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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/IMAMA data; PSE-matching + image-subtraction technigue

Average of ~30 matched &
subtracted images of M15
- variable stars numbered




PEIS & Varianility
In Crowcled Flelds

Lignt-curves of 12 of our riew varianle

stars in MILS

O Tuairisy et al., 2003, MNPAS



Ovserving in the high-flux redirrne

- prignt opjects (wnether varianle or not)

Opserving in the wide dynamic range regirmne

- faint targets ernbedded in a field of brignt objects

Beating down the effects of atrnospheric scintillation

- tire-series opservalions
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Very Brignt Sourc

Priotornetry/astrormetry of very brignt stars (2sp. on larger telescop
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- Best astrometric standards aire brignt: Hipparcos ~ mag 6, Tycho ~ rrag 10
- Ditto for best photometric standards

- Exoplanet transits/candidates — orignt selection pias (RV surveys, widefield surveys)
- fragy ~8-9 1ot Uncormnmor

- High S/N, high cad

g

nce lighicurves — for fine ternporal struciures

Saturation sets lirmit — irmnposes short exposures
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Duty Cycle

Exptlme “100% = .Exptlme 1006
Cycletime Exptime+ deadtime

Duty Cycle=

Avoiding CCD saturation ® poor duty cycle for high cacdence & hign S/ irmaging

Increase well deptr...delay onset of sa'tura't]om
Feduce readout tirne. .t
Winclow dowr for fewer pixels...not rlerl/s feasible

Defocus...introduces new proolems

out penalty Inincreased reacout noise (=2 2 ® ~10-100 27)



Duty Cycle

Exptime “100%6 = Exptime *100%

Cycletime Exptime+ deadtime

Duty Cycle=

Avoiding CCD saturation ® poor duty cycle for high cadence & nigh S/ irmaging

Increase well deptr...delay onset of saturation

Reduce readout time...but penalty in increased

—

eacdout noise (-2 ® ~10-100)
Wincdow dowr and/or oin pixels...not rllvv \ys feasivle
Defocus...introcduces new proolems

R
(—
o
(P
(@)
k‘\
O
O
(D
(@)
:_
b
<
(P
N
(@)
}l‘
,D

12 ceiling of flux/runtime for given CCD

N



Dynarnic Range

d at any one time

Feadout noise

Conventional CCD DR =_ WVell Depth

Readounoise
Bigger ielesco;

oe aperidre, for givern exposure trme:;

- pushes mag lirmnit deeper

- loses mags at tne prignt end
® “rnoving window” of dynarnic range
Siac

king frarmes widens the range
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Wide Dynamic Range

Glooular Cluster M4k
White Dwarf
oopulatiion

20 rmagniiucles range!
= 10° ) flux renge
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Wide Dynamic Range & Varianility

..and wnat If the frames are a timeseries? Then, Duty Cycle limits SNR & DR,
e.g. 47 Tuc was searched for exoplanet transits of upper M3 stars (HST; Gillilaind et 2l 2000)
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Scintlllation Noise

,-

Scintillation Is a randorn variation in the illumination of the telescope pupil.

When exptime T is small, s
- scintillation noise 2, sgal

t_l

niillation irnposes significant pnotorneiric noise
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Percentage/fraciional effect...not dependent on source origniness
Becornes ihe dominant error source when flux is high...seis ultirmate lirmit or)
onotorneiric precision
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Int Level (L3)CCD Tecnnology

@ Orn-cnip gain (Electron Multiplication or
EM gain) increa 5es "L'r 2 aver ?IJ Jumcl_l
agove ine nois ]
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@ Clocking stage 2 40-45 volis, inerepy
allowing irnpzct jonizatiorn to occur

Gairn per stage (propaility of producing one
exira electron), 0.01
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Total nurnber of gain stages, N = 53

Total Gairnl ~ 2900

Availaple since 2001 (E2ZV Tecnnologies).
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| 3-CCD: Andor 1Xon DV-887-BY

Dual Readout Mocles
- Conventional ~ 10 fps
- EMCCD ~ 30 fps
Frarne Transfer
Dead time ~2ms © e

Varlaole reacdout ra

1,3, 5, 10 MHz

(=
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Veariaole EMICCD gair
0 — 1000x
Veariaole Pre-armp gar

7| f) \ (AN
_|/<, Z.4/<, 4—.9/<

Trinned, Back-lllurminated, ARC, -87C water cooling, 512 <512 (16 ) pixels, 8.2 « 5. 2(hm
\ ]



| 3-CCD: Anclor 1Xon DV-887-BVY



3 scenarios/modes of operation (IVackay et al. 2001);
1. Conventional (no 2V gain): like a regular CCD, but RON =6 - 16 2" rms
2. Low EWV gain: reduces RONto £ 1 e rms, out ENF effectively nalves QOF

3. High EM gain: RON << ’_ " rms, enables Photon Cournting, ~full QF, out very low
fluxes mandatory (very nign frame rates) to avoid coircidence loss
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fludoizel mandatory (very

Jsing Low Lignt Level (L3)-CCD

cenarios/mocdes of operation (Mackay et al, 2001):
Conventional (no EM gain): like a regular CCD, but RON =6 - 16 & rms
Low EM gain: reduces RON to £ 1 & rms, but ENF effectively halves QE

Fligh BV gairn: RON << 1 & rms, enzples Photon Counting, ~full QF, out
nign frarne rates) to avoid coincidence losses,

very low

N
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Conventional (Frame Transfer) rocle

- Poisson-limited, as expected
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Electron Muliiplication is a stochasii

utout £V gzl s not exactly o

® ol
® a given input count will be arnolifie

For 100s of input electrons,
Geaussian description is

cl

more rlooroochl,e

| to z distribution of output counts:
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—=xXcess Nolse Facior (:Nr)
Cougled witn the Poisson unceriainty of tne input count, the extra
J'ﬂJ Jmem( unceriainty due to the output EM disirioution is callec ine
Excess Noise Factor (ENF) aa Multiplication Noise

ENF (F) given oy:

- whnere V= EM gain, 2 =Input and output signzl variances for EV register

For large M, ancd with 2 . 0,01, F tends to C2
Thus ENF Is equivalent to nalving tne Quaniurn Eficiency

At nign input counts (>100's of pnoto-electrons), CCDs regaln the SINF
aclvantzige per frame

N
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Signal to Noise calculations: CCD v

Single frarne with EM gain; snows ENF pen

CCD RON = 8e-
L3CCD RON = 1e-
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Resulting SNR

e

erects:

Duty cycle

Comparison of SNR values for the CCD42-40 and the 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

100000
10000
1000
- Mag 9 L3CCD, exptime = 0.046 sec
- Mag 12 L3CCD, exptime = 0.73 sec
Mag 15 L3CCD, exptime = 11.5 sec
100 i 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
10
0 10 20 30 40 50 60 70 80 90

Elapsed Observing Time (sec)

—
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Curnulative Signal to Noise calculations (2.5, V pard)

L3-CCD vastly superior for brighter objects

Performence for CCD and L3-CCD converyes for dirmrmer objecis,

100

N
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Perforrnarce

Scintlllation No:

itive Scintillation Noise ¢
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3-CCD vastly superior for brigh
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D /chLmJ(‘ range

CD versus L3

.
3-CC

C’

Conventional CCD

DR =

Well Depth[of Pixel]
Readounoise

_ EffectiveWell Capacity

EffectiveReadouiNoise

_ Well depthof GainRegister

EM Gair

_ ReadouiNoise
EM Gair

Effective

Feadout Noljse

DR =

Well Depthof GainRegister
ReadouNoise
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Dynarnic Range & EM-Gain

Dynamic Range Versus Applied Gain (DV887)

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

16,000 I I

Note:
& A A—AA Pre-Amp gain = 1x

14,000 pa \\
12,000 /* * X% x X\\
10,000 % \
8,000 \'
6,000 /:\//
4,000 //é
//

Dynamic Range

2,000 4
l\‘\‘\»\ﬁ\4
0 -
1.00 10.00 100.00 1000.

Applied Gain

DF will rise as EM decreases effective readout nojse

DR constant 25 reduction In eff, readout noise valanced py decrease in eff, well degirn.
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When minirmurn reacout noise reached (1L 2-), DR falls due to furi

ol 3L
well deptr,
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Dynarnic Range vs. Signal to Noise

Dynamic Range Versus Applied Gain (DV887)

—+— Readout Rate 10MHz —— Readout Rate 5SMHz —— Readout Rate 3MHz —— Readout Rate 1MHz ‘

16,000 ‘ -
14,000 - / * * e
12,000 A — X X \
10,000 / / \r\\
8,000 - S

6,000 - \

4,000 / # # v ) B o —\\"

Note:
Pre-Amp gain = 1x

* It
%
e
Jornd

Dynamic Range

2,000
/ -

1.00 10.00 100.00 1000.
Applied Gain

Best dynamic range obtained with EM gain
But at high 'rlux, pest S/N optained without EM gain

- RON reduction (few &) doesn't compensate for ENF/effective O 2x
2

recluction (Poisson noise dominates over RON)
Dynamic range is not coupled to S/N ! You have to choose...

[N
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Wnen to use EM gain, on oright sources?

For meaudrurn dynaric range (rather than rmeudrnurn S/N)
For very brightest sources, wnich would saturate even at the raudmur
SMEz (~10 fos) Fraune Transfer rate
- Can use EM mode (witn low EM gain) — at LOMHz (=33 fps)
Wher ire garlem ce Is rmore Irmportant tharn ine S/
- PEIS & Lucky Imaging
- Very fast astropnysical phenormenz wrere tirme srneearing is
unzccepianle

()

I7)

20



Basic Opserving strategy

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

Nl /7

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.
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Operation rocdel

Multi-pararneter ratri of all possiole
operation modes...

Need z systerr atic way to find the
on rnode for z givern
0pserving scen:rio.

Q
o
0
Y
\‘\ \
C




Operation Mocde Selection — Detalls



Operation Mode Seleciion — Example

@ Thetasik:  Findoptimzal
cxposure tirme & EM-gain for

ICI’ |
A\
M
=
[l
l_

12.9 mag, 1" seeing

GUFI pixel scale assurned

Plxel Well Deptn = 200,000 &

EM Register Depth = 400,000 &

=
D




Galway Ultra Fast Irmager: GUF

The goal in 2004

suild an imager/onotormeter to yield ine penefits of
- 100% duty cycle, and

- fas-fast-as-you-wari-it” sarmpling,

,
~

for variapility studies, PEIS, and hign S/ studies of brignt sourc
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GUR] Insirurnent

Optionel 0.62, flat-field focal
reducer

Fllter wneel: 5 48 fllters

Water cooler for L3-carnera unit
(-87°C rminirnurn)
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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

0d
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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
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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)
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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,

~
ol
=
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\

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
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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
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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
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2esulis: Transiting exoplanet, HD189733

ni-curve siructure mainly due to szituration level cnanging zs

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

FOV =~ 4 4 arc minuies

cool Dwarf
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Results: Ultrac

(

Q@ Differental |

00l Dwart,

Light-curve of Field star

U)

" J

AN

l

2

G

@)



(D

sults: Ultr

_,.
(—

~ -

cool Dwarf,
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cool Dwarf,
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Cacdlence carn o

(L

re-pinnecd at will...

P

rligner cadence gives
nigrier P significance

with Lornb-Scargle
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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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00ssipility ¢

Calcula
range of airmeasses in
d(E) = E(730) —

Convolving motdel spectra
arn extinction function: our

arl g
autornated ligntcun

also

rarnc detector and
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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

77



