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Tasks of telescopes: increase angular resolution
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Tasks of telescopes: increase angular resolution
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Transmission of the Earth’'s atmosphere

Optical Light

Absorption Bands due to O,, N, O

Reflection
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Basic components of an
optical / near-IR telescope

> mount

- hold the telescope ' \U/'
- move it to different positions - fee— f %

on the sky

- tracking: compensation of the
earth's rotation

- equatorial and alt-az mounts

| » telescope optics
: - collect and focus
the light

& > instruments and

8 detectors
- Imagers / spectrographs
- record incident photons




Refracting Telescopes

Lenses are used to bend light

- Ohjective

Lens
Light %
: i T
Mdetemr
Disadvantages:

> chromatic aberration
- compensation by using multiple lenses
- long objective focal length

> huge mass:
lenses deform under own weight, 40in is maximum size

> support for large lenses is not easy




Reflecting Telescopes

Mirrors with metal coated surfaces focus parallel light rays
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Advantages:
> no chromatic aberration
> telescope tubes are shorter
> mirrors can be better supported
> glasses with low thermal expansion

Disadvantages:

> spherical aberration in case of v
non-parabolic mirrors, coma




Newton Reflector

> common in small telescopes
> a plane mirror reflects the light off to the side of the tube

> the loss of light by secondary mirror is small compared to

total light-gathering
> tube length ~ focal length
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Cassegrain Reflector

> convex secondary mirror to reflect the light back through

a small hole in the primary mirror
> Tolded light path = compact construction

> detectors can be placed directly behind the telescope
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Schmidt Reflector

» both a mirror and a correction plate are used to avoid
abberations

» large corrected field of view

» detector inside the tube, curved focal plane
tl:ilfp?gtréecting i|L
1
etector .
—f
|

» Schmidt plate and Cassegrain Reflector can be combined
= Schmidt-Cassegrain



Mirrors

> LBT: largest monolithic mirrors (8.4m)
> Keck, GTC, ...: segmented mirrors (> 10m)

> active optics: mirror deformation
permanently corrected by actuators




Seeing

» Atmospheric turbulence (“seeing”): Plane waves from distant point source
refraction index of the air not constant

» leads to “random walk” of point sources TwbalentLayer

> long exposures: Gaussian smearing amosphere
(typ. fwhm of point sources > 0.5") e

wavefronts

» Resolution of large ground-based
telescopes not diffraction-limited

extended object point source, poor seeing good seeing
slow motion



Seeing

Ways to reduce negative effects of seeing:
> space telescope (very expensive)
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Seeing

Ways to reduce negative effects of seeing:
> space telescope (very expensive)

> Identify sites with good seeing:

- on top of high, isolated mountains
(avoid low-altitude turbulent layers)

- laminar flows, no obstacles in front

La Palma



Seeing

Ways to reduce negative effects of seeing:
> space telescope (very expensive)
> Identify sites with good seeing
> Lucky imaging / speckle imaging
- register and stack large number of short exposures

- advantages: cheap & efficient, large field of view possible
- disadvantages: longer exposures, increased read noise




Seeing

amateur

> Lucky imaging / speckle imaging
- register and stack large number of short exposures
- advantages: cheap & efficient, large field of view possible
- disadvantages: longer exposures, increased read noise

- also successfully applied by amateurs



Seeing

Ways to reduce negative effects of seeing:
> space telescope (very expensive)

> 1dentify sites with good seeing

> Lucky imaging

> Adaptive optics

Neptune without AO with AO



Adaptive optics

Idea: correct distorted wave fronts with a deformable mirror
> wave front sensor used to determine deformation
> corrections on ms-timescales necessary

mm




Adaptive optics

> Principle of a Hartmann-Shack wave-front sensor:
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wave front lenslet CCD

array

> Requires bright natural guide star near the science target
or an artificial laser guide star.



Laser guide star:

> Rayleigh guide star - T ;
- based on Rayleigh . st

scattering in the N e

lower atmosphere FEROTET

- cheap, but less

precise

> Sodium

guide star
- laser at 589nm
by nonlinear frequency
mixing
- fluorescence by Na atoms
In the mesosphere (90km)
- expensive and more precise



Adaptive optics

AQO best way to improve seeing significantly
» better S/N, exposure time can be reduced
» differential correction over full aperture possible

Uncorrected pef {3gqm) Infagrated unpormecied paf (sar) Correated psf (sar) Integrated comected pal {sqn)

Disadvantages:
» expensive, complex

» small corrected field of view
» requires good initial seeing = almost solely used in near-1R



Instrumentation

» Imaging / photometry
» Spectroscopy

» (spectro-) polarimetry
» Interferometry



Imagers

» either directly at the prime focus
or with additional optics to magnify / refocus the image

» Imaging through band-pass filters:
well-defined photometric systems

» determine brightness by summing the counts within an
aperture and comparison with calibrated standards

YF S N ]
| ESO/EIS: fA\ }[\ Eﬁ |
“ [ WFL + SOFI J | | | ;

TR TR N
D —

] -
Jc}hnsun Cousins— Glass [\ [L\ l/’/\".l | ll\II f’\\

Il
: N N | N N ."I N LA |II N || i | N |I\ N :
Iil - ! J ] n. T, N T, y J i ¥ ] K ! ]
I r . Su l‘.ﬂ‘*’ o ]
" S Veg JH\[\\ oA T MSI
O W, A . af oY e
J/J a el L IL. — -1‘\_-‘”"
b PR [ p by e w ] TR ——— 1 .
2000 4000 B BO00 2xlie

)



Spectrographs

» Spectroscopy is used to determine
- chemical composition
- temperature TYPES OF SPECTRA
- radial velocity

A CONTINUOUS EMISSION ABSORPTION
//—\
ALIRI
ﬂ || J JJ ‘I
I

L 1y )

WAVE LENGTH

» grating, prism or “grism” (combination of grating and prism)
In the light path

» variety of resolutions R = A/AA: ~100 ... ~100000

INTENSITY

-



Spectrographs

» optical designs:

- slitless spectrograph (e.g. ACS on HST)
pro: spectra of every light source in the field, no slit losses
contra: sources may overlap, not useful for extended objects,
tricky wavelength calibration




Spectrographs

» optical designs:

slit orientation

- slitless spectrograph —" —% A
- longslit spectrographs = [ W
(e.g. FORS): ——r i I I
very common, — ;,ﬁ
slit used to isolate the

target

>

dispersion direction




Spectrographs

» optical designs:
- slitless spectrograph

- longslit spectrographs

- Echelle spectrograph (e.g. UVES):
2 gratings (echelle grat. + cross disperser),
offers high resolution and large A coverage

/

Detector

Cross disperser
/

separates

overlapping orders

Echelle grating, —
used at high orders




Spectrographs

» optical designs:

- slitless spectrograph
- longslit spectrographs

- Echelle spectrograph

object spectrographs (MOS):

mask with laser-cut slitlets

Instead of single slit

- Multi-




Spectrographs

» optical designs:
- slitless spectrograph
- longslit spectrographs
- Echelle spectrograph
- Multi-object spectrographs
- Integral-field spectrographs (IFS):

microlens array (spaxels), light fed into glass fiber bundle,
spectrum of each spaxel — data cube




Polarimetry

» Introduce Wollaston prism (calcite bi-prism) in light path
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» afterwards normal imaging or spectroscopy

» repeat with different orientations of the prism _
— degree and orientation of polarisation can be determined

» very high S/N needed if polarisation is small



Interferometry

» ldea: increase resolution by phase-true combination of
the signal from two or more telescopes

» Example: Keck 1 & 11 telescopes
- 10m mirror diameter
- 85m away from each other

- as interferometer:
light gathering like two 10m tel.,
angular resolution like 85m tel.

» Scientific goals:
- direct detection of giant planets near bright stars in the IR
- astrometric detection of planets by their gravitational action
- high-resolution imaging of protoplanetary disks



Interferometry

Technical components:
» Adaptive optics
» Interferometric tunnel

» Retroreflector Carriage:

equalises the retardation of the light collected by each telescope
(except for stars directly overhead)




Detectors In optical / near-IR astronomy

Requirements for astronomical detectors:
» high efficiency

» high sensitivity

» linear response

» broad spectral response

» high spatial resolution

> .

Types of detectors:

> photographic plates

> photomultiplier tubes (PMTSs)

> CCDs / other semiconductor devices



Photographic plates

» glass plates with silver bromide emulsion
» special spectroscopic emulsions available
» In use until ~1990

» advantages:
- large sizes possible, good for surveys

» disadvantages:
- low efficiency (~10%)
- non-linear response to light
- Schwarzschild-effect




Photomultiplier tubes

» consisting of a photocathode and a series of dynodes in an
evacuated glass tube

» photons with sufficient energy eject photo electrons

(photo effect)

» photo electrons are

accelerated by a
series of dynodes

> 10° to 107 e for
each photo e-

» mainly sensitive
In the blue and
UV photons

photoelectron

dynoces

Radiation
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Photomultiplier tubes

» advantages:
- extremely sensitive (single photons detectable)
- high temporal resolution

» disadvantages:
- less sensitive in the red
- no real imaging or spectroscopy possible



Charge Coupled Devices

> based on silicon semiconductors

» Tirst used at Kitt Peak National Observatory in 1979

» advantages:

high quantum efTficiency (up to 90%)
linear response until saturation
300-1000nm, good red sensitivity
very flexible

» disadvantages:
- need to be cooled to reduce dark current

- “blooming”: charge can float to neighbouring pixels in case
of saturation

- no internal amplification



Charge Coupled Devices

Drain Incoming
voltage £l Bhotons

Conl.lrol G?te

CCD
Gata{'""--

» array of photodiodes

{En'ﬂl @Transfer |
o
Gued, | Il

» photons striking the chip are absorbed
and produce an electron-hole pair

» electrons are stored in a potential well

Lateral = Transfer

Potential
Overflow Photodiode ol \I':-.ella

» readout at the end of the exposure: "™ e soeaY,
periodic voltage alterations move the
charge (serial readout, strictly speaking the “CCD”)

WA ol L R




Charge Coupled Devices

Important parameters:

» dark current, number of “hot pixels”
should be low, but LN, cooling helps

» Tull well capacity (should be large)
» charge transfer efficiency (should be 99.99..%)
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> 30-60m in diameter

> start of con
: : ' 9

> firstilightyin,2017 (7

» cost: 850 million Euro (?)



Next-generation telescopes

> JWST James Webb Space Telescope
> 6.:5m mirror, lightweight 3

> passively cooled byekgetdnsﬁé‘ﬁe% _- b

> IR imaging and spectroscopy =

» planned launch in

" » cost: 4.5 billion Dollars



Thank you for-listening!



