Introduction to CCD
Astronomy




Astronomy By tye

 Unaided limiting magnitude ~6
* [elescopes broughnt step-change

e But no direct record of
observations, still limited on faint
objects, optical illusions

Drawing of Jupiter by James Keeler, 1890 (Credit: Lick
Observatory Historical Collections)



Astronomy By ktye
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 Unaided limiting magnitude ~6

* [elescopes brought step-change




Photographic Plates

Stable, wide-field observations

Excellent for large area surveys,
e.g. Palomar, Schmidt

Beyond visual wavelengths

By exposing for long time - faint
objects

Top: Negative (left) and Positive (right) prints of a 135 min exposure of the
Pleiades, Dec 1898
Bottom: Photographic plate showing 4 hr exposure of an edge-on galaxy, Nov
1899
(Credit: Lick Observatory Historical Collections)



Photomultiplier Tubes
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Linear response - Accurate
calibration of photometry

But only single element




The First CCD Observation

1969.

1N

 Created by Bell Labs

» First used for Astronomy in 1976 by



CCD Operation

Doped semiconductor, photons liberate
electrons

Grid of electrodes -> potential wells
(pixels)

Voltages cycled to move charge to read-
out amplitiers

Conversion from analogue voltage to
digital counts - ADC

Gain is set by electronics, e/ADU

ool L L L

S|02—>

~ >
Sy ) 7

potential
well

b O, P,

1

high low low
high high low
low high low
low high high

low low high

Cross section of 3-phase CCD & charge transfer
diagram (Dawiec 2011)



File Format (FITS

FITa Header for Skyflat

Comment
NOEMaI, FITS IMAGE

Data stored in ‘FITS’ files o
NAKILS - NUMBEE OF IMAGE DIMENSIONS

MaiIs1 1056 NUMEEE 0OF COLUMNS
MNAKISE 1024 NUMEBEERE OF ROWS
CEVAL1U 2043 COLUMN ORIGIN
CRVALZT 20413 ROW ORIGIN

® FlTS f‘ ' h T h d COELTIO -2 COLUMN CHANGE PER PIXEL
Hes Siatl With. ascil.Neacars .. o Lo ROV CHANGE PER PIEL
contain useful information [ [ —

AMPSROW AMPLIFIERS PER ROW
AP SCOL AMPLIFIERS PER COLUMN
OESTYPE HEJEIT' IMAGE TYPE

EXPTIME : Exp time i(not counting shut
. ESCALE DATA SCALE FACTOR
» Data are stored in arrays after e o
COMMENT Real V.ﬂln: = FITS*BSCALE+BZERO
PROGEANM 'HEUIﬂH' New Lick Camera
h e ad e rS VERSION nic irect ata acquisition wversion
TSEC . 5l ~ TICK - SECONDS

TUSEL A5 ILI_II_:}. TICE - MICROSECONDS
| DATE '2020-06-20T03 :40:47. 65 UT of GCD readout &
| DATASEC '[1:1024,1:1024]" '
| COMMENT
IMMENT 5
CSTERZ 0166666992003 systematic er: Hlnﬂu derEtlnn ot WCS
CSYER1 01 i systematic error along direction of WCS
CEODERZ 5. ;_,LLH’L SE-[! ndom erro ong direction of WCS axa

CEDEER1 5. 1399998433 25E-08 random error ong direction of UL A5

cpDz 2 _.UUUIHUTEJJHHETHE CTM element 1 7 from FITS axis to WCS

coZ 1 Z.J- H““FIE” —Hh CTM element 1_37 from FITS axis ] to WG
col 2 3.9 CTHM element 1 7 from FITS axis 7 to WO
lDl l _____ . CTM element 1 7 from FITb axis 7 to WC
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Sensitivity (QE)

* Quantum Efficiency - ability of
detector to detect photons

* QE is a function of wavelength

* Detectors can be targeted at
different wavelength regimes

Quantum efficiency for Nickel CCD2 (Credit: UCO/Lick)



Sensitivity (QE)

* Quantum Efficiency - ability of
detector to detect photons
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* QE is a function of wavelength

rption |

Abso

* Detectors can be targeted at
different wavelength regimes

Photon absorption length in silicon (Reicke 1994)



Plate Scale/Binning

e Plate scale - relation between e .
detector pixels and physical size




Plate Scale/Binning

 Plate scale - relation between —
detector pixels and physical size L _

on sky

* Holdover from photographic plates




Plate Scale/Binning

Can ‘bin’ groups of pixels together

Decreases resolution, but Improves TR -
readout time and readout noise _..--.-.-.-
. L

Imaging can bin with fewer paanmEENEEEEEEN
downsides (sometimes) -==========
HEEE ©EEEE

For spectroscopy, generally no
olialgligle



Plate Scale/Binning

e Can ‘bin’ groups of pixels together e

* Decreases resolution, but improves T-
readout time and readout noise




Plate Scale/Binning

e Can ‘bin’ groups of pixels together Gl I o e e

* Decreases resolution, but improves T-
readout time and readout noise




Wilglele)Wilgle

» Can window down the detector . s

 Read out a subset of pixels



Winaowing

INndow down the detector

e Canw
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|_Inearity

 |f detector was perfect, double
number of photons -> double
counts
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* At high counts, detectors may
become non-linear

Exp Time (s)



|_Inearity

 |f detector was perfect, double
number of photons -> double
counts
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* At high counts, detectors may
become non-linear

10 15 20 25 30 35 40 45
Counts(ADU)




Saturation

e \When electrons reach limit
of ADC, no more can be ~ 4
counted _ B,

ht objects can cause




Read Noise

e Conversion from analog to digital signal introduces noise




Thermal Noise/Dark Current

 [hermal energy can liberate electrons

* These are indistinguishable from electrons liberated by photons






e /ero second exposure
* But signal isn't zero?

 We apply a constant
voltage to the detector
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Bl1as

e /ero second exposure
* But signal isn't zero?

 We apply a constant
voltage to the detector




—lat-rielo
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e Uniform illumination source

 Dome flats (easy) vs
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—lat-rielo

e Uniform illumination source

 Dome flats (easy) vs
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—lat-rielo

e Uniform illumination source

* Dome flats (easy) vs




—ringing

e [nterference due to photons
reflecting within CCD

* Occurs longwards of ~700nm



Cosmic Rays

e Blue -

Relatively few

events




Spectroscopy

e Same ideas apply to
SPEeCtroscopy

e Bias/Flat fields

e Also arc lamps -
wavelength calibration




Arcs




Conclusions

» CCDs are great!




Conclusions

e Calibration Files:

e Blas (Bias Voltage




Extras: Photometry

 We have photons - now what?

e Brightness or flux of star - easy to - -




Photometry: Filter Systems

. OBessell (Bessell & Murphy 2012 responses)

400 500

600 700 1000 1200 1400 1600 1800 2000 2200 2400
A [nm] A [nm]




Photometry: Aperture Photometry

 Aperture photometry iIs most common

* Sum up pixels in an aperture
centered on the star

St haL SROUL SKY DIINESS L




Photometry: Centroiding/Sky

But what if we have a lot of stars”
Automate identitying stars

Measure sky background, look for
things a few sigma above
background level

Fit stellar profile with a gaussian
to determine center




Photometry: Centroiding/Sky

But what if we have a lot of stars”
Automate identitying stars

Measure sky background, look for
things a few sigma above
background level

Fit stellar profile with a gaussian
to determine center



Photometry: Calibration

We now have instrumental
mag

How do we relate back to
other systems?

Typically - standard stars

These days, wide-field
surveys can provide an
alternate methoa




Photometry: Calibration

Brightness of a star over many hours, UT Jul 27 2001

o Star brightness will vary
as a function of airmass

 |f using standard stars,
will typically need to
observe them over a
range of alrmass
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e Determine correction as a
function of aiIrmass




Photometry: CMDs

V, B-V CMD of Praesepe (Johnson 1952)



Photometry: CMDs
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r, - CMD of Pleiades (Rees 2016)



Photometry: CMDs

* Pleiades Members
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