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Wiy denwe need fast optical cameras
(RIghrcadenceimaging)?

For Astrophysical reasons:

“Normal*/faint sources withi rapid varianility

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

- .g. GUEI, Ultracam, Optima, POETS, SOFI, Berkeley VIT, TRIFFID, ....




Wiy denwe need fast optical cameras
(RIghrcadenceimaging)?

Eor AtmMOSPhEric reasons:

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

Post-expoesure image sharpening (PEIS) and “lucky imaging” (frame selection)
- e.g. IRIFFID;, 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 TRIFEID/MAMA camera on 4.2m WHT
Butler et al., 1998, MNRAS




RIEIS & Varanlity inrCrowded Eields

TRIEEID/MAMA data; PSE-matching + image-subtraction technigue
s @ ’ 'b' -~ 5 .
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Average of ~30 matched &
subtracted images of M15
- variable stars numbered
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RIS &\ a2ty
I Croweed Eielas

Light=cunves of 12 of our new. variable
stars in M15

O Tuairisg et al., 2003, MNRAS
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Wiy denwe need fast optical cameras
(RIghrcadenceimaging)?

Eor Practical Observational reasons:

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

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

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




e/ Brght Seurces

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

- Best astrometric standards are bright: Hipparcos ~ mag 6, Tycho ~ mag 10
- Ditto for hest photemetric standands

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

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

sets limit — Imposes short exposures




DUty Cycle

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 €")
Window dewn for fewer pixels...not always feasible
Defocus...introduces new problems




DUty Cycle

Avoiding CCD for high cadence & high S/N imaging

Soelutiens?
Increase well depth...delay onset of saturation

Reduce readout time...but penalty in increased readout noise (-2 ® ~10-100)
Window dewn and/or bin pixels...not always feasible
Defocus...introduces new problems

all telescopes have »same for given CCD




Pynamic 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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Wider Dynamic Range

All Stars - E $ Proper Motion

Selected

Gloebular Cluster M4:
White Dwarf
population

20 magnitudes range!
= 108 x flux range

.Ut could Be done
much faster with a
petier duty cycle

F606W — F814W F606W — F814W




VWide Dynamic Range & Varlablllty

Globular Cluster
47 Tucanae

Ground = AAT

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

Hubble Space Telescope » WFPC2

..and what 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)




Scintillatien Noise

Sceinvliateniisiaiandomvaratienin the luminatien of the telescope pupil.

2N exf ] , scintillation Imposes significant photometric noise
- scintillation noise a, 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 a.

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




Eew Cight Eevel (IE8)CCD Fechnolegy.
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DeSIQned tO a”eVlate the prObIem Of read Electron potential

as applied by each

noise at MHz readout rates of the Gates

43

On-chip gain (Electron Multiplication or -
EMIgain) increases the average signal e
aboyve the noise floor of the amplifier

Electron potential
as applied by each
of the Gates

Clocking stage 2  40-45 volts, thereby
allewing Impact ienization to occur

Total Gain=(1+ )N

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

Total number of gain stages, N = 536

Total Gain ~ 2900

Available since 2001 (E2V Technologies).




L3-CECD: Andor nXon DN/-887-B\/.

DuallReadout Modes Readout direction
- Convenuonall= 10 ps
- EMCCDI~ 30 1S
Frame Transfer

Dead time ~2ms 55 i $
EMCCD Amp A

Serial Register

Conventional Amp ~, (536 elements)
L

\/ariable readout rates Multiplication Register (536 elements)

1,3, 5, 10 MHz Quanm efcore ot sk umred or DV 87 EMGCD Camra
Variable EMCCD gain ?
0 =10]0]0);¢
\ariable Pre-amp gain
1x, 2.4x%, 4.6X%

Quantum Efficiency (%)
o o

Thinned, Back-illuminated, ARC, -87C water cooling, 512 x 512 (16 m) pixels, 8.2 x 8.7rhm




L3-CECD: Andor nXon DN/-887-B\/.

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




Usingiltow: Light Level (1L3)-CCDs

S scenaros/moees of operation (Mackay et al. 2001):

Conventional (ne EM gain): like a regular CCD, but RON = 6, - 16 e rms
Low EM gain: reduces RON to £ 1 e: rms, but ENF effectively halves QE

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




Usingiltow: Light Level (1L3)-CCDs

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

1> Conventional (ner EMIgain): like a regular CCD, but RON = 6,- 16 e” rms
2. Low EMigain: reduces RONte £ 1 erf rms, but ENE 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.




Conventonal (Erame Iansier) mode

- PeIsson-limited, as expecied

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

00.00

5
8

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)



EXcess Neise Eactoer (ENFE)

Electron Multiplication IS a stochastic precess at each stage in EM register
® output EM gain is not exactly predictable
® a given input count will be amplified te 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 Neise Eactoer (ENFE)

Coupled with the Poissen uncertainty of the input count, the extra
photemetric uncertainty due to the output EM distribution is called the
Excess Nojse Eactor (ENE)raka Multiplhication Noise

ENE (F) given by:

- where M = EM gain, 2 = input and output signal variances for EM register

s

and with a » 0.01, F tends to (2
a—+ 1

For large M, DS

Thus ENFE Is equivalent to halving the Quantum Efficiency

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




Sighallte Neise calculations: CCD versus L3-CCD
Single firame witarEM gain; shews ENE penalty at high counts

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

—+—L3-CCD —»— CCD42-40‘

1000.000

100.000

SNR per Frame

1000 100000 1000000

Counts per frame




DUty Cycle Case Study: CCD versus L3-CCD

2.5m telescope; I-hand 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

=

« 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

=

« Frame transfer alone is all you need in most situations




DUty cycle effiects: CCDh versus L3-CCD

Comparison of SNR values for the CCD42-40 andthe L 3CCD, for three different object Brightness.

—— Mag 9 L3CCD —=— Mag 12 L3CCD —&— Mag 15 L3CCD --%--Mag 9 CCD --&--Mag 12 CCD --e-- 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.




Scintiliation Neise: ccb 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)
|L3-CCD vastly superior for brighter objects
Performance for CCD and L3-CCD converges for dimmer objects.




Pynamic Range
CCDPiversus L3-CCD

Effective Well Effective
Capacity Readout Noise




Pynamic Range & EN-Gain

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

-__ . Pre- Amp gain = 1x
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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.




Pynamic Range vs: Signallte Noeise

Best dynamic range obtained with EM gain
But at high fiux, best S/N ebtained without EM gain

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




Wihenteruse ENgain;, 0n kgt Sources?

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 & LLucky Imaging

- \Very fast astrophysical phenomena where time smearing IS
unacceptable




BESIC ORSENVING strategy.

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

N

Due to higher readout rates, will acquire mo
Images (more signal) per unit observing ti

Coadding the N images will impro Light curves (time series data)

the SNR/N times have more points per run, improvi
their quality, statistical fit, etc.




@peraen model

Multi-parameter maitrix ofi all pessible
operation medes...

Need a systematic way to find the
“pest” operation mede for a given
Ohserving scenario.

8000

6000 5 MHz

Dynamic Range

4000

2000

0
10

Applied EM-Gain

Required

Cadence

Readout
MNoise

Signal to
MNoise

Range



@peraten Mode: 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




SNR
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Operation Viede Selection — Example

Peak SMR found at 0.3453 sec

«  The task: Find optimal
Exposure time & EM-gain for
D=2.5m, | = 12.9 mag, 1” seeing

GUFI pixel scale assumed

Pixel Well Depth = 200,000 e
EM Register Depth = 400,000 e

0.05 0.1

015 02 025 03
Exposure time (seconds)

SNR

26

24

22r

20

18

167

28f

14

Peak SNR occurs for an EM—gain of 2

10 15 20 25 30 35 40 45 50
EM-gain




Galway Ulira East Iimager: GUE

TThe geallin 2004:

Build an imager/photemeter 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.




GUENRstUment

Optienal 0.62x flat-field foecal
reducer

Filter wheel: 5 x 48mm filters

\Water cooler for L3-camera unit
(-87°C minimum)

Data Rates:
EITS format, 0.5 — 1 MB file size
At 30 fps, — 50 GB per hour
® 1 TB storage

Lossless compression (RICE)




GUENRstiUment

Lateral Adjustment

"'_ 11@ e
-

Focal Reducer " 1!-

Focal Reducer [NERERERS
- I .

Filter Wheel - |

Adjustment & :

Mounting Flange locking bolts




VIEChianical SPEeES

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
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690.00mm

T L
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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
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~ 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.




Fecal Reducer
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Control Interface (Laoview)



Control Interface (Laoview)



GUFI Data
Reduciion/Analysis Pipeline



cduction/Analysis Pipelin
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Some comments on L3-CCD Calloration
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L3-CCD Bias sugtraction must be very accurate, since Blas s ofter
a rnuch larger oroportion of the totzl coum'tsm

ACCUM-rmocde blas collection Is irivially

NS
—l
l"
v —
L :1
(D
O

5
O
(D
Q
@)
0
(D
)
)
"
Q)
=
o
't i
( r\
:l
(L
—
—i-
'S
=.
L_
-
(—-

/—\OOI/JFJJ )<LeIJ@rJrf

Not neeaedecd at -80°C



D Calioration: RON In averaged Blas

15y to acnieve nedligiole residual RO in measter-nlas frames
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A-to-D Gailn and Reacdnolse caliprations

2 —

A-10-D Galn reasurernents (Using an Integraiing Sopnere for flaifields)

- tacen @ 3Mrlz — independent of readout speed,

note confusing Andor terrminology! E.g *Prearng 4.6, actually DIVIDES
the gain py ~4.6 |

Feadnoise (RON) measurernents (Uusirng oias frarnes)

(@]
N



EM gain rmus
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ne: Differential Pnotometry Metnod

Ouptirnal rnetnod (Bailer-Jones & Muridt):

(2) Find optirnal eiperture for pniotornetry by test ]TJJ 2l represenre five
fraurne witn a ferge Of clpc‘f[Lch‘Q over [f'fge S

N

(@)1
(@



Pipeline: Differential Pnotometry Metnod

Ouptirnal metnod (Bailer-Jones & Mundi):

(3) Determine true pnotorr
(of non-variable field st
oredicted errors,

~
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=
alf

ric

,_
\

errors o/ n"r"r]rU actuzl ligntcurve scatter
against thelr *forrmezl” (IRAF/pnot)



Results: PEIS on Glopular Cluster M15

@ July 2006: Lolano 1.5m, l-nand, poor seeing: still 2 12% FWFIM irmprovernent

- inline with expectations frorn Dfr, ~ 20 [should be ~ 4] ;

(@]



Resulis: roAp star, 10 Aql

@ Pulsating stars witn very low (rmeag) arnplitucle, P~ 10 rriin)
Amplitude greatest in 1R (=5 mrmey); decreases pluewards

Lolzino 1.5, B-pand, July 2008

C C C

(@)1
Qo

No referenice stars of sirilar magnitucle!



Ifferential J]gmcurve — using faint referenc

Resulis: roAp star, 10 Aql

) “ ro . [ .

)

(P
(D)

ars — nas worse
tharn the original 10 Aql lightcuryve!

a

nints at lignicurve strucilre: Henodogram SNows notning =



RTFEM! Linearity issues in the small print...

Jetl

arned 'f]re /veJI lmrler saflral uon OIJELJrJrI\/\/rIFSE
[

Proplern at *1.¢" gain (Ie'r[); o pro,olem at *2.4," gain (right).

Za

50



RTFEM! Linearity issues in the small print...

@ |leedto keep a close eye on saturation levels, since 14-bit A-to-D,

@ Different levels and reasons: conventional moce ® A-to-D
saturation: EM rmocde ®

C
B EM-register saturatiorn



Resulis: Transiting exoplanet, HD189733

Lolaino L.5m, Voand | pand, July 2006

Fefer |

steirs ~OF: gut saturation issue, .,
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Bloorned  conventional over-exposure, alorg colurmns
Separate effect due to EM-Gain is seen along the rows
EM-szaituration also snows a full colurnn with counts of 50

ADU zapove vack grournd



O

2esulis: Transiting exoplanet, HD189733

ni-curve siructure mainly due to szituration level cnanging zs

..
5%
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Results: Ultrac
Lolano 1.5m, -nand, July
2008

FOV =~ 4 4 arc minuies
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Results: Ultrac
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Q@ Differental |

00l Dwart,

Light-curve of Field star
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Cacdlence carn o

(L

re-pinnecd at will...

P

rligner cadence gives
nigrier P significance

with Lornb-Scargle

70
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Results: Ultr

Cornoinecd witn USNO run 2

_,.
(-

~ -

,—l

cool Dwarf, LSR J1835

rontns laiter (conventional CCD) — allows us to

test long-terrn period stavility of tne rmodulation
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R J1835 - wny Is pre-wniiening needed?

If tne PSF varies witn position in the figld (SV-PSF)

[fine speciral types of the reference stars are very different to LSRR
In 2 prozac) way elemgih range lire l-pand, you could

extinction effects (zaffec rU cifferent sg
wrich change as a function of airmass

,.
2
~

2

If(2) WEIS trie AND If ainy naze/cloud ores
apsorper”

(D

it was not 2 "gray
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Convolving motdel spectra
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Conclusions re. L3-CCDs

L3-CCDs give nigner SN due to petier duty cycle (in all rnodes)
Very nign SNRE ohotornetry of orignt opjecis (incl. varizaole ogjects)

L3-CCDs can deliver the widest dynarmic reinge
L3-CCDs malke full use of telescope aperiures — small and large
Flign cuty cycle meauvdrnizes curnulailve exposure firme over  rurl,

tnus reducing scintillation noise to theoretical rminirnurn.

Practical opserving recornmendations for nign fluxes:

Frarne transfer alone is all you need in most situations.

Use EM gain only:

N

For medrmurn dynarnic range (ratner than rmzudrnurm S/1)
For very prightest sources, which would saiurate at ez Frarme Transfer

Wher the cadence is more Irmnportarnt than the S/



Conclusions re. GUF]

The goal in 2004
Build animager/photometer to yield the o ene
215-YOLI-WelNi-It samolJrU for variability stucll

100% lel[/ cyC Je, ar
)- 1 S/ stuc
orignt sources,

, and nign

) [_

The outcorne In 2007-8:
It nas taken fime, out —

(1) We now xnow now to configure the cornplex mairi of L3-CCD setiings for
2y givern ouserving scerario;

2) Itis now a ‘plug and play’ systern at ine analysis end t0o;
[ ife nest setiings, out —

)

(3) Some of the July 2006 data was not taxen a

) ge , nowy tneit we nave criaracierised tne S/, linearity

4) Tnhat will not nagper
el 2z wrmuumon.

ard dynarmic renge
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