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September 20, 2018
Telescopes and CCD Camera



News

* Rutgers Astronomical Society (RAS)

— Help with public observing nights (tonight 1s
cancelled) + other activities.

* Society of Physics Students (SPS)

— Listen to talks + other activities.

* 2019 APS Conference for Undergraduate Women
in Physics: Friday, Jan 18 through Sunday, Jan 20

— The College of New Jersey (TCNJ)



News

* Note there are a few changes 1n lab assignments.

* Note the importance of being prepared for your
lab period - 2 hours is not much time.

— Carefully read the lab before showing up!

— Is there any prior planning that you need to do?



News

* Lab 2 1s now due October 4.
— Maintain 7:30 - 9:30 and 9:30 - 11:30 PM lab periods

— Observing will continue in the coming week... but start
work on writing up what you can.
* Friday: clear - visual observing; cloudy - flats/biases lab
* Sunday: clear - finish visual observing; cloudy - flats/biases
®* Monday: clear - visual observing; cloudy - no lab
® Tuesday: clear - no lab; cloudy - flats/biases
* Wednesday: clear - visual observing; cloudy - no lab

— Analysis part of “cloudy lab”” now available. Work on
that 1f your don’t have visual observations to write up.

* [Lab 3 will be handed out next week.



Schommer Obs. Telescope Properties

* Light-collecting area:
_ Area=m(d/2) =7(05m/2)" =0.20m’

— Minus the ~20% central obscuration

Airy Disk Separation and the Rayleigh Criterion

Resolved Raylengh
Limi

* Angular resolution:
Disks

Not
Resolvel

_ HRayleigh =1.22 (%) | (@) ®)  Figure 1 ()
- 1.22( 200 ) =12x10°rad = 0.25"
0.5x10" nm

— Limited to 1-2 arcsec by atmospheric turbulence
(can be as good as 0.5 arcsec at best sites).



The atmosphere acts like many lenses, bending incoming light rays.




Angular Resolution

* A solution to atmospheric distortion: adaptive optics

— Bend your telescope mirror to remove the deflections
introduced by the atmosphere.

— Significantly increases complexity of telescope and needs

CFHT ADAPTIVE OPTICS BONNETTE

fast computer processing.

— Not perfect, but does help.
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Example of adaptwe optlcs on globular cluster M13
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Another solution: put your telescope in space, above the atmosphere

Main problem: very expensive. Hubble cost $1.5 billion to launch
and requires $100 million/yr to run.



Bright star viewed with Same star viewed with
ground-based telescope Hubble Space Telescope

There is another reason for putting telescopes in space ... observing wavelength
of light that are not transmitted by the atmosphere.



Other Telescope Properties

* Image Scale: The relation between angular size on
the sky and linear size in the image plane (0, and s

below).
— Generally not exactly constant across the image.
— Units are often arcseconds/mm or arcseconds/pixel.

For 0, << 1:
s=0,xF
=> scale=0,/s=1/F

1’?

=% Example: Our 0.5 m
telescope has F = 4.0 m.
=>» scale = 0.25 rad/m
| = 52 arcsec/mm
Note 206265 arcsec = 1 rad

Yy
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Other Telescope Properties

* Focal ratio: {/ = F/d
— Qur telescope has F/d = (4.0 m)/(0.5 m) = {/8.

* Typical of Cassegrain configurations. Large research
telescopes are typically f/2 at prime focus.
— Brightness of extended 1mages depends only on 1/.

* Light collected proportional to d’>. More light implies a
brighter image.

* Image area proportional to F2. A larger image spreads
the light over a bigger area, so the image is fainter.
— For unresolved objects (like stars), the brightness
depends only on collecting area.



Other Telescope Properties

* Magnification: Only applies to telescopes used
visually. It 1s the increase in the apparent
angular size of objects.

magniﬁcation — e2/ e1 — Ftelescope/ Feyepiece

objective focal plane eyepiece eye lens retina

.......
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Other Telescope Properties

* The diagram shows the typical use of an eyepiece
in an astronomical telescope.

— Diverging light rays from the image plane are made
parallel, accommodating the resting focus of the
normal eye (which 1s at 00).

— Formula for magnification comes from 0,F,=s = 0,F..

— Note the the eyepiece forms an 1image of the entrance
aperture of the telescope — the exit pupil.

* Placing the pupil of the eye at the exit pupil ensures that all
of the light from the telescope enters the eye.

* If the exit pupil 1s larger than the eye’s pupil, some light 1s
lost. Avoiding this imposes a minimum useful magnification.



Other Telescope Properties

* Field of View: The size of the region 1n the focal
plane that 1s (nearly) fully 1lluminated and has
good 1mage quality.

— Fundamental limit is usually off-axis image
aberrations.

— Size of the eyepiece
or detector is also Small field of view Large field of view

important. * ,
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Oft-Axis Aberrations

* Coma: rays striking different zones of lens
or mirror focus at different locations and

distances. Off-Axis Comatic Aberration
Zone 1 B Zone 1
. Zone 2
Zone 3 . Zone 2 Zone 3

Zone 4 Zone 4

A -
* a2
L
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Coma Blur Figure 1

https://www.olympus-lifescience.com/en/microscope-resource/primer/java/aberrations/coma/
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Oft-Axis Aberrations

* Astigmatism: off-axis

rays striking different meridoral e chief ray
planes focus at different
distances. Circle of sagittal plane
Least Confusion I
secondary mmage

promary nmage

figure 0. The Cucle of Least
Corfusion ocours behareen the

promary and secondary nmages

".)

Pudroth & Pudroth, Jnaoduciton & Opekes, 2*¢ wd, 1567,



Ritchey-Chretien Telescope

* Has hyperbolic surfaces on both the primary and
secondary. This extra degree of freedom
allows areductionin ——  —— ]
off-axis aberrations. e = '—:E —

Is close to this classical Cassegrain light path (Krishnavedala; Wikimedia).

— Eliminates coma (to 1%t order), which causes
asymmetric images. Still has astigmatism, which
does not (at circle-of-least-confusion focus).

* Images better suited for measuring positions — astrometry.

— Does have field curvature (a curved focal plane).

* Most large professional telescopes use the RC
design.



Schmidt Telescope

* Uses a spherical primary mirror to get a wide
field of view, but suffers from spherical
aberration which must be corrected (along with

off-axis aberrations). N
- i
Spherical aberration - Y
in a spherical mirrar -
i / -
= —? /‘\ <<f:>
: /// | Schmidt Cassegrain reflector l

Correction with a

| )@i Our 8-inch telescopes
correcting plate - . .
N~ have this design. The

corrector reduces off-
! axis aberrations.
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Large Synoptic Survey
Telescope (LSST):

8.4 m primary mirror;
the 3-mirror + lenses
design gives a 3.5° fov.
Survey to begin in 2022
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Vignetting

* Not all off-axis rays make it to the focal plane

— generally hit baffles or stops.

Image of uniformly illuminated field
taken with the CCD camera on the 0.5m
telescope. Plots of image intensity
along central row and column show
reduction in signal <10%.

Pixel Value

Pixel Value

flatnorm.fit: Columns 665 - 665




o

Light enters Hubble's aperture

and travels down the main baffle. A
baffle is a surface which eliminates
stray light.

(2]

Light is reflected by the primary
mirror which measures about 8
feet (2.4 meters) in diameter.
Because of the concave shape, the
primary mirror converges the light
to the secondary mirror through a
secondary baffle.

©

The secondary mirror, measuring
about 1 foot (0.3 m) in diameter
receives the light. It in turn reflects
the still-converging light back
toward the primary mirror through
a central baffle.

©

The liaht travels throuah a
the primary mirror, to reach the
focal plane, where the science
instruments examine the light.

secondary
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Other Telescope Properties

* Field of View: The size of the region 1n the
focal plane that 1s (nearly) fully illuminated
and has good 1image quality.

— Usually determined by off-axis image aberrations.

* 0.5 degrees for our telescope’s Ritchey-Chretien optics

Small field of view Large field of view

— Other limits:
* Baffles inserted to eliminate scattered light.



Other Telescope Properties

* Field of View: The size of the region 1n the
focal plane that 1s (nearly) fully illuminated
and has good 1image quality.

— Usually determined by off-axis image aberrations.

* 0.5 degrees for our telescope’s Ritchey-Chretien optics

— Other limits:

* Baffles inserted to eliminate scattered light.

* Size of the detector (the cameras on our telescope and
on the Hubble Space Telescope).



rUBBLE SPACE [ELESCOPE FIELD OF VIEW
POST-SM4 CONFIGURATION

HST focal
plane 1s about
0.5 degree
across. But
the individual
cameras cover
only a small
fraction of it.
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FOV of the Kepler
space telescope:
about 10 degrees
across. Is an
0.95m diameter
Schmidt telescope.

Detector pixels are
so large on the sky
that defocus the
telescope so that
stars are sampled
by a few pixels.



Other Telescope Properties

* Field of View: The size of the region in the
focal plane that 1s (nearly) fully 1lluminated
and has good 1image quality.

— Usually determined by off-axis image aberrations.

* 0.5 degrees for our telescope’s Ritchey-Chretien optics

— Other limits:

* Baffles inserted to eliminate scattered light.

* Size of the detector (the cameras on our telescope and
on the Hubble Space Telescope).

— With an eyepiece: (apparent eyepiece fov)/mag
* For most of our eyepieces apparent fov = 70 degrees.



CCD Imaging Detectors

* Charge Coupled Device: convert photons of
light to electric charges.

— Manipulation and detection of electric charges 1s
well advanced (electronics).

— Signals easily digitized for analysis by computers.

* Detector of choice 1n the near infrared, visible,
and ultraviolet regions of the electromagnetic
spectrum.

— Have good quantum efficiency (50 — 80%), excellent
linearity, and large dynamic range (~20,000)



SBIG STL1100m CCD Camera

* Contains two CCDs

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




SBIG STL1100m CCD Camera

* Filter wheel with 4 filters and an open position.
— Blue (B), green (V), red (R), and infrared (I).

* Shutter

* Three-stage thermoelectric cooler, electronics,
motors, etc..




VERTICAL
RAIN (PHOTONS) CONVEYOR
BELTS
(CCD COLUMNS)
BUCKETS (PIXELS) : j/ '
N
/ MEASURING
CYLINDER
HORIZONTAL @(OUTPUT
CONVEYOR BELT AMPLIFIER)
(SERIAL REGISTER)

Slides from Simon Tulloch



Structure of a CCD

Below the image area (the area containing the horizontal electrodes) is the ‘Serial register’ . This also
consists of a group of small surface electrodes. There are three electrodes for every column of the image area

Serial Register

. ImageArea . . . .

On-chip amplifier
/ at end of the serial

register

mmaarf

Once again every third electrode is in the serial register are connected together.



Interline-Transtfer CCD (ours)
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scrubbed during exposure.



CCD’s: Charge Detection

® The crucial step 1s the on-chip amplifier — it
must add as little noise as possible to the small
measured signals.

— Serial register dumps the charge on a capacitor and
the resulting voltage 1s amplified.

— There 1s usually more amplification off of the chip.

* Voltage 1s then digitized (with 12 to 16 bits).

— Must add an offset voltage (“the bias™)

* The bias ensures that the input voltage to the analog-to-
digital (A-to-D) converter never goes below the zero
level.




Structure of a CCD

Image Area

- =

Serial Register

Bus wires ==

| -
% 1 ¥~ Read Out Amplifier

The serial register is bent double to move the output amplifier away from the edge
of the chip. This useful if the CCD is to be used as part of a mosaic. The arrows
indicate how charge is transferred through the device.



Structure of a CCD

Output Drain (OD)
Gate of Output Transistor

Output Source (OS SW @R RD OD
P (©%) s o 0
Output Node
. Reset.
__— Reset Drain (RD) Transistor
Summing  Output
Well Node Output
¢R Serial Register Electrodes _._| t Transistor
-r-
: : 0S
Summing Well (SW) : 0

Substrate

Last few electrodes in Serial Register



Charge Detection Variants

® On-chip binning (e.g., 2%x2):

— Combine two or more pixels from each column 1n
the serial register.

— Combine two or more pixels from the serial
register in the summing well.

— Combination occurs before measurement, so no
noise 1s added. Increases signal relative to noise
and reduces readout time.

* Partial readout (half frame, quarter frame):

— Only measure some of the pixels. Reduces readout
time.



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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Differencing two images reduces the effect of signal
variations (due to variations in brightness or pixel-to-pixel
sensitivity variations) on the measured variance around the
mean.
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Use IDL to do image arithmetic and display the result with

PhAst.

IDL Console &3 Y Command History| [ Problems Current Directory:|/home/pryor/lab3/sep26cp

IDL> b2=readtits('biasquarterhi
% READFITS: Now reading 1002 by
IDL> bl=readfits('biasquarterhi
% READFITS: Now reading 1002 by
IDL> f2=readfits('flatquarterhy
% READFITS: Now reading 1002 by
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IDL> df=f1-f2
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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,?



