evaluate the pixel nonuniformity. Thkig of each pixel in

the region is shown in Figure 6. The pixel nonuniformity o tt)CMOS, EMCCD and FFCCD is
approximately0.95%, 0.81% and0.52%, respectively.

3.5 Photometric Accuracy

We observed the SDSS standard star Hilt 566 (Table B.1) ukm@5 cm telescope equipped with
the sCMOS on 2011 December 25. The same standard star wasesbssing the 1m telescope
equipped with the FFCCD and EMCEDn 2011 November 9. The weather conditions were stable
and clear during the observations. The raw images are showigure 7. The field of view (FOV)
of images is different due to different focal lengths andiedént chip sizes.

The SDSS standard star Hilt 566 was observed when it was tboseeridian transit. For a
comparison of the three cameras, the data obtained by thelg#stope were transformed into a
representation describing the 25 cm telescope system tsydaring the differences of apertures and
efficiencies of the two systems. The exposure time was rebiecé s. The relationships between
the magnitudes and photometric accuracies of stars in #iésdire shown in Figure 8, where values
greater than three sigma are removed. The photometricamcof the SCMOS is approximately
equal to that of the EMCCD and FFCCD in bathandr’ bands (Table 8). Due to the influence

2 EM gain was set to 4 during the observations with considemaif the well depth of the active area of the pixel and the
well depth of gain register of the pixel.
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Fig.6 The graph of surface flats of the sSCMOS, EMCCD and FFCCD. Tkel ponuniformity of
the sSCMOS, EMCCD and FFCCD is approximatél95%, 0.81%, 0.52%, respectively.

of the telescope systems’ efficiencies, different filtettays and weather conditions, the observed
results of the photometric accuracies are worse than tlosethe calculations (Table 4).

3.6 Photometric Stability

In order to evaluate the photometric stability of the thrameras, the sCMOS, EMCCD and FFCCD
were equipped on the 25 cm telescope to observe the SDSSslastdrs under photometric con-
ditions. We characterized the photometric stability ofstneameras by using the variation of the
differential magnitude of the two standard stars in the se@€. For the sSCMOS and EMCCD, we
observed 30 frames of the SDSS standard stars SA108—4757408-S551 (Table B.1) in the same
FOV inthe SDSS’ band with 20 s and 10 s exposure times, respectively. The RM@ differential
magnitude of the sCMOS and EMCCD between SA108-475 and SAEISis 0.0085 and 0.0094,
respectively. For FFCCD, we also observed 30 frames of theSS&iandard stars SA113-466 and
SA113-475 (Table B.1) in the same FOV in the SD58and with a 13 s exposure time. The RMS
of the differential magnitude of the FFCCD between SA11%-ditd SA113-475is 0.0089 (Fig. 9).
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Fig. 8 The magnitudes and photometric accuracies of stars olzsegvethe SCMOS, EMCCD and
FFCCD in thei’ andr’ bands.
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Table 8 The photometric accuracies of different magnitudes inithend
r’ bands. The data were transformed into a representatiomiliegcthe

25 cm telescope system and 1's exposure time.

Mag Mag.error | Mag Mag.error
7 0.3% 7 0.3%
8 0.5% 8 0.4%
sCMOS¢/ 9 1.0% EMCCD7/ 9 0.7%
10 2.0% 10 1.5%
11 4.3% 11 3.8%
Mag Mag error | Mag Mag error
7 0.1% 7 0.1%
8 0.2% 8 0.2%
sCMOSr’ 9 0.4% FFCCDr’ 9 0.5%
10 0.8% 10 1.3%
11 1.7% 11 3.2%
sCMOS EMCCD
0.12 T 0.12 T
0.1F Ce B ‘.' .:: ¢ R E 01F
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Fig. 9 The differential magnitude curve of 30 frames in the SBSBand for the sCMOS, EMCCD

and FFCCD.

4 CONCLUSIONS

In this paper, by comparing with the FFCCD and EMCCD, we eat@lthe bias, gain, RN, linearity,
pixel nonuniformity, dynamic range, photometric accurang stability of the sSCMOS.

The results show that the SCMOS has a good linearity (afifb0t) up to 29 406~ at the set-
ting of 280 MHz 16-bit Dual —40C and a high frame rate with low RN. The pixel-to-pixel noruni
formity is less than 1%. The bias and photometric perforreame stable in the tests. The evaluations
show that the SCMOS could give similar performances as tt@d-and EMCCD we tested, ex-
cept for QE and fill factor. According to the results of the ehstions, the photometric accuracies
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of the SCMOS are approximately equal to those of the FFCCDEMGCD. It seems that the pho-
tometric accuracies are little affected by the fill factotled SCMOS. Therefore, we need more data
from observations of both oversampling and undersamptiremilyze the relationship between fill
factor and photometric accuracy. Because of the lower QEs@MOS is not a good choice for
faint sources due to more exposure time being required. Mewié could be used to observe bright
sources, particularly when high spatial or temporal resmius desired.

Consequently, the sSCMOS can be very useful for some astricabwbservations thanks to
its unique properties. It can be used in lucky imaging whiduires a high frame rate to avoid the
influence of seeing. It also meets the requirements of sblsemvation in studies of solar granulation
and activities, because of the small pixels, high dynammigesand high frame rate with low RN.
Moreover, it can be applied in offset guiding due to high tenapresolution, stable operation and
portable size.
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Appendix A: SPECIFICATIONS OF THE SCMOS, FFCCD AND EMCCD

Table A.1 Detailed Specifications of the sCMOS in Rolling Shutter

Readout Modk
System Readout Rate Preamp setting Gain Readout Noise

PAG1 17.82 11.27
PAG2 8.73 5.66

280 MHz PAG3 1.77 1.96
PAG4 0.66 1.14
Dual (PAG1 and PAG4) 0.66 1.14
PAG1 18.29 10.66
PAG2 8.91 5.71

200 MHz PAG3 1.73 1.83
PAG4 0.63 0.97
Dual (PAG1 and PAG4) 0.63 0.97
PAG1 19.41 11.81
PAG2 9.27 6.08

100 MHz PAG3 1.74 1.70
PAG4 0.60 0.84
Dual (PAG1 and PAG4) 0.60 0.84

Notes:! The specifications of the SCMOS are from the manufacturedoAfiechnology.
The specifications RN and Gain of Dual are typically the sasat of PAG4.
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Table A.2 Detailed Specifications of the EMCCD

System Readout Rate Preamp setting Gain Readout Noise
1 - -
10 MHz 14-bit EM amplifier 2.4 21.13 50.29
5 10.00 45.00
48.00 73.44
5 MHz 14-bit EM amplifier 2.4 19.01 44.86
5 8.58 35.95
1 46.98 54.50
3 MHz 14-bit EM amplifier 2.4 18.64 31.69
5 8.48 26.03
1 18.43 32.25
1MHz 16-bit EM amplifier 2.4 7.26 20.18
5 3.32 17.20
9.97 14.06
3 MHz 14-bit CON amplifier 2.4 4.02 10.65
5 1.81 9.83
1 3.75 8.25
1 MHz 16-bit CON amplifier 2.4 1.53 6.75
5 0.68 6.21

Notes:! The specifications of the EMCCD are from the manufacturedokifechnology.

Table A.3 Detailed Specifications of the FFCE&D

System Readout Rate 16bit Preamp setting Gain Readout Noise
High 1.15
100 kHz Mid 2.25 3.62
Low 4.47
High 1.04
2MHz Mid 2.08 7.33
Low 4.17

Notes:! The specifications of the FFCCD are from the manufacturéncBton Instruments.

Appendix B: THE SDSS STANDARD STARS

Table B.1 The SDSS Standard Stars which were Used during Observations

Star Name RA (J2000.0) Dec (J2000.0) r’ u —qg g =0 =i =2

Hilt 566 06:32:09.67 +03:34:44.4 10.787 1.125 0.673 0.341 210
SA 108475  16:37:00.60 —00:34:39.0 10.832 3.127 1.130 0.45®.270
SA 108 551  16:37:47.79 —-00:33:05.1 10.747 1.256 —-0.032 040.1 -0.051
SA 113466  21:41:27.39 +00:40:15.6 9.908 1.125 0.275 0.0730.005
SA 113475 21:41:51.30 +00:39:20.8 9.979 2.255 0.817 0.318 .1660
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