[ecture 4

September 27, 2018
CCD’s and Observing



News

* [ still want everyone to complete Lab 2, since that
1s where you learn how to operate the telescope.

— Visual observing will continue this week for most
groups — weather forecast more promising.

— Lab periods: 7:00 - 9:00 and 9:00 - 11:00 PM
— Lab 2 1s now due October 11.

* Lab 3 handed out today. Due: October 11.

— “Cloudy lab” data 1s part of this lab. Start working on
these data, 1f you have them.

— Most groups will get existing CCD data to analyze
rather than taking their own.



News

* Observing & analysis plans for the coming week:

— Friday: clear - visual observing (lab 2);
cloudy - analyze lab 3 data

— Sunday: clear - finish visual observing (lab 2) & do
some lab 3 observing if there 1s time;
cloudy - analyze lab 3 data

— Monday: clear - visual observing (lab 2);
cloudy - analyze lab 3 data

— Tuesday: clear - lab 3 observing;
cloudy - write up lab 2 and analyze lab 3 data

— Wednesday: clear - visual observing (lab 2);
cloudy - analyze lab 3 data
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A 300 s exposure of M31. How do we convert this array of numbers into quantitative

measurements of the brightnesses of stars and the galaxy?
phast: m31v.00000039.FIT (2004x1336)
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CCD (+camera + telescope) Calibration

* Additive corrections: ensure that zero CCD
signal corresponds to zero detected light.
— Measure and remove electronic bias signal.
— Measure and remove “dark current” signal from
thermally-generated electrons.
* Multiplicative corrections: What 1s the

proportionality constant between corrected
CCD signal and photons/cm?/sec (also per
wavelength interval) coming from a star or
piece of a galaxy.

* Sources of noise.



CCD (+camera + telescope) Calibration

* Bias frame: a zero-length exposure with the
shutter closed.

— Contains only electronic bias (and noise from the
electronics).

— Subtract from science 1mage.

* Dark frame: a non-zero-length exposure with the

shutter closed.
— Contains only thermal emission (“‘dark current”) and
the bias. Typically same length exposure as science
1mage.

— Subtract from science 1mage (our CCDSOFT system
has an auto-dark subtraction mode).



A 300 s dark exposure.
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Imagelnfo

Pipeline




CCD (+camera + telescope) Calibration

* Additive corrections: ensure that zero CCD signal
corresponds to zero detected light.

* Multiplicative corrections:

— Proportionality constant (gain) relating corrected CCD
signal to # of electrons (# of detected photons).

— Proportionality constant relating # of detected photons
to the # of arriving photons.

* Correcting variations in the constant across the image (pixel-
to-pixel sensitivity variations; vignetting) - a “flat-field
correction”.

* Correcting the average sensitivity of the CCD + telescope

(CCD quantum efficiency; absorption in filters, windows, and
atmosphere; reflectivity of mirrors) - absolute calibration.



Flat field image

focus shadows of dust
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The “doughnuts”

The corners are darker

dow

because of incomplete 1llumination (vignetting).



Contours of a flat-field image divided by maximum.

0.98

So only in the right-hand corners 1s the 1llumination less
than 90% of maximum.
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CCD calibration

If there is significant dark current present:
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A flatfield image produced by the median of
dome exposures (auto-dark subtracted).

800 | phast: Flatv.FIT (2004x1336)
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Raw 1mage (autodark subtracted); can see the
flatfield pattern 1n the sky level.
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Flattened 1mage = (science — dark)/flat
Good, though not perfect correction.

| eno \| phast: 00000022.FIT (2004x1336): GSC_3089_929

File ColorMap Scaling Labels Blink Rotate/Zoom Imagelnfo Pipeline

Cycle images: 1 of 58 I Align

<--- ---> 00000022 — I

Hin= '-';1242.23 Hax= I £5857.7

{ 414, 0) 1328.4
-=-No WCS Info—--

Mouse Mode Invert I ZoomIn I
Color — | Restr-etch ZoonQut I
AutoScale I Zooml I

FullRange I Center I

Blink Contr'ol
il e 1] ] =] 1)

Animate speed: 2,50 image/sec

__Ee |

Select animation type
« Forward <, Backward <, Bounce

Overlay stars I

 P——




CCD Calibration

* Gain: the number of electrons per A-to-D
digital unit (ADU or data number).

— Really an inverse gain (1s small 1f the amplifier
gain 1s large).
* Read noise: the noise added by the
amplification and measurement (usually given
in electrons).



Zoomed bias frame from our camera.

Note “hot” pixels with high dark current. “Speckling”
around the constant bias level is due to read noise.




Zoomed flat-field (uniform illumination) image
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The “speckling’ 1s a combination of pixel-to-pixel sensitivity
variations and the Poisson noise of the photon arrivals.
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CCD Calibration

* Read noise: the noise in electrons added by
the amplification.

— Daifference two bias images:
*A=s,—s5,
* > 0,° = ((dA/ds))o)* + ((dA/dsy)o,)* = 0° + 0y°
from propagation of errors

* Since the noise 1n each pixel of a bias frame 1s the same
read noise, 6., = 6, = and rn = c,/72.

* So just need to find the variance of A around mean for
patches of the difference between two bias frames.

— Produces the read noise in digital units (du or adu).



CCD Calibration

* Read noise: the noise in electrons added by
the amplification.

* Gain: the number of electrons per A-to-D
digital unit (or data number).

— Determined by the noise 1in an image with high
signal: is dominated by Poisson noise (shot noise),
ONe = Sqrt(Ne)°

— Again difference two flat field images to remove

variations due to i1llumination and sensitivity
variations.



CCD Calibration

* Gain: the number of electrons per A-to-D
digital unit (or data number).

—A=s,—s;and s = (s, +5,)/2

- =20, =0, +t0,°> =207 (since s, =s,)

— Now N, = gxs =2 oy, = g X ¢, from prop. of errors
and oy, = sqrt(N,) = sqrt(gxs).

— So sqrt(gxs) = g x o, =P gxs = g?xc? = g?XG,%/2

— Solving for g: g=2s/6,2=(s; +8,)/G,?



CCD’s: Creation of Charge

* A brief review of electronic states in solids

Energy of
electrons

Conduction Band

Fermi level in gap.

The large energy gap
between the valence
and conduction bands
in an insulator says
that at ordinary
temperatures, no
electrons can reach
the conduction band.

In semiconductors, the band

gap is small enough that thermal
energy can bridge the gap for a
small fraction of the electrons. In
conduclors, there is no band gap
since the valence band overlaps
the conduction band.

/

a. Insulator

Conduction Band

Fermi

/ level
Conduction Band

Overlap

b. Semiconductor c. Conductor




CCD’s: Creation of Charge

®* Photoelectric effect

— Silicon bandgap 1s E, = 1.11 eV. Corresponds to
* A=hc/E,=1.12 um
* T=E/k=1.29 x 10K
— The rate of thermal creation
of hole/electron pairs 1s
o exp(—-E, /kT) D
EB —

* The exponential 1s small at Hole Electron
room temperature, but there
are many electrons 1n a solid. So cooling 1s usually
needed to suppress the thermal creation (““dark current™).

s
=
(=)
—
(o)
=

@’R

— Without an electric field to separate the electron-
hole pairs, they recombine in ~100 microseconds.



CCD’s: Creation of Charge

* Photoelectric effect in silicon

— Probability that a photon 1s
absorbed when traversing an
interval dx of S11s dx/a(}L),
where a(A) 1s the absorption
length.

—  dFlux = —Flux dx/a(\)
= dF/F =—dx/a(})
= F(x) =F, exp(—x/a(}L))

— Prob a photon absorbed 1n x
1s (I-R)(1—exp(—x/a(A))
where R 1s the reflection coetf
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CCD’s: Charge Storage (pixel)

The basic CCD element . I ;1

(pixel) 1s the metal-oxide- —=————
semiconductor (MOS)

capacitor.

— Applying positive voltage
to the metal electrode
(gate) repels holes,
producing a depletion

region with an E field in it. - T

— PhOtO e 1 e Ctrons C O 1 1 e Ct in Fig. 6.7. A single metal-oxide-semiconductor (MOS) storage well, the basic element in a CCD.
the depletion region.




Charge collection 1n a CCD

Photons entering the CCD create electron-hole pairs. The electrons
are then attracted towards the most positive potential in the device
where they create ‘charge packets’ . Each packet corresponds to
one pixel.
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Charge Collection: Full Well

* As charge packets become larger, the electrons
repel each other and the charge leaks 1nto
adjacent pixels.

— Usually along a column; channel stops prevent
diffusion between columns.

— Bigger pixels (area and depth) have larger full wells.
— Values: 30,000 — 500,000 electrons. Our camera has
a full well of ~60,000 electrons.

* Signal also limited by the 16 bits of the signal
digitizer; 2'° - 1 = 65535.



Charge Transfer in a CCD 1.

In the following few slides, the implementation of the ‘conveyor
belts’ as actual electronic structures is explained.

The charge 1s moved along these conveyor belts by modulating the
voltages on the electrodes positioned on the surface of the CCD.
In the following illustrations, electrodes color coded red are held
at a positive potential, those colored black are held at a negative
potential.

¢1 ®

§§II |
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Charge Transfer in a CCD 2.
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Charge Transfer in a CCD 3.
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Charge Transfer in a CCD 4.
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Charge Transfer in a CCD 5.
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Charge Transfer in a CCD 6.
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Charge Transfer in a CCD 7.
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Charge Transfer in a CCD 8.
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Charge transfer efficiency
needs to be very high
(~0.99999) because the
charge 1s transferred
1000’s of times.



On-Chip Amplifier 1.

The on-chip amplifier measures each charge packet as it pops out the end of the serial register.

RD and OD are held at +5V
constant voltages SW

swW@R RD OD Y

@) O O 1OV B
PR
oV —

Reset ] ]
Transistor
I Vout
Summing  Output
Well Node Output
--end of serial register Transistor

(The graphs above show the signal waveforms)

OS

—k Vout  The measurement process begins with a

reset of the ‘output node’. This removes

the charge remaining from the previous

—L pixel. The output node is in fact a tiny
capacitor (< 0.1pF).




On-Chip Amplifier 2.

The charge is then transferred onto the Summing Well. V_, is now at the ‘Reference level’

+5V

SW o

-5V

SW ¢R RD OD
@) O O ST \A— B

PR
oV — T
Reset ] —
Transistor
Vout

Summing  Output

Well Node Output

--end of serial register Transistor
| = ™
() . .
0S There is now a wait of up to a few tens

‘aly Vout of microseconds while external circuitry
measures this ‘reference’ level.

L



On-Chip Amplifier 3.

The charge is then transferred onto the output node. V_ , now steps down to the ‘Signal level’

out

+5V

SW o

-5V

SW ¢R RD OD
@) O O F1OVe B

PR
oV — T
Reset ] —
Transistor
Vout
Summing  Output
Well Node Output
--end of serial register Transistor
| = =
— '
0S This action is known as the ‘charge

Saln Vout dump’. The voltage step in V, is as

much as several uV for each electron
contained in the charge packet.

L



On-Chip Amplifier 4.

V.. 18 now sampled by external circuitry for up to a few tens of microseconds.

+5V

SW o

-5V

SW ¢R RD OD
@) O O F1OVe B

PR
oV — T
Reset ] —
Transistor Vout L

Summing  Output I:

Well Node Output

—end of serial register Transistor
\ 4
03 The value of (sample level - reference

Saln Vout level) will be proportional to the size of
the input charge packet.

~L Low-noise readout 1s SLOW. A full-
frame readout of our CCD takes about
26 seconds.



CCD Camera Control
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Focusing the CCD

* We focus the telescope on the CCD by moving
the secondary mirror.

— Controls are on the observing panel.

— Mirror position is shown on the display above the
panel (turn on with the green power button).

* Don’t push the yellow “zero” button.



-

T

The position of the secondary is shown byﬁ
this readout. Turn it on with the green
button. Do NOT push the yellow button.

Rotation

Shutter

Focusing the CCD camera is done by moving the
position of the secondary mirror with these controls.

RR—



Focusing the CCD

* We focus the telescope on the CCD by moving
the secondary mirror.

— Controls are on the observing panel.

— Mirror position is shown on the display above the
panel (turn on with the green power button).

* Don’t push the yellow “zero” button.

— Be careful not to use saturated images to determine
the focus.

— Best focus will be around 0.000 mm, value
increases by about 0.100 mm for every 5 C
decrease 1n temperature.
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phast: Tocus.00000006..
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phast: focus.00000007.5A0_38271.FIT (291x41.
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Sequence of 7 images spaced by 0.05 mm in mirror position.



phast: focus.00000008.5A0_38271.FIT (291X SAO_38271

File ColorMap Scaling Labels Blink Rotate/Zoom Imagelnfo Pipeline

Cycle images: 4 of 7 1 Align

{— SA0_38271
Min= | 92,6695 Max= | 16050,0

{ 146, 20B) 129,00
-—-No WCS Info---

House Mode Invert ZoonIn
ImExam — | Restretch ZoomOut
AutoScale Zooml
FullRange Center

Blink Control
<1l =l 1l pl =] 1=

Animate speed: 2,50 image/sec

T

Select animation type

« Forward <, Backward <~ Bounce

Overlay stars

Sequence of 7 images spaced by 0.05 mm in mirror position.



phast: focus.00000009.SA0_38271.FIT (291x412): SAO_38271

File ColorMap Scaling Labels Blink Rotate/Zoom Imagelnfo Pipeline

Cycle images: 5 of 7 1 Align

{——- SA0_38271 —
Min= | 92,6695 Max= | 16050,0

{ 146, 208) 128,00
-—-No WCS Info---

Mouse Hode Invert ZoonIn
ImExam — | Restretch ZoomOut
AutoScale Zoonl
FullRange Center

Blink Control
il | uf pf = =]

Animate speed; 2,50 image/sec

R

Select animation type

+ Forward <, Backward <, Bounce

Overlay stars

Sequence of 7 images spaced by 0.05 mm in mirror position.



cus.00000010.5A0_38271.F

File ColorMap Scaling Labels Blink Rotate/Zoom Imagelnfo Pipeline

Cycle images: 6 of 7 1 Align

= SA0_38271 —
Min= | 82,6695 Max= | 16050,0

{ 146, 208) 141,00
-—-No WCS Info---

Mouse Mode Invert ZoomIn
ImExam — | Restretch ZoonOut
AutoScale Zooml
FullRange Center

Blink Control
il &= 1 pf = 1=

Animate speed: 2,50 image/sec

T

Select animation type

+ Forward <, Backward <, Bounce

Overlay stars

Sequence of 7 images spaced by 0.05 mm in mirror position.



phast: focus.00000011.SA0_38271.FIT (291x:

File ColorMap Scaling Labels Blink RotateZoom Imagelnfo Pipeline

Cycle images: 7 of 7 1 Align

= SA0D_38271 —
Min= | 82,6695 Max= | 16050,0

{ 146, 208) 117,00
-—-No WCS Info---

House Mode Inwvert ZoomIn
ImExam — | Restretch ZoomOut
AutoScale Zoonl
FullRange Center

Blink Control
il | uf ] =] =]

Animate speed; 2,50 image/sec

11 |

Select animation type

« Forward <, Backward -+~ Bounce

Overlay stars

Sequence of 7 1images spaced by 0.05 mm in mirror position.



Focusing the CCD

* Use RUPhASst and its aperture photometry tool
(p key or left-mouse-button) to measure the
full-width at half-maximum (FWHM) of stellar
1mages.

— RUPhASt fits a gaussian to the profile of the star to
determine the FWHM.

— Smallest FWHM 1s the best focus.

* But should also visually assess the quality of the fit to
the profile.

* Subsequent slides show a good and a bad focus that had
similar derived FWHM’s.



= phast: focus.00000008.SA0_38271.FIT (2911/] phast aperture photometry DD _11

File ColorMap Scaling Labels Blink Rotate/Zoom Imagelnfo Pipeline Object position: ( 122,8, 104.8)
-== No WCS Info -—
Centering box size (pix): | B
fperture radius (pix): | 5,00000
Inner sky radius (pix): |10,0000 0
| —— -
- Outer sky radius (pix): |20,0000 100 110 120 130 140
Cycle images: 4 of 7 I Align
= | l—=> SAD 38271 s fipertures:  FWHM | 0,00 Px Train 4 Snap To < Centroid < Manual
Hin= |52.6635 Hax= |16050,0 VB vA vF vB Ak o [0 Bv et vR[oa2 BR[ns
{ 0, 275) 111,00
-—=No WCS Info-——- P — Do all l Warnings: MNone
FUWHH: 7.0 pix SMR ¢ 999.9
Mouse Mode T | e | Photometry settings ... l Obj ADU;  B33,716
ImExam — Restretchl ZoomQut | Write results to file ... | £y Gl .
Instr Errs: N/A
RutoScalel Zooml | Hide radial profile |
Done
FullRange l Center |
Blink Control :
: aprad
1| | uf B = 1= :
Animate speed: 2,50 image/sec
J J
Select animation type
« Forward <, Backward -+ Bounce

Overlay stars

I |

s Oy e Gty
1 1




phast: focus.00000005.SA0_38271.FIT (291

File ColorMap Scaling Labels Blink Rotate/Zoom Imagelnfo

Pipeline

phast aperture photometry

| |- SAD_38271 —

Cycle images: 1 of 7 I Align

Min= |132.8895 Hax= |;>18050.0

{ 290, 170) 153,00
-==No WCS Info---
Mouse Mode T— | ZoomIn |
InExam — Restretchl ZoomOut |
ﬂutoScalel Zooml
FullRange | Center |

Blink Control

i e 1] ] = 2]

Animate speed: 2,50 image/sec

| T

Select animation type

+ Forward <, Backward -+, Bounce

Overlay stars

Object position; { 56,7, 286,B)
-—= No WCS Info -—

Centering box size (pix):

fAperture radius (pix): |5,00000

Inner sky radius (pix): |10,0000

HE

Duter sky radius (pix): | 20,0000

fpertures: FWHM | 9,00  |px  Train 4 Snap To < Centroid < Manual

vB A F G “K H ’? B-'v'|:ﬂ.81 Y-R I:ﬁ.dZ B-R |§1.23

| ¢— | —> [ Doall |

Photometry settings ... l

Write results to file ... ‘

Hide radial profile l

FlHH3

Obj ADU:
Sky ADU:
Instr Err:

Warnings: MNone
8,0 pix SNR : 562,0
253,041
155
N/A

; aprad




CCD Camera Guiding

* Contains two CCDs

* 4008 x 2672 pixels main imager
* 680 x 500 pixels guide imager
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Guider Setup

ot =
File Edit View Image Camera Research Window Help
BEHS 9RR| T |(RQARQ (5|« = > [P | D[t Ve |HE | AR
g0 ech |([ZZ/Z222 | 1HE O | BO0 OB &AM
i Camera Control - = | E
Focu.-, Toolsl Autogudel Color | AutoSavel
Minutes: |1 _l:: vV On Size...I “2(2 vI " Autoguider
Seconds: |o.ooo =1 | Image Take Image
= Frame:IDark vI
Delay (s): {0.00 = Reduction: [None = Abort
Seti&cof:|1 vI
Fier:IV vI V¥ To new window
Device Linked Status Temperature Shutter Filter Max
Imager  |Yes Ready -4.8°(41%)  |Closed
Autoguider | Yes Ready -4.8°(41%)  |Closed




Guider Setup

y CCDSoft P PPl x|

S
File Edit View Image Camera Research Window Help

s’*u&mm?w h@Q = <=9 ©|fu-->|n:n* £ ) #
%, ZZ|22o1HE|e | POO | OE EE

p' Camera Control

Setup Focus Tools | Autoguide | Color | AutoSave |

— Expos — Subframe Bin
Minutes: IO _l;

Seconds: {10.00 ;|

Delay (s): {0.00 ;l
Series of: |1 vl
Fiter:lv ~] [~ To new window

Device Linked Temperature Shutter Filter Max
Imager Yes -4.8° (40%)
Autoguider | Yes -4.8° (40%)




Guider Setup

{6 ccosoft = || =

File Edit View Image Camera Research Window Help

FHS BTN (AR (= «n > |® ’f@lfu--»l | £ ) w
“OBacd|Z2Z 222 10NN | B OO | o6 &6

W

p Camera Control

Dedination:|37.57 _l;
A A0 enabled 1 Abort

I~ Fanon Center... i:::t Autoauid

- Wander: --

Aggressiveness; I10 =1 First count: - Settings...
i - Count: --

Slew rate: |500 _|: E iy et Calibrate....

Device Linked Status Temperature Shutter Filter Max
Imager |Yes Ready -5.2° (41%) Closed
Autoguider | Yes Ready -4.8° (41%) Closed




* Select the Autoguide tab and take a test
exposure of a few seconds.

* Click 1n the displayed image to select a guide
star. White box flashes and coordinates appear

in the tab.

* Start guiding with Autoguide button (will hear
clicks of corrections being made).

eeeeee LCalibrate | Autoguide |

Show :
I~ i Settings... | Abaar |
vice Linke Status Temperature Shutter Filter Max
A good Irmager Yes Ready 3027 [80%] | Cloged E5535
guide star Autoguider | ' Fleady 3027 [83%] | Clozed 5758

Figure 2: An autoguide image taken for reference. Note that there is one star significantly brighter than
the others; this is a good choice for a guide star.



File ColorMap Scaling Labels

Blink Rotate/Zoom

Guider Probl

CINS

X! phast

ImageInfo Pipeline

eno [\| phast aperture photometry

Help Object position: (1253,9, 1190,8)

Cycle images: 13 of 35

<---| = 00000047 — |

1 Align

Hin= |;>130.950 Hax= |js4575.3

( 2004, 1336) 224,13
-=No UCS Info-—-

House Mode Invert I

InExam — I Restretch |

ZoomIn

ZoonOut. I

AutoScale | Zooml
FullRange I Center

Blink Cuntroll
TR N ==Y

Animate speed: 2,50 image/sec
J JE

Select animation type

« Forward <, Backward < Bounce

Overlay starsl

-== No WCS Info --—-

Centering box size (pix): |B7
Aperture radius (pix): IW
Inner sky radius (pix): | 23,0000
Outer sky radius (pix): IW

Apertures:  FUHM I?.BB I:" Train I v Snap To “* Centroid < Manual

vA vF wG 4K |§o_ By |§o.s1 V-R |D.42  BR |Y;1.23
— [[==] 1o all |

v B

Warnings: Mone

Photometry settings ... I

Urite results to file ... I

FUWHH:
Obj Mag:
Sky Bka:

9.5" SNR
10,848 £ 0,007
17,971 £ 0,144

+ 154,86

+ 0,007 SNR=5: 14,60

Instr Err:
Hide radial profile I

Over-correcting by the guider can cause the telescope to oscillate back
and forth. These images can still be useful 1f use a big aperture.



Guider Problems

X! phast e N O

X/ phast aperture photometry

File ColorMap Scaling Labels Blink Rotate/Zoom Imagelnfo Pipeline Help Object position: (1259,9, 1187.6)

~== No S Info ——-

Centering box size (pix):

fAperture radius (pix): |i18,0000

Inner sky radius (pix): |23,0000

1220 1240 1280 1280 13004

HEHN

Outer sky radius (pix): |133,0000
Cycle images: 24 of 35 1 Align

| === | 00000058 —

Apertures:  FUHH I?.BB IE" Train | « Snap To “* Centroid < Manual

Min= |180.960 Max= [54675.3 VB vA vF vB 2K wH Ijn_ B [0.81 R |jzo.42 B-R |1.23
{ 2004, 1336) 252,22
-=-No WCS Info-—- Warnings: None
o | —4 I Do all
I I FUHM:  10,7" SNR : 145.4
House Hode Tnvert ZoonIn Photometry settings ... I Obj Mag: 10,923 £ 0,007
InExan — | Restretchl ZoonOut. I Urite results to file .., I Sky[Bkg:R15. 02472103150

Instr Err: £ 0,007 SNR=5: 14,61

AutoScale Zooml m]

FullRange Center

Blink Control

<l = 1] bl = o

Animate speed: 2,50 image/sec
J T

Select animation type

Hide radial profile I

+ Forward -+, Backward -+ Bounce

Overlay stars

Z

Really bad guiding. Waiting a few correction cycles for the guiding to
settle down before starting an exposure can help. If the problem
persists, try doing a guider calibration.




