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@uiline

Why do we need fast opticallcameras (high cadence imaging)?
= [he 3 scenarios
= Duty Cycle, Dynamic Range, Scintillation

L3-CCDs
= Design, specs, operation modes
= Comparison to regular CCDs: Single & Cumulative Signal-to-Noise Ratio (SNR)
= Observing strategies

Galway Ultra Fast Imager (GUFI)
Design, specs
Differential Photometry Method
Data reduction/analysis pipeline
Results, Performance & Side-effects




Wy derweneed iast opticallcameras
(lIghrcacdence imaging)?

[For Astrophysical reasons:

“Normal”/faint sources with rapid variability

- CVs, XBBs, GRBs, pulsars, asteroseismology, eclipsing binaries, transits,
occultations

- e.g. GUFI, Ultracam, Optima, POETS, SOFI, Berkeley VIT, TRIFFID, ....




Wy derweneed iast opticallcameras
(lIghrcacdence imaging)?

Eor Atmospheric reasons:

Adaptive Optics - Wavefront sensing (Shack-Hartmann, Pyramid WES)

Post-exposure image sharpening (PEIS) and “lucky imaging” (frame selection)
- e.g. TRIFFID; LuckyCam, GUFI




PEIS

Core of M15 after Image Sharpening
Core of M15 before Image Sharpening (PEIS)
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1 arcsecond

Core of the globular cluster M15 - PEIS by TRIFFID/MAMA camera on 4.2m WHT
Butler et al., 1998, MNRAS




PEIS & Varaniiy/in Crewaeadl Fields

TRIEEID/MAMA data; PSE-matching + image-subtraction technique
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Average of ~30 matched &
subtracted images of M15
- variable stars numbered
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REIS & Varaniity
N Crowaded FIElds

Light-curves of 12 of our new variable
stars in M15

O Tuairisg et al., 2003, MNRAS
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Wy derweneed iast opticallcameras
(lIghrcacdence imaging)?

For Practicall Observational reasons:

Observing in the high-flux regime
- bright objects (whether variable or not)

Observing in the wide dynamic range regime
- faint targets embedded in a field of bright objects

Beating down the effects of atmospheric scintillation
- ime-series observations




Veny Bright SOUrces

Photometry/astrometry of very bright stars (esp. on larger telescopes)...

- Best astrometric standards are bright: Hipparcos ~ mag 6, Tycho ~ mag 10
- Ditto for' best photometric standards

- Exoplanet transits/candidates — bright selection bias (RV surveys, widefield surveys)
- mag ~8-9 not uncommon

- High S/N; high cadence lightcurves — for fine temporal structures

sets limit — imposes short exposures




DUty Cyele

Avoiding CCD for high cadence & high S/N imaging

Solutions?
Increase well depth...delay onset of saturation
Reduce readout time...but penalty in increased readout noise (~2 e — ~10-100 €e")
Window down for fewer pixels...not always feasible
Defocus...introduces new problems




DUty Cyele

Avoiding CCD for high cadence & high S/N imaging

Solutions?
Increase well depth...delay onset of saturation
Reduce readout time...but penalty in increased readout noise (~2 — ~10-100)
Window downi and/or bin pixels...not always feasible
Defocus...introduces new problems

— all telescopes have =same for given CCD




DyRamic Range

Ratio between brightest & faintest object which can be discriminated at any one time

CCD: Brightest object > Well depth Faintest object > Readout noise

Bigger telescope aperture, for given exposure time:
- pushes mag limit deeper
- loses mags at the bright end
— “moving window” of dynamic range

Stacking frames widens the range...
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Globular Cluster M4:
White Dwart
population

20 magnitudes range!
= 108 x flux range

.PUL could ve done
muech faster withia
petter duty cycle

All Stars

Proper Motion
Selected

F606W — F814W

F606W — F814W




WiderbynRamic Range & Var/ab///ty

Globular Cluster
47 Tucanae

Ground = AAT

MNASA and R. Gilliland (STScl)
S5TScl-PRCO0-33

Hubble Space Telescope » WFPC2

.andwhat if the frames are a timeseries? Then, Duty Cycle limits SNR & DR.
e.g. 47 Tuc was searched for exoplanet transits of upper MS stars (HST; Gilliland et al. 2000)




Scintillation Noise

Scinvllatieniis arandom varationin the illumination| of the telescope pupil.

BN exg | , scintillation imposes significant photometric noise
- scintillation noise o, scales as:

Percentage/fractional effect...not dependent on source brightness

Becomes the ...sets ultimate limit on
photometric precision

IHIgh duty cycle increases cumulative T over a run, thus reducing o.

100% duty cycle makes o as low as theoretically possible for a given telescope aperture




Lew: Light LLevel (158)CCID Trechnology
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Designed to alleviate the problem; of read Electron porential

as applied by each

noise at MHz readout rates of the Gates

43

On-chip gain (Electron Multiplication or o
EN gain) increases the average signal .
apove the noise floor of the amplifier

Electron potential
as applied by each
of the Gates

Clocking stage ®2 — 40-45 volts, thereby
allowing impact ionization to occur

Total Gain= (1 + a)N

Gain per stage (probability of producing one
extra electron), a = 0.01

Total number of gain stages, N = 536

Total Gain ~ 2900

Available since 2001 (E2V Technologies).




L3-FECEID: Andor iXen DV-887-BV.

Dual Readout Modes Readout direction

= Conventional ~ 101ps
_ EMCCD. ~ 30 fps -
Conventional Amp ~, Serial Register

Frame Transfer 1236 slements)

Dead time ~2ms o
EMCCD Amp A e :
\/ariable readout rates Multiplication Register (536 elements)

1 3 5 1 0 M H Z uantum efficiency for the back illuminated iXon DV-887 EMCCD Camera
) ) ) Obtained from the Andor engineering team (October 2005)
-
| 100.0

gz sl=re-amp gain - | EEE A S O I O AN
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Quantum Efficiency (%)

Thinned, Back-illuminated, ARC, -87C water cooling, 512 x 512 (16 pm) pixels, 8.2 x 8.2thm




L3-FECEID: Andor iXen DV-887-BV.

Active Pixels : 512 x 512

Pixel size : 16 x 16 pm (W x H)
Active Area Well depth : 200,000 e~

Gain Register Well depth : 400,000 e~

Frame Rates : 31 — 400 fps

Readout pixel Rates : 1,3, 5, 10 MHz

Vertical clock speeds : 0.4, 0.6, 1.0, 1.8, 3.4, 6.0 (us)
Binning modes 1 x 1,2 x2,4x4
Peak QE (@ 575nm) : 92.5%

Dark Current (@ -90°C)  : 0.0035 e~ /pixel/sec
Readout amplifiers . Conventional & EMCCD




Using Cow: LLight Levell (158)-CCIDs

8l scenaros/moeades oi operation (Mackay et al. 2001 ):

1. Conventional (no EM gain): like a regular CCD, but RON =6 - 16 e rms
2. Low EMigain: reduces RON to < 1 er rms, but ENF effectively halves QE

3. High EM gain: RON << 1 e rms, enables Photon Counting, ~full QE, but very low
fluxes mandatory (very high frame rates) to avoid coincidence losses.




Using Cow: LLight Levell (158)-CCIDs

3 scenarios/modes of operation (Mackay et al. 2001):

1. Conventional (ner EM gain): like a regular CCD, but BRON = 6 - 16 e rms
2. LLow ENVI'gain: reduces BRON to < 1 er rms, but ENF effectively halves QE

3. High EM gain: RON << 1 e’ rms, enables Photon Counting, ~full QE, but very low
flux/pixel mandatory (very high frame rates) to avoid coincidence losses.




Conventionall(Frame liranster) mode

- Poisson-limited; as expeciead

| # Gainoflx & GainofZd4x ® Gainof45x X Lineofcloss Fit — |

00.00
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v =1.0051x - 0.4561
70.00

G0.00
50.00

40.00

Motes :

Moise (rms) or Std. Dev for the Mean Signal Leve| [ADU)

0,00 (1) 14 bit operation at readout pixel rate of AaMHz
(2) Pre-Amp Gain = 1x 2.4x, 4.6
(3) Shutter action = Permanantly open

20.00 (4] Measurad P illuminance = 0.2249 [«
(5] Operating Temparature = -50 degse C
(5] Acquisition Mode = Kinstic

10.00 i7) Base lina clamp = On. Frame Transfer = Of

0.00
0.00 10.00 20.00 30.00 40.00 50.00 G0.00 T0.00 20.00 90.00

Square Root of the Mean Siganl Level [ADU)



ExeessiNeise Factor (ENF)

Electron Multiplication is a stochastic process at each stage in EM register
— output EM gain is, not exactly predictable
— a given input count will be amplified to a distribution ofi output counts:

Where 'n’ is the input photoelectron count to the
multiplication register (EM-Gain = 500)

For 100s of input electrons,
a Gaussian description is
more appropriate
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Excess, Noise Factor (ENF)

Coupled with the Poisson uncertainty of the input count, the exira
photometric uncertainty due to the output EM distribution is called the
[ExcessiNoise Factor (ENF)raka Multiplication Noise

ENFE (F) given by:

- where M= EM gain, 62 = input and output signal variances for EM register

s

- and with oo = 0.01, F tends to V2
a—+ 1

For large V, JIRlES

Thus ENF is equivalent to halving the Quantum; Efficiency

At high input counts (>100’s of photo-electrons), CCDs regain the SNR
advantage per frame




Signal torNoise calculations: CCD versus L3-CCD
Singleiramerwitia ENV gain; shows ENFE penalty at high counts

Comparsion between CCD42-40 and EM-CCD97 CCD RON = 8e-
L3CCD RON = 1e-

—+—L3-CCD —»— CCD42-40‘

1000.000

100.000

SNR per Frame

1000 100000 1000000

Counts per frame




Puity: Cycle Case Study: CCD versus [L3-CCD

2.5m telescope; I-band mag = 12; 15 sec exposure (just unsaturated)

«  Conventional CCD:
= 1024 x 1024 pixel, Readout rate = 20kHz, No Frame Transfer
= Readout (dead) time = 29 seconds; Cycle time = 15 + 29 = 44 seconds

>  34.09%

« L3-CCD:
= 512x512 pixels, Readout rate = 1 MHz, Frame Transfer (EM unnecessary)
= Readout time from storage area = 262 ms
= Cycle time = 262 ms + frame transfer time = 2ms > 264 ms
= “BUT” if exposure time > cycle time, dead time = 2 ms

O==>  99.98%

« Frame transfer alone is all you need in most situations




Duty cycle effects: CCD versus L3-CCD

Comparison of SNR values for the CCD42-40 and the L3CCD, for three different object Brightness.

—+—Mag 9 L3CCD —#— Mag 12 L3CCD —4+— Mag 15 L3CCD —-x-- Mag 9 CCD - -&-- Mag 12 CCD --# - - Mag 15 CCD
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Mag 9 L3CCD, exptime = 0.046 sec
Mag 12 L3CCD, exptime = 0.73 sec
Mag 15 L3CCD, exptime = 11.5 sec

Mag 9 CCD, exptime = 0.031 sec
Mag 12 CCD, exptime = 0.49 sec
Mag 15 CCD, exptime = 7.8 sec

* L3CCD readout ~ 0.26 sec
** CCD readout ~ 11.5 sec

40 50 60
Elapsed Observing Time (sec)

Cumulative Signal to Noise calculations (2.5m, V band)
L3-CCD vastly superior for brighter objects
Performance for CCD and L3-CCD converges for dimmer objects.




Scintillation Noeise: GEb versus L3-CCD

Effects of Duty Cycle on Atmospheric Scintillation Noise for both L3CCD & CCD42-40

[~+—L3CCD, Mag 9, 12, 15 —+— CCD Mag 9 —— CCD, Mag 12 —< CCD, Mag 15|
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Cumulative Scintillation Noise calculations (2.5m, V band)
L8-CCD vastly superior for brighter objects
Performance for CCD and L3-CCD converges for dimmer objects.




DyRamic Range
CCD versus L3-CCD

Effective Well Effective
Capacity Readout Noise




PynRamic Bange & ENM-Gain

—e— Readout Rate 10MHz —e— Readout Rate 5MHz —%— Readout Rate 3MHz —— Readout Rate 1MHz

DR will rise as EM decreases effective readout noise
DR constant as reduction in eff. readout noise balanced by decrease in eff. well depth.

When minimum readout noise reached (1 e-), DR falls due to further reduction in effective
31

well depth.




PynRamic Bange vs: Signal torNoeise

5est dynamic range obtained with ENM gain
But at high flux, best S/N obtained without EM gain

- RON reduction (few e-) doesn’t compensate for ENF/effective QE 2x
reduction (Poisson noise dominates over RON)




Wihen teruse ENVI gain;, en right SouUrces?

For maximum dynamic range (rather than maximum S/N)

For very brightest sources, which would saturate even at the maximum
3MHz (~10 fps) Frame Transfer rate
- Can use EM mode (with low EM gain) — at 10MHz (~33 fps)

When the cadence is more important than the S/N

- PEIS & Lucky Imaging

- Very fast astrophysical phenomena where time smearing is
unacceptable




[Basic ©Psenving| strategy.

Use L3 with read Optimum DR Exposure time
noise minimised or cadence (with no saturation)

Due to higher readout rates, will acquire more
images (more signal) per unit observing time

Coadding the N images will improve Light curves (time series data)
the SNR /N times have more points per run, improving

their quality, statistical fit, etc.




@peratien moael

Required

Cadence

Multi-parameter matrix ofi all possible
operation modes...

Need a systematic way to find the
“best” operation mode for a given
observing scenario.

Readout
MNoise

Signal to

BOOO .
MNoise

6000 5 MHz

Dynamic Range

4000

2000

0
10

Applied EM-Gain Range



@peration VMeae Selection — Details

1. Firstly, the input signal must be related to the number of detected photons as a
function of exposure time, i.e. Signal = flux rate x exposure time.

2. The calculated signal represents the total number of counts from the supposed
target. To check if saturation will occur in the imaging pixels, it would be desirable
to know the peak count. By assuming a Gaussian PSF as the star’s profile,, an
approximate value for the peak count may be evaluated as follows:

Signal

Peak count =
2mE?

where £ is defined as,

FWHM
2.354

and FWHM is the full width at half maximum of the star profile in units of pixels.

¢= (2.29)

. To avoid the effects of saturation, it is ensured that the peak count does not exceed
the well depth of the imaging pixels.

. Equating the peak count to the effective well depth allows the level of EM-gain
to be computed so that saturation will not occur in the EM-register during the

amplification process.
rell deptl
Peak count = L&?H
EM-gain
[flux rate x exposure]  well depth
2m €2 ~ EM-gain




Operatien Vioee Seleclion— Example

Y- « The task: Find optimal
[ Exposure time & EM-gain for
ol | D=2.5m, | = 12.9 mag, 1” seeing
] GUFI pixel scale assumed
25+ Peak SNR found at 0.3453 sec - Pixel Well Depth = 200,000 e
EM Register Depth = 400,000 e
o
= 20r 4
w
151
Peak SNR occurs for an EM—gain of 2
10 I
281
5 I I I I I i o6k
0 0.05 0.1 0.15 0.2 0.25 0.3 0. o
Exposure time (seconds) = oal
w
221
200
181
161
14 " i " i " i " i i " i i " i " A i
0 5 10 15 20 25 30 35 40 45 50

EM-gain




Galway: Ulira Fast Imager: GUF]

The goal in 2004:

Build aniimager/photometer to yield the benefits of
- 100% duty eycle, and

- “as-fast-as-you-want-it” sampling,

for variability studies, PEIS, and high S/N'studies of bright sources.




GUEINRstiment

Optional 0.62x flat-field focal
reducer

Eilter wheel: 5 x 48mm filters

Water cooler for LL3-camera unit
(-87°C minimum)

Data Rates:
= E|TS format, 0.5 — 1 MB file size
= At 30 fps, ~ 50 GB' per hour

— 1 TB storage

= | ossless compression (RICE)
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L3CCD unlt

- L
F|Iter Whee -
Mounting flange




GUEINRstrUment

Lateral Adjustment

"'_ 11@ e
-

Focal Reducer " 1!-

Focal Reducer [NERERERS
- I .

Filter Wheel - |

Adjustment & :

Mounting Flange locking bolts




Vieechanical specs

Plan view of the Instrument Box with front Flange

R=250.00rmm

e e

Slot position for camera
mounting plate
174.00mm

-+

00.00mm

L00mm

5

:i:::i

690.00mm

T L
i

10.00mm

3
15.00mm gy
f N — Telescope Mounting Flange
AT AT AT - Radius of Central Aperture = 50.00mm
. - " ]
£ B ot 6 mounting points: 13mm diameter,; centers are
T located 202.00mm f ter of fl
S IR0 _ oca .00mm from center of flange
e e T ' 15.00
& = g 5.00mm
A R = a1 i
» o e
Tr
[t

~ R=3.50mm @ a distance of 40.50mm
: from the central point

e
TN

L3 AL

)

Focal Reducer (Red) fixed onto
its mounting plate. This is fitted

270.00mm to the camera mounting plate
Camera Mounting Plate: Four brass pins (6mm diameter) extend using the four brass pins extending
from the plate by a distance of 30mm. Camera bolting holes are from the camera mounting plate

7mm in diameter, and positioned 46.5mm from the central aperture.
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Ellter\Wheel

v

12V DC Motor ' | 50:50 Mirror |®

N\

oo

Position Switches




GUEISysten Layout

Rack mounted at the telescope

Instrumentation Box: . |
+ 1. L3 Camera PC (1TB - storage) :

- Mounted directely to Telescope l 2. Sl.econdary PC - DAQ cards +
where the L3 Camera used as a | flnder'cam for GASP
photometer or as science camera i 3. GPS time server + frequency
for GASP i source

- The water cooler is attached to the
instrument box and connected to |
the Andor L3-Camera |

|
|
|

Network Cable

Control Room

I

I

I

|

i ' L, _— 1 Gb Ethernet
; | .oooo' HUB

! :

i :

I

I

Data/control cables for L3CCD,
filter & calibration wheels

System Features:

= Real Time display - Video & data acquisition
= Spool to disk (4x 250GB, striped RAIDO) for large data loads
= User-set windowing & binning
= Windows & Linux interfaces
GUI or custom C programs




GUEI/GASE Control Interiace (Labview)

Main Conkral | Filter # Polarisers - Assignmenk

Curent PSG posikion

—

P56 State

P50.5 Skop
Stop b ‘¢ P50
", -~

PE3. _-Sbop

Stop ™ ' ~PCir

- n

None Stop

Update - PSG

Curent Sample position

e

Sample Wheel

P20 PO

-

Update - SEmpIEII

I PCI-7200 DA Inkerface Settings

| Version Motes

Curent Fllker position

IEI
Filter Wheel

R-Band -Band

:\./f -
L

- s

Clear I-Eand

Update - Filter '

Translation Stage

Finder Cam OFF

Buko - Calib
One Cvcle Only 7

- -‘é [ o

Program to control the Filter & polarizer wheel set For the Galway Astronomical Skokes Polarimeter
Brendan Sheehan MNUI Galway

Dake 258-July-07

Quit Program '




GUEIGASP Controll Interface (LLabview

Initialize Ertror  Start Acg Error Get Status  Get data error Ahort Error FITS error

0 g 0 0 0 0 0
L3-Camera display

312

450

400

350-

300-

250

200

150-

100-

S0-

0-) ]
0 50
B2

®

i [
450 512

Rl - ll-M

1 I 1 1 1 1
150 200 250 300 350 400

1
100

Tﬂ | | Cursar; (=4 Wal 285 221 g2

Mot Acquiring Data

| Start Acouisition I| Feset Parameters ” Shut Du:uwnl F

Save (OnfOffy  Base Line Clamp  Frame #
Directory + stem Mame .
[ ] - 40
T | - Z v
0Off Dizaklec
Target Tvpe

Saving Data |

Ternperature Contral|
Terp {OnSOFT)

Shutter, Fan & Trigger Mode| Allowed Temperature Range [

Shutter i Open 1 Min (degs C)  Max (degs C)
o - , ;
Fan Sl fanonful 0 Cooler OFF
shutter
¢ OFF Trigger Mode Desired Temp — Current Temp Temp Status

i] Interrial 1] E‘J a 0a o Chanoing
o~

Exp Times & Filters | Camnera Settings | Focusing | Bias, Dark & Flat | Header Info |

Camera Status Main Shutter D e N e e it D
]
o (: ») corr exp time Status |
Pleaze Wait CLOSED ] In Position

FILTNAME EXFTIME (sec)

Select Acg Mode Frarne Rate (Hz)

p—
Frame Transfer = l — 0 2003 ha C
#1| Ug 0.000
#2
Select Filter Uzed Exp Time {sec) J 1 it
s
Bk | — 0.000 # 3y el
B 0.000
H?ﬂEtiC Cycle Time (sec) #of Scans Sequence Control Filter Comntrol
! Fal
,__)I 0.000 —= (0.000 ,-.)I 1T [ Pl i -
Accumulation cycle time {zec) # Accumulations o0 P 5 S
i e 7 4
,_.)I 0.000 0.000 D'I [ 49 [T —— B T
----- Pl ss - -
Anto Seq Control # of Auto Seqy Cycles !
\ e e Pl ss - -

o

OFF




GUEINData
Reduclion/Analysis Pipeline

Primary Folder

Input otions:

1. A single FITS datacube
2. Alist of FITS datacubes
3. A list of single images

If datacube

A 4

Options for breaking up datacubes:

1. Break into X smaller datacubes

2. Break into datacube with X seconds
worth of data

If Register

v

Register Data options:
1. Image section

2. Correlation window size

Science

|IF Co-add

Y

Co-add the data blocks

'

Output Data




GUFIFData Reduction/Analysis Pipeline

PyRAF Parameter Editor: clpackage.flat_data

=
File  Optiohs

Package = CLPACKAGE

Task = FLAT_DATA =] PyRAF Parameter Editor: clpackage.data_ops E“EHZI
File  Options Help ‘
Execute | Save |  Unieam Cancel Task Helj
Package = CLPACKAGE
Task = DATA_OPS
night_no | Humber corresponding to observation night: 1,2,3..
Execute | Save | Unieam Cancel Task Help |
op_root_name |masterﬂat_ The root name of the output Masterflat files
Select the type of flatgroup listing night_no B Humber corresponding to observation night: 1,2,3.. X
grouptyp group_listing — | Fat-group listing or single Bias-group?
i i ) Input data - either its a datacube...
(Natgroup) | Enter in filename of single flatgroup list file
fitscube | Hame of FITS datacube OR...
User defined masierhias data cubelist | List of FITS datacubes
(user_mblist) | Enter another masterbias_list OR..
) ) ) : Or if the inputs are only single images...
(user_mbias) | Enter in filename of single masterbias FITS ) i ) i i
img_list | List of FITS images to be registered
Processing Steps img_name | Hame of co-added FITS image - from IfP FITS list
match_bias # Yes . Ho Find matching Masterbias for the flat-fields?
Divide the datacube into smaller datacubes...
= 7
LS v Yes 4 Ho Find & sum up the flat-field datacubes? breakcube - Yes # Mo Divide the datacube(s)s in smaller cubes?
= ?
G Lot v Yes ¢ Ho Generate Bad Fixel Maps for the flat-fields? divide_no | Break up the datacube(s) into how many smaller cubes? OR
Dehias o Yes 4 Ho Dehias your flat-fields? hintime | Bin up the image planes to an exposure time of hintime (sec)
co_add ~ Yes & Ho Co-add your flat-fields? (del_orig) - Yes # Ho Delete the original datacube?
nonm - Yes # Mo Hormmalize the co-added flat field?
Registeration...
O ql register % Yes . Ho Register the data?
interpolation linear — | Choose interpolation type
Coaddition...
Coadd -~ Yes # Mo Co-add your data into a single FITS image?
(del_planes) 4 Yes - Ho Delete folder containing broken-up image planes after registation
(del_cubes) 4+ Yes - Mo Delete old datacubes after co-addition?
mode Jal 7]




Some commenis on L3-CCD Calibration

Bias:
L3-CCD Bias subtraction must be very accurate, since Bias is often
a much larger proportion of the total counts...

ACCUM-mode bias collection is trivially easy! (1000x in a few sec)

[Flatfields:
Twilight Sky-flat collection is a joy!

Reaches much greater depth/pixel/filter [duty cycle]; no saturation;
can be done in much brighter twilight

Applying excellent flat-fields — eliminate FPN

Darks:
Not needed at -80°C




CCPrCalivration: RONn averaged Bias

Easy to achieve negligible residual RON int master-bias frames

+=-=1MHz, Preamp = 1x
——3MHz, Preamp = 1x|]

Oy _sgo = 0-0736 ADU |

Oy con = 0.0498 ADU

10' 10°
Mumber of co—added bias frames




CC DI Calivration: Fixedl Pattern Noise (FPN)

[~ - -FPN=1%

——— FPN = 0%
—-—-shet noise only

[| —— FPMN = 0.34%, "Andor Camera”

background noise only

Moise/pixel (e-)
E:'..I'\.l

10°

10’
Signal/pixel (e—)

Moksa/pixel (a—)

BOOf

GO0

200

— without flat—fielding

—— shot noise
with flal-fielding for increasing Nif

v

Mumber of flat
fiels increasing

Signal'pixel (a—)



A-10-ID) Gainranad Beadnoeise calibrations

A-to-D Gain measurements (using an Integrating Sphere for flatfields)

Software setting Preamp 1x  Preamp 2.4x Preamp 4.6x
Conventional Amp 10.08 + 0.04 4.07 = 0.01  2.111 =+ 0.003
EMCCD Amp 57.45 £ 047 24.20 £ 0.10  12.64 £+ 0.04

- taken @ 3MHz — independent of readout speed.
- note confusing Andor terminology! E.g “Preamp 4.6x” actually DIVIDES

the gain by ~4.6 !

Readnoise (RON) measurements (using bias frames)

Readout Rate Preamp 1x Preamp 2.4x Preamp 4.6x
1 MHz, Conventional .88 7.07
3 MHz, Conventional 6.0. 10.74
1 MHz, EM-Mode 56.08 31.48
3 MHz, EM-Mode 40.42
5 MHz, EM-Mode 2.86 63.40
10 MHz, EM-Mode 85.24 112.72
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RPipeline: biierential Photometry: Method

Optimal method (Bailer-Jones & Mundt)
Rules to select reference/comparison stars:

. A star with a near-circular profile or PSF.
2. An isolated star which is not near the edge of the image and which does not have
bright neighboring stars.
3. A star which is no more than 1.5 magnitudes brighter, nor 0.5 magnitude fainter,
than the target star.
. A star which is not near the saturation limit of the detector; as this would other-

wise introduce non-linearity.




RPipeline: biierential Photometry: Method

Optimal method (Bailer-Jones & Mundt):

(2) Find optimal aperiure for photometry by testing a representative
frame withia range of apertures over target star:

10 15 20
Aperature radius (pixels)




RPipeline: biierential Photometry: Method

Optimal method (Bailer-Jones & Mundt):

(3) Determine true photometric errors by fitting actual lightcurve scatter
(of non-variable field stars) against their “formal” (IRAF/phot)
predictedl errors.

! | ! ! L L ! L L L ! ! |
‘ ¥ data 1 — linear fit

Cams = 0.64 Orar + 0.0023




Results: PEIS on Glopular Cluster M5

« July 2006: Loiano 1.5m, I-band, poor seeing: still a 129% FWHM improvement

- In line: with expectations from D/r, ~ 20 [should be ~ 4] -




Resulis: roAp star, 10rAg|

Pulsating stars with very low (mmag) amplitude, P ~ 10 min
Amplitude greatest in IR (~5 mmag); decreases bluewards

Lolano 1.5m, B-band, July 2006
No reference stars of similar magnitude!




Resulis: roAp star, 10rAg|
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Differential lightcurve — using faint reference stars — has worse
scatter than the original 10 Aqgl lightcurve!

Eyeball hints at lightcurve structure; Periodogram shows nothing




RIENEiReanty Issues i ther small print. ..
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10 Agl data seemed fine — well under saturation — but unaware that
the EM register’s “extended” dynamic range is non-linear.

« Problem at “1x” gain (left); no problem at “2.4x” gain (right).




RIENEiReanty Issues i ther small print. ..

Preamp Well depth e~ /ADU Saturation level Saturation level
(e7) Unity EM-Gain (ADU) EM-Gain = 2 (ADU)
1x’ 200,000 57.45 3,481 6,962
2.4x 200,000 24.20 8,264 16,384
4.6x 200,000 12.64 15,822 16,384

Table 3.4: ADU saturation values for different preamp settings (EM readout mode).

Preamp Well depth e~ /ADU Saturation level Saturation level
(e7) Unity EM-Gain (ADU) (e™)
1x’ 200,000 10.08 16,384 165,150
2.4x 200,000 4.07 16,384 66,682
4.6x 200,000 2.11 16,384 34,406

Table 3.5: ADU saturation values for different preamp settings (conventional readout
mode).

Need to keep a close eye on saturation levels, since 14-bit A-to-D.

Different levels and reasons: conventional mode — A-to-D
saturation; EM mode — EM-register saturation




Results: iransiting exeplanet, IHD189733

Loiano 1.5m, V and | band, July 2006
Reference stars ~OK; but saturation issue...




Siderefiects ol EVI-gain|

Bloomed star (EM = 0)

Unsaturated star (EM = 0) EM-Saturati

Bloomed - conventional over-exposure, along columns
Separate effect due to EM-Gain is seen along the rows

EM-saturation also shows a full column with counts of 50
ADU above back ground




Results: iransiting exeplanet, IHD189733

* | Band Data
4 VWV band Data

TimeStamp (UTC)

Light-curve structure mainly due to saturation level changing as
seeing changes




Besulisy Uliracool Dward, LSRR J1835
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Besulisy Uliracool Dward, LSRR J1835

Ditferential Light-curves of Field/Relerence stars

TimeStamp UT




Besulisy Uliracool Dward, LSRR J1835

Ditferential Light-curve ofi Field star

* FieldStar Night 7
b Mrgl =0.0041 Mags |

TimeStamp (UTC)




Besulisy Uliracool Dward, LSRR J1835
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Besulisy Uliracool Dward, LSRR J1835

——LSRJ1835 Night 7
———FieldStar I
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Besulisy Uliracool Dward, LSRR Ji1835
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Besulisy Uliracool Dward, LSRR Ji1835

Nights 4 + 7, phase-folded, smoothed by 10-point moving average
Error bar = 0.003 mag




Besulisy Uliracool Dward, LSRR J1835

Combined with- USNO run 2 months later (conventional CCD) — allows us to
test long-term; period stability ofi the modulation

| — LSR J1835 data from July and Sept. of 2006

- Peak detected @ 0.35297 hr'1 or 2.8331 hours,

80 with a power of 91.92.
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ESE NS85 = WhV IS pre-Whitening needed?

Un—whitened light curve
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ESE NS85 = WhV IS pre-Whitening needed?

| think that the trend could be caused by one of —
[f'the PSF varies with position in the field (SV-PSF)

lf'the spectral types of the reference stars are very different to LSR

in a broad wavelength range like I-band, you could get 2nd-order
extinetion effects (affecting different spectral types to different extents),
which change as a function of airmass

i1 (2) were true AND' if any haze/cloud present was not a "grey
apbsorber"
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lIESTS - WV IS Pre-WhItEnIng neecded?

Either the seeing or the airmass will correlate with the trend in the data.

The SV-PSF possibility can also be investigated by:
Repeating the automated lightcurve extraction, but this time using larger and
smaller radii.
Measuring for the PSF of different stars around the frame...repeat for a few
frames...are the same stars systematically different?

The SV-PSE effect could be simulated

The 2nd-order extinction effects can also be investigated by:
Mining the colour indices or spectral types for the field/reference stars

Calculating  the difference in extinction for either end of the I-bandpass, for the
range of airmasses in our data. To what extent is

d(E) = E(730) — E(1030) = f(airmass)?

Convolving model spectra through transmission curves of filter and detector and
an extinction function: our ETC with full T(A) propagation.



Conclusions re. L3-CCDs

L.3-CCDs give higher SNR due to better duty cycle (in all modes)
Very high SNR photometry of bright objects (incl. variable objects)
L3-CCDs can deliver the widest dynamic range

L3-CCDs make full' use of telescope apertures — small and large
High duty cycle maximizes cumulative exposure time over a run,

thus reducing scintillation noise to theoretical minimum.

Practical observing recommendations for high fluxes:

Frame transfer alone is all you need in most situations.

Use EM gain only:

1. For maximum dynamic range (rather than maximum S/N)

. For very brightest sources, which would saturate at max Frame Transfer
rate
When the cadence is more important than the S/N




@onclusions re. GUEI

The goal in 2004:
Build an imager/photometer to yield the benefits of 1009% duty cycle, and as-fast-

as-you-want-it sampling, for variability studies, PEIS, and high S/N studies of
bright sources.

The outcome in 2007/-8:
It has taken time, but —

(1) We now know how to configure the complex matrix of L3-CCD settings for
any given observing scenario;

(2) It is now a ‘plug and play” system at the analysis end too;
(8) Seme of the July 2006 data was not taken at the best settings, but —

(4) That will not happen again, now that we have characterised the S/N, linearity
and dynamic range at each permutation.




