Optical/IR Observational Astronomy
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“I've seen out to the limit of the observable
unlverse and belleve me, it’s no bettar outthere
than it Is here.”

David Buckley, SAAO
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— The* " region of the electromagnetic spectrum
— Human eye sensitive over a small range of wavelengt  h: 390 - 780 nm
— An optical imaging system
» Cornea & lens combine to form
a curved focal surface on the
retina

TemEgrai side

I,

Optical axis——
(4

Visual axjs

Nasal side

— The first astronomical detector was the human reti na
» Capable of resolving objects of ~1 arcmin in size (p  upil diameter = 6mm for

fully dilated)
» A two-dimensional (2-D) video detector (~30 frames  / sec)
» Capable of photometry: measuring the brightness and colour of stars
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SAAO

Cross section of the retina:

Light in

e How it works:
— Retina consists of photo-receptor cells (rods & con es)

» In rods rhodopsin (visual purple; 40,000 amu molecule ) absorbs photons
» Fragments into retinaldehyde (286 amu; a chromophore vitamin A derivative) & opsin
» Results in changing electrical properties of cell signal

» In cones, similar mechanism with molecule odopsin
» But 3 different variants S, M & L (in ratio 1:4:8)
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cone rod Zone
437 nm 498nm 533nm  584nm
— Cones (=6 milionx1.5-6.0 m) 2 | 1By
detect co r 5
» 3types: S (437nm), M (533nm) & § N \
L (564nm) 2 B ey
» Only work at high light levels 2
(d ayt| me) % Average rod
oc

Peak sensitivity

» Concentrated on-axis (around
the fovea, where they're also
smaller in size)

1 | 1 1 ) 1 | ] 1
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Wavelength —nm Dowling, 1987
Fig. 14.The peak spectral sensitivities of the the 3 cone types

» Only 1% as sensitive as rods, and the the rods in the primate retina (Brown and Wald, 1963).
overall sensitivity peaks at From Dowling's baok (1367
550nm 200

arno =] ED"E_
— Rods (=120 million x 2 m only detect = 7 density
B& %150

» Mostly what's used at night ]

» Average sensitivity peaks at %100
~510nm £

» 1-10 photons needed to trigger a z .
rod g

» Several rods have to trigger |
together to send a signal to the B - R, Z T R
brain Angular separation from fovea (deqrees)
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At night fovea is a ‘blind spot’ (0.3mm) because con es
are inoperative at low light levels B

1700 lumens
per watt

E
=
[
]
0

“Averted vision” helps detect faint objects using 1500
peripheral vision rods -
— at field edge, ~100 rods are connected to one nerve  fibre, —

so lower resolution than field centre where conesa  re B
individually connected) —

When eye is exposed to bright light (photopic vision ), 1000 B

amount of rhodopsin available for photon detection i S 2% [

diminished E- [

— Cones detect light, so sensitivity moves to the red (closer — = |
to average cone sensitivity) 500

— Overall sensitivity decreases ~

When eye is fully dark-adapted and exposed to low
light levels (scotopic vision) eye is more sensitive , but
cannot sense colour

Scotopic vision
(dark adapted)

555 nm

883 lumens
per watt

Photopic vision
(light adapted)

— Dark adaption takes ~30min, about as long as twilig  ht 400

Eye-brain is an amazing detector

— Removes aberrations (clever image processing;
stereoscopic; scanning)

— Capable of a 10 ° dynamic range (< 10 ¢ for CCDs), ~0.6
arcmin resolution

— Equivalent to a 576 megapixel digital video camera!
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- : PSFs for eye
Eye with higher order aberrations Undilated pupil Dilated
2 mm; da 6 mm; night

|deal
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. Aberrated
wavefront Real

* Dioptre (as used in optometry) is a unit of  optical power

D = 1/ Focal Length (measured in metres)

— Human eye has a power of ~60 dioptres (~2/3 power fr om cornea, 1/3 from the lens,
and typical corrections for short- or far-sightednes S are -6 to +6 dioptres

— Corrections for chromatic aberrations are ~2 dioptr es (400 — 700 nm)
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White light

Short wavelength

Long wavelength

Detectors |

LCA

» Effective defocus of ~2 dioptres
over wavelength extremes

— DFocal Length of ~0.5 mm (LCA)

24 Feb 2010

Sensitivity

Sensitivity of the Eye
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The Magnitude Scale

« The stellar “magnitude scale” — based on range of sta r brightness that
the eye perceives — was invented around 120 BC by Hi  pparchus ( the
same guy who discovered precession )

» he devised 6 “steps” of brightness between the brigh test and faintest stars
seen by the eye (where smaller magnitudes implies brighter stars!)

» The eye perceives the same ratio changes in brightness as equal intervals of

SAAO

brightness
» Magnitude difference are related to the ratio of int  ensities:
I
my — my = —2.5 log—
)
Or: 2 _ 9 §519m1—m2

L

» So the difference in apparent magnitude difference of two stars, one of which
has 100x the intensity of the other, is m = 2.5 log (100) = 5 magnitudes.

» The conversion between magnitudes and intensity is given as:

m = —2.5 log I + constant

» The constant is referred to as the zero point of the system, and is determined for
a specific telescope-instrument-detector combinatio n.
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The Magnitude Scale

SAAO

Interesting magnitudes values (in the V-band filter which
approximates the human eye response)

e Sun: m=-26.7 (1.2 x 10 19 brighter than the brightest naked eye star; m = -
10.7 / arcsec 2)

e Full moon: m=-12.6 (but only m = 3.4/ arcsec ?2)
o Sirius (brightest star at night): m =-1.5

 Naked eye limit: m=6

» Brightest stars in Andromeda galaxy: m = 19

* Present day limit for biggest telescopes: m ~ 29 (6 x 10-? fainter than
faintest naked eye star)

* Night sky brightness: m = 21.5/ arcsec 2 (best sites, dark Moon time)
e Night sky: m =18/ arcsec 2 (bright Moon time)
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How we perceive the Universe

lmr)uvemem ts carne witn the invention of new detecti on rmethocds, o ther than
just the nurnan eye, to record l Jnr This irnproved the "?l]n"rmess IJm]‘t Of
telescopes, since the new techniques were rrore sens  tive by >10 than the eye,

* The end of the 19 * Century saw
the invention of photography.

e Light causes chemical reactions in
silver halide salts bonded into a
gelatin layer, which converts them
to metallic silver. “Developing”
results in permanent changes: the
film negative is black (due to silver
metal) where light was absorbed
and where there was no
light.

* Next revolution in optical
astronomy was astrophotography

— Pioneered at the Royal
Observatory, Cape of Good
Hope (Sir David Gill)

1882 Nov 7%,
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A huge leap forward in astronomy!
* Able to record — permanently — positions of thousands of objects at a time
* More sensitive than the eye: QEs of ~5-10% compared  to 2-3%
 Could be large
— e.g. 350 x 350 mm for UK Schmidt: 6° x 6°

e Lots of information content

— Fine photographic emulsions could have resolutions of ~10 m, implying a UK
Schmidt plate is ~35,000 x 35,000 pixels, or 1.2 x 109 pixels (= 1.2 Gpixels)!

— Digitize to 6 bits, i.e. 2 © = 64 intensity levels
8 x 1019 bits of information per plate (= 5GB!)

But there are disadvantages:

 They are analogue devices
— Have to be digitized by scanning: a time consuming process

* They do deteriorate over timescales of decades
— Chemical degradation (“gold spot disease”)

 They are non-linear in their response
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Astrophotography

Typical non-linear response of a photographic emuls ion:

To get best QE, need to “hypersensitize”

— Fiddly & time consuming process involving “baking” p

24 Feb 2010
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Only linear in the regime where the
signal increases linearly with log
of exposure time.

Slope is termed ‘Gamma’ (), and is
a measure of the contrast _ of the
emulsion.

Below the ‘toe’ signal lost in the ‘fog’
f the background

In the ‘toe’ faint stars dominated
by fog, hence non-linear

In the ‘shoulder’, bright stars
saturate

lates in N , — H, gas
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e The 20™ Century has seen the invention of devices that reco rd photons by
absorbing and recording their energy

* The quantum and wave theories of radiation have imp  acted on all areas of
detection of electromagnetic waves

— Harnesses the photoelectric effect
» Photomultiplier tubes
» QEs typically of 20-30% max
— Development of semi-conductor
devices, with much higher QE
» Charge Coupled Devices
(CCDs)
can now reach QEs of ~90%
These devices spelled the end of
photographic plates, although CCDs
still don’t have the area coverage

of the largest photographic plates.
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Photomultiplier Tube (PMT) Detectors

Based on the photoelectric effect: a  pnotoemissive cathode (at a -ve voltage)
emits a photoelectron on absorption of a photon

Amplification from a series of N dynodes at increasing +ve voltage

Results in a gain (g) each time electrons collide with dynodes (& final a node)
— g=3-5n=10- 12, typically
— Total gain of tube G=g "
— G=10°to 108 «E
— gmu E3 where 2a=0.7-0.8
(E is the dynode voltage)
— Total cathode-anode voltage V
E=V/(nt+l)
gmu Ve
G Van
—an=7-10
gain highly dependent on V
need to have very stable V
— V typically 10kV

I |

A
<
v
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Photomultiplier Tube (PMT) Detectors

 Photoemission occurs if the E photon
> “work function” of the photo-
emitter.

* Need to efficiently absorb photons

* Mean free path of photoelectrons
large enough to avoid collisions
with other valence electrons

* Best to use insulators or
semiconductors, rather than metals
— “shiny”, so reflects light
— Too many collisional energy losses
* Work function is the difference

between ionization (n = ¥) level and
the top of the valence band.

» Work function is also dependent on
surface properties (e.g. defects,
oxidation, impurities, temperature)
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Photomultiplier Tube (PMT) Detectors

» Different dynode architectures for different purpos es
— Focussed tubes (a) for fast response
— *“squirrel cage” (b) for compactness
— “Venetian blind” (c) for large photocathode area

* Photocathode material metallic-like designed to wor K in
the UV-Visible range (200-900nm)
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Photomultiplier Tube (PMT) Detectors

Low noise photon counting devices

“Dark current” present from thermal excitation of el ectrons from
photocathode & dynodes

— Reduce effect by cooling tubes
— A GaAs tube cooled to -20C will reduce dark current by factor of several 1000

But only single channel
— Single photocathode
— No “multiplex advantage”
— Like a single cell in the retina

Well, not quite accurate!
— Arrays of PMTs can do crude imaging by combining sig nals
— Focal plane detector for Cerenkov gamma ray telesco  pes
» Picking up “faster than light” particles emitting op tical photons
— Liquid tank detectors for neutrinos
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Arrays of PMTs

« HESS in Namibia” TeV gamma ray

Cerenkov telescope

960 PMTs

24 Feb 2010
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Array of PMTs

Super Kamiokande neutrino “telescope” in Japan

— 1 km underground

24 Feb 2010

— 11,200 50cm diameter PMTs
— Inside a 40-m high tank
— 50,000 tons of water!

S

“Three men in a boat”
NASSP OT1: Detectors |
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Photomultiplier Tube (PMT) Detectors
* Need for efficient, low noise “panoramic” (2-D) dete ctor better than a
photographic plate
« First attempts involved a hybrid of image tubes and photographic plates
— Used photocathode to produce and accelerate photoel ectrons
— But no secondary collisions with dynodes

— Rather use either electric or magnetic fieldsto f  ocus’ photoelectrons
onto a phosphor screen

— Phosphor then produces photons from excitation by e lectrons

» Single photon > releases photoelectron at photocath ode > accelerates
due to E/M field and gains E > collides with phosph  or > produces
many photons

» Photographic plate were in contact with phosphor

« Then came fully electronic devices
— e.g. using semiconductors
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Image Tubes

[

24 Feb 2010

S- & “pin cushion”
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E-M focusing of electrons prone to image distortion:
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TV Image Tubes

» Eliminated use of photographic
plates

 Used TV tube-based technologies

— Combine efficiency of a PMT with
extended field of a TV camera

TV imaging devices scan an e-beam
across a target previously exposed
to light. Amount of current used to
‘reset’ the target provides intensity
information.

— e.g. “ Plumbicon” & “Vidicon”

* All such devices (including CCDs)
derive their properties from the
behaviour of semi-conductors.

24 Feb 2010 NASSP OT1: Detectors |
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TV Image Tubes
Problems
e Bulky & complex
» Lots of electronics (stable HT voltage needs)
* Subject to distortions
— Earth’s and telescope’s ambient environment E-M fie  |ds a problem

» Can be fragile
— Thin windows or faceplates under vacuum

24 Feb 2010 NASSP OT1: Detectors |
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Semiconductor Image Tubes

Further developments involved replacing
TV detector with semiconductor devices

RPCS (operated at SAAO until early 1990s)
— Used a linear array of ~2000 photodiodes
— 1-D detector just for spectroscopy

IPCS and PCA
— Used CCD detectors

New developments involves eliminating focusing
E-M fields in favour of “mechanical”
intensification

— Micro Channel Plates (MCPSs)

24 Feb 2010 NASSP OT1: Detectors |
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Microchannel Plates (MCPSs)

Small hollow pores ‘channel’

photoelectrons

Voltage applied from top-bottom

Electrons gain E

Electrons collide with walls releasing

secondary electrons

Large charge pulses can be read out
with position sensing detectors

— e.g. strip anode

Tube Window with

photocathode

MCP
stack

o . Charge Cloud
Charge distribution on strips

24 Feb 2010
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Microchannel Plate (MCP) Detectors

Photon Counting detector
Noise is just Poisson ( N)

Capable of high time resolution
— Time tagging to 50 ns

Good in UV

Used on Hubble Space Telescope
— MAMA detector

Recently installed on SALT (“BVIT")

— Very compact
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The Next Revolution: Charge Couple Device Detectors

NASSP OT1: Detectors |

(CCDs)
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CCDs

* Integrated semi-conductor detector
— From photon detection (pair production) to final di gitization of signal

 Manufactured from a Si wafer, as in ICs
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Major advantages of CCDs

e Some of the many advantages
of CCDs over conventional
electronic and photographic
Imaging mentioned include:

1. Compact, rugged, stable,
durable, low-power (using 10’s
instead of 1000’s of volts)

2. Excellent stability and linearity

3. No image distortion (direct
image onto a Si array fixed in
fabrication process

4. Relative ease of operation, and
reasonable cost due to mass
production

5. Unprecedented sensitivity (i.e.
quantum efficiency) over wide ||
range

24 Feb 2010 NASSP OT1: Detectors |



Optical/IR Observational Astronomy

Detectors |

History of the invention of CCDs

« The CCD was invented by Willard S. Boyle and George  E. Smith of
Bell Labs (where the transistor was invented) in 19 69

They were jointly awarded the Nobel Prize for Physi  c¢s in 2009

24 Feb 2010 NASSP OT1: Detectors |
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Invention of CCDs

Aside : R & D departments of many large technology corporat ijons in the USA have
employed scientists to develop ‘esoteric’ devices, w ith no immediately apparent
applications

» The ‘seeds on fertile ground’ approach — something po sitive will eventuate

— Penzias and Wilson, who were from the same labs as Boyle & Smith, first detected
antenna ‘noise’ from a microwave receiver and interp reted as the 3°K background
radiation , a relic of the Big Bang (predicted by theory)

— Boyle and Smith were investigating new ways of imag ing with Si solid-state devices in
an effort to develop a Picturephone (as in “2001: A Space Odyssey”’!)

» Market research failed to convince Bell that the Pic  turephone was worth developing
at that time

So, who has seen “2001: A Space Odyssey” ?
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The End of Part 1
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