


Part I: Spectral Formation & Atomic
Transitions

Kirchhoff’s laws of Spectroscopy: the formation of three
types ot spectra

Continuum, Absorption lines, Emission Lines
Atomic and ionic transitions
Bohr’s model of Hydrogen atoms

Discrete energy levels of atoms/ions when they are far
apart from one another (i.e., gas phase, not solid)

I[dentification of chemical elements in spectra



Three Types of Spectra
Kirchhoff’s Laws of Spectroscopy



Kirchhoff’s Three Laws of Spectroscopy

Hot blackbody

Law 1 A hot opaque body,
such as a perfect blackbody,
or a hot, dense gas produces
a continuous spectrum -- a
complete rainbow of colors
with without any specific
spectral lines.




Kirchhoff’s Three Laws of Spectroscopy

Law 3 A cloud of cool gas in front of a source
of a continuous spectrum produces an
absorption line spectrum - a series of
dark spectral lines among the colors of the
continuous spectrum.

Hot blackbody

?




Kirchoff’s Laws: Continuous and Absorption Spectra
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Absorption Lines in Quasar Spectra Reveal the Intergalactic Medium

distant,
galaxy .
‘ . Jbackground -

. "

quasar
" . .
. ¢ . ¢ ‘ ..
- g P

+ hydrogen emission
/ from quasar

intervening

i hydrogen

|
|
|
~~ _ ,absorption,
i \
|
!

uet*al’ ab;orption lines
ERANN

4000 5000 o 6000
observed wavelength (A)



Kirchhoft’s Three Laws of Spectroscopy

Law 2 The same gas
cloud produces an
emission line
spectrum - a series
of bright spectral
lines against a dark
background - when
viewed sideways sl

Emission line spectrum



Example Emission Line Spectra
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Kirchhoff’s Empirical Laws of Spectral Formation

cooler gas

hotter blackbod
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Atomic Transitions

use quantum mechanics to predict the specific
wavelengths of emission lines



Atoms and Light -1

» Atoms have a dense nucleus of protons and neutrons.

= Electrons surround the nucleus in a “cloud.”

Parts of an atom

Two electrons occupy all
space outside the nucleus.

38

\_—’/
Neutron In Proton in
nucleus nucleus

Bohr model

Electrons do not move
in orbits like planets...



Atoms and Light — 2

Energy >
o
/

E

' Ground state

We use energy level
diagrams to represent the
allowed states of an atom.

Atom in E, energy state

kS

Atom in E, energy state

Analogously, atoms exist
in one allowed energy
state or another, but
never in between.

sElectrons can have
certain quantized
energies; other energies
are not allowed.

sEach type of atom has a
unique set of energies.

»When electrons change
energy levels, they
absorb or emit light.

sElectrons not in the
ground state are said to
be in excited states.



Absorption Spectra

= Absorption: An electron absorbs the energy of a photon, moving the electron
to a higher energy level.

» The photon’s energy has to be equal to the energy difference.
» This will absorb a photon with a specific wavelength

2 &\
E = F —
e Ephoton - E2 E1
Only a photon \NANNS >
with energy o
\NANNAS E,
/ _ ...can be absorbed by an atom

with energy E,, causing the atom
to jump to the state with energy E..



Absorption Spectra

When white light passes

through a cool gas containing

hypothetical two-state atoms MM~
with energy E,...

Photon
absorbed

'\‘ Wavelength
(\)

iy

N ...photons with i 2 Absorption line

energy E, — E,
v WA= \ may be absorbed. .. '

...and are missing
° in a spectrum
of the light.

Spectrum




Emission Spectra

A hypothetical atom has

two allowed energy states. w EmISSION: An electron in an

4. with energies E, and E,.

i / excited state emits a photon
erery -] E; and drops to a lower energy
E, > state, losing energy.
& = The photon’s energy is equal
Lower to the energy difference
energy - E,
state E between the two levels.
F— = This produces a photon with a
n atom with energy o
E, decays to the lower specific wavelength (color).
state with energy E;...
P
N T
E

Ephoton = E2 - E1
NANNS

N

Ao 4

Energy

- ——E,

...by emitting a photon
that carries off the extra
energy (E, — E,).



The Emission-Line Spectrum of Hydrogen

Visible emission spectrum from hydrogen

Hydrogen
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Bohr’s model predicts wavelengths of hydrogen lines

Hydrogen emission spectrum /
/
) )\6—>2 )\5—/>2 )\4—K2 )\3_,2\ E B 1 3 .6 eV
E n 2
© A n
" el A
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Wavelength, \ (nm) state state
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| B < | | ) 13.6eV o
—_— = 5 5 4 — » 2
A Miow  Mhigh he
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Nlow — quantum number of lower orbit
Nhigh = quantum number of higher orbit
A = wavelength of emitted photon
g p v v v v n=2
Energy Energy Energy level

absorbed emitted



Emission Line Spectra from Different Elements Can Be Calculated

Visible emission spectrum from hydrogen

Hydrogen

350 400 450 500 550 600 650

Each type of atom has a

_ ; , unique spectral fingerprint.
Emission spectra for sodium, helium, neon, and mercury G P =P
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Absorption lines 1n the Solar spectrum
indicate the presence of 1onized 1ron (Fe II)

Ironin the Sun




Identification of chemical elements in emission lines

Emission line spectrum of the Ring Nebula (M57)
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A Decl. (arcsec)

Absorption line
spectra reveal
chemical composition
of intervening gas
towards the Quasar

Fu et al. 2021 ApJ
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Intensity of light

Part 11: Doppler Shifts of Spectral Lines
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Doppler Shift

How to measure



= Doppler shift: The motion of a light source toward or away from
us changes our perception of the wavelength of the waves
reaching us.

Waves that reach this observer Waves that reach this observer

are spread out to longer are squeezed to shorter
“redshifted” wavelengths “blueshifted” wavelengths
(lower frequency). (higher frequency).

Speed
of light, ¢

Moving source % I This observer sees
of light /w no Doppler shift.




Doppler shifts of EM waves - blueshift vs. redshift

» Light from approaching objects is blueshifted; the waves crowd together.
= Light from receding objects is redshifted; the waves are spaced farther apart.

Rest wavelength

1. l

Blueshifted wavelength
T

-—

Star moving toward Earth
Redshifted wavelength

| .\/\/\_>

Star moving away from Earth




Doppler shift measured by comparing spectra (e.g., Arcturus)
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Doppler shift measured by comparing spectra of Arcturus & Sun
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Doppler shift equation derivation
%

r

C /10 Vobs

/10bs o /IO Vo T Vops

V_ - radial velocity (along line-of-sight), ¢ - speed of light,
Ao~ Observed wavelength, 4 - rest-frame wavelength

1

1
1 v 2 5
s 2 3 vy =0
v‘.‘ ,/— \v\ ‘™ Vs
O COs L0 X 1
|AS |
,\O.X

ﬂObS — A“O + Vrét = /10 + V},/UO — /10 —+ Vr(/lo/C')

only the radial v component matters,
the transverse v component has no Doppler effect



Definition of the sign of radial velocities

: The distance between the observer and the
source is increasing (positive velocity)

Blueshift: The distance between the observer and the
source is decreasing (negative velocity)

v

r

C Ao Vobs

/Iobs Il /10 by T Vg

A, = wavelength at rest frame

A, = wavelength seen by observer

obs

r = radial velocity is the velocity component along the line-of-sight
¢ = speed of light



Practice: Wavelength shift to velocity

= |In the lab room, you measure the wavelength of a strong
-Hydrogen line at 656.3 nm; at telescope, you detect the same
-Hydrogen line from a nebula and its wavelength has been
shifted to 659.0 nm. What is the velocity of the nebula relative to
us along the line-of-sight?

& . /Iobs _/10 Vo T Vops
C /10 Vobs
v — Xobs o xrest % = 659.0 nm — 656.3 nm o« (2 o« 108 1]]/9)
ro A\ B 656.3 nm * )

rest

= 1.2 x 10°m/s



Practice: Frequency shift to velocity

» A spacecraft transmits a signal at 98.75 MHz. It is
received on Earth at 98.76 MHz. How fast is the
spacecraft moving relative to Earth and in which
direction (away or towards us)?

v

r

C /10 Lobs

/Iobs R /10 Vo — Vobs

Answer: Vr = (98.75-98.76)/98.76 * ¢ = -30 km/s




Application: speed of light measurement

[f we know the radial velocity V,, the wavelength
shift, and the rest-frame wavelength, we can use
these measurements to infer speed of light:

Vr _/lobs_/lo
C B /10
A

>c=YV L



Roemer’s Speed-of-Light Measurement (1676)

In 1676, Danish astronomer Olaus
Rgemer discovered that the exact
time of eclipses of Jupiter’s
moon varied as the distance to
Jupiter varied.

\\ He explained that this occurs

because it takes varying amounts

of time for light to travel the

p varying distance between Earth
"gf/:g;’-" and Jupiter. This realization

TR enabled him to measure the speed

of light for the first time.

“ Jupiter

S un @ rEa rth

Alternatively, the varying eclipsing

arth R \“ TR period as Earth moves relative to
< > Jupiter can be understood as a
3-108 km = Doppler effect, and the moon’s
2 AU orbital motion makes it a regular

oscillator with a fixed rest-frame
frequency (vg = 1/P 4.




Proper Motion

How to measure



61 Cygni A+B proper motion
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2 million stars’ motion 5 million years into the future

e S . Years from now: - 0
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RA offset vs. time & Dec offset vs. time
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Poleski et al., 2011, Acta Astron., 61, 199 (arXiv:1110.2178)


http://acta.astrouw.edu.pl/Vol61/n3/a_61_3_1.html
http://arxiv.org/abs/1110.2178

Hubble Space Telescope = WFC3 /UVIS

Proxima Centauri




Transverse velocity from proper motion (¢) and parallax (p)

1//
distance from parallax: d = 1 parsec(—)
P
transverse velocity from proper motion & parallax:

1//
V = ud = 4.741<m/s( . )(—)
1" /yr p
note: 4.74 km/s = 1 AU/yr
Radial

velocity Space
Object .

/ velocity

J N Transverse
2 velocit
y y

/ Proper
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Part 111I: Telescope & Camera

- Choosing Telescopes - Choosing Cameras
- Optical design - Plate scale

-Light gathering power - Field of view
- Ditfraction limit * Quantum efficiency




Telescope optical design

Refractors vs. Reflectors



Two Basic Types of Telescopes

e Refractors
- Use lenses to concentrate incoming light at a focus.

e Reflectors
— Use mirrors to concentrate incoming light at a focus.

The goal is always the same - gather as much light as
possible and form an image at a focus.



Refractors — Reversed Image, Focal Length, & Focal Ratio

Light from star 2
e \ Focal plane

Lens - L -
—— i e Image of star 1
AY
SR » s Image of star 2
i — A—
Light from star 1 < Focal length >
Focal plane
E— \

—— :\T\ L
et —— —— ><

-
>

A

Focal length

= The focal length is the distance between lens and the focal plane.
» The focal length determines the image size (and the plate scale)
» The aperture is the diameter of the objective lens (D).

= Optics are geometry, and geometry is scalable. So we define a
convenient scalable parameter called Focal Ratio, f = F/D, as the
ratio between the focal length and the aperture of the lens




The Eye as a Refracting Telescope

= [t collects light and focuses an image with a lens.

= [t collects a limited amount of light because of the small pupil.

» The eye has a very large field of view, but suffers from relatively poor
angular resolution (an arcmin or so)

= Cone and rod photoreceptor cells have diameters between 2 um and 10
um. There are 6 million of cones and 120 million rods.

Quter
Segment

Inner
Segment

Cone

Rod

Iris >
Pupil 4 Yy

Cornea



Refractors — Why do we need eyepieces?

= Refracting telescopes
use a concave yepiece
objective lens to
refract the light to
focus it.

= [n addition to the
objective lens, another
lens is needed for eye

. ") |< fo -—
obseljvatlons, it’s called " | B
eyepiece. | /%
: : . | | F,
» Eyepiece is needed = . =
- h, <
because our eye has a Object i -~
: : very I
lens in it. -

Objéctive ,
Eyepiece

Final image



Problems with Refractors - why modern telescopes are mostly reflectors?

Lens

/
%

Starlight

Focus

Evepiece
y P\\\

'R)eyé‘/

= Problems with refractors:

= need large structures
because of long focal lengths

= difficult to make lenses

» Jenses suffer from
chromatic aberration

» The largest refracting
telescope has a 1-meter e -
aperture and a focal length of Optical
20 meters: it's built in 1897 XS

(Yerkes Observatory)




Optical Aberrations: Chromatic aberration, Spherical aberration, & Coma

chromatic aberration

\

Optical
axis

Lens with
Spherical Aberration




The most successful reflector design: Cassegrain

Vs
 Laurent Cassegrain (1672)
* a French Catholic priest
,/’ Hyperbolic /,//
~ secondary e
-7 mirror -~
Parabolic g ’,,/"'/’,77 g
primary o7 = 7 - o
mirror P o 7 e Ple




Cassegrain Reflectors Examples




Cassegrain Retlectors: The 8-meter Subaru lelescope

CraditNACJ




Subaru Telescope 8.2-m |
alt-azimuth mount FHES

\\\\\\\\

| FEE20GRE L v Zikas)

C RARIFETE: 300

" ~ Primary Focus

’ Focal ratio: 2.0 (with corrector)
Field of view: 30 arcmin

Mirrors:
Primary, Secondary, Tertiary

Focuses:
Primary, Cassegrain, Nasmyth 7/

A, i | ~FAZAES (BTfRH)
| S s = '- - FEE: 126
FAIAES GhPMR) 1 o | ‘ /Jt\ wth Focus (O ptical)
Nasmyth Focus {Infrared) PR\ - | alxatio: 12.6
I ._.. : . TN ,4"'""

Telescope Focal Ratio:
a Scale-Free Parameter

f=F/D

FEE: 122 f
I/ fRETE % 67
Cassegrain Focus

Focalratio: 12.2
Field of view: 6 arcmin

A EN - B BIEY4 T 1996F2ASHY
Nustration by Takaetsu Endo, taken from NkkeiScience 1996



THE FOCAL LENGTH OF A CASSEGRAIN REFLECTOR CAN
BE MUCH LONGER THAN THE LENGTH OF THE TELESCOPE

primary
focus:




A telescope can be described by just two parameters:
Diameter of the Primary Mirror (D), and Focal Ratio (f = F/D)

* Why larger D is always desired?
* Greater light gathering power => higher sensitivity (see fainter sources)

« Smaller diffraction pattern => higher angular resolution (when equipped
with adaptive optics or launched to space)

* Longer focal length => smaller plate scale (higher definition [HD]
Images), because plate scale should be smaller than diffraction limit to

take advantage of the high angular resolution offered by the large aperture




Telescope:
Light gathering power



Received Power (P) from Received Flux (F)

P = F X Projected Area

» Because most telescopes are desigiaas
source, its projected area equals t

of sunlight
projected
surface area

63.5°
Direction \<

surface
area

b. The same amount of sunlight strikes il
the ground at a shallower angle and
SO is spread out over a larger area.



Practice: Light Gathering Power

= The light-gathering power of a telescope is proportional to the
square of the aperture ( < D?).

Light-gathering power of Keck (10 m)? ( 10 )2

: : : = — = 2,500
Light-gathering power of 8-inch telescope (0.2 m)* 0.2 ’

Each 10-m primary mirror
/ iIs comprised of 36
hexagonal segments.
~I& . Each segmentis 1.8

7 4| meters in diameter, weighs
880 pounds or roughly 0.4
metric tons and is covered
« with a thin, reflective layer
AW of aluminum.




LBT (Large Binocular Telescope)
Two 8.4 m wide mirrors




VLI (Very Large lelescope




ELT (Extremely Large Telescope) [future project]




OLT (Overwhelmingly Large Telescope) [future project]
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Best Possible Angular Resolution

diffraction limit @ = A/D



The diffraction limit determines the closest angular
separation between two point sources that is resolvable by
perfect optics with no atmospheric turbulence

well resolved just resolved not resolved




Diffraction pattern of a long slit




Diffraction pattern of a narrow slit




Diffraction pattern of a circular aperture




Diffraction pattern of a circular aperture that focuses light

The Airy Disk

“Airy Disc”




The Diffraction Limit of A Circular Lens/Mirror

The diffraction limit is defined as the radius of the Airy disk:

A A
0 = 1.225 radian = 206265 X 1.225 arcsec

where A is the wavelength and D is the lens/mirror diameter

“Alry Disc”




Practice: Calculating Ditfraction Limit

A A
0 = 1.225 radian = 206265 X 1.223 arcsec

Practice: Hubble Space Telescope

What is the diffraction limit of the
HST at a wavelength of 500 nm?
The diameter of HST's primary
mirror is 2.4 meter.

Answer: 0.052 arcsec
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Interferometers

maximizing resolution by
synthesizing multiple apertures



If segmented mirrors can work together as one,
do we really need to fill the aperture with mirrors?

Primary
mirror

Instrument

Secondary
mirror

Sunshield

Spacecrz;ﬂ control
systems




VLA (Very Large Array)




A Single VLA Dish (25 m in diameter




We can calculate the ditfraction patterns of differently shaped
apertures, even for the fragmented aperture of the VLA

N A

o

5




diffraction pattern of the VLA interferometer
this Is what a radio star's image look like

I I I I I I I I I I I

— D —




The Diffraction Limit of an Interferometer

The diffraction limit is the radius of the central disk:

A A
0 = 1.225 radian = 206265 X 1.225 arcsec

where A is the wavelength and D is the widest separation
between two elements in the interferometer

“Alry Disc”
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https://iopscience.iop.org/journal/2041-8205/page/Focus_on_EHT

16 Mpc away MS8T7* April 11, 2017

.

O

April 5 April 10
O © O
1 y 4

- ]
.

J )

U 2 3
CHANDRA X-RAY

: T
e Brightness Temperature (10 K)




Telescope + Camera:

detector, plate scale, & field of view



2009 NOBEL PRIZE IN PHYSICS

Willard S Boyle and George E Smith (1969 invention at Bell Labs)
The charge-coupled device (CCD) provided the first way for a light-sensitive silicon chip to

store an image and then digitize it, opening the door to the creation of digital images.




Silicon-based Detectors: e.g., CCD and CMOS

= CCDs: charge-coupled
devices (such as digital
cameras)

= Electronic detectors record
photons on pixels.

» Photons create a signal in the
array.

= The electronically recorded
Images can greatly exceed
photographs in quality.

s CCDs are the astronomer’s
detector of choice.




How to calculate how large an area this image covers?
We need to know (1) the angular size of each pixel and
(2) the number of pixels on each side




Plate Scale is defined as the angular size of a pixel, it has a unit of arcsec/pixel

pixel size , _ pixel size(um/pixel)
plate scale = —— = plate scale(’’/pixel) = 206265’ /radian X ——MMMM—
focal length focal length(m) X 109

often the focal length is not provided, but the focal ratio is:
Focal Ratio = Focal Length / Aperture Diameter




The Field of View of a camera is defined as the angular dimension of the full detector:
FoV = Plate Scale x [Nx, Ny]

The Pleiades = M45
POSS2/UKSTU
R

Sterope

| .Taygeta'
*

EGSY.

STIS CCD—> &
*"wrpc2—» /) . - T | _— - .
U8 . e | -\ <—ACSMFC ., ‘.(.Ialeano

NICMOSS = o <«—ACSHRC

FGS3 . i : &

- .||‘I.-Algybn'¢ S . *Electra

Pleione !

| ..¢Aflas

*

3 Iighi-years

> 1 parsec




pixel size(um/pixel)
focal length(m) X 109

Practice: Meade Scope plate scale("/pixel) = 206265" X

* The Meade LX200GPS in the small dome has an aperture diameter of 10
inch (25.4 cm) and a focal ratio of F/10 (which is defined as the ratio
between focal length and aperture diameter).

* The Panasonic GF2 digital camera that you'll mount on it has a sensor with
a dimension of 17.3mm x 13mm and 4000 x 3000 pixels (12 Megaplxels)

* What is the pixel size in ym/pixel?
* What is the plate scale in arcsec/pixel?
* What is the field of view in arcmin?




Chap 6: Equations

Doppler Shift
& . ;tobs _/10 Vo= Vops
¢ /10 Vobs

Telescope Focal Ratio (optics are scalable)
f=FID
Diffraction Limit (angular resolution limit of perfect optics)

A
0 = 1.22— radian = 206265" x 1.22i
D D

CCD Plate Scale & Field of View

pixel size(um/pixel)

plate scale(’'/pixel) = 206265 X
focal length(m) x 106

FoV = plate scale X (Ny, Ny)

where Nx and Ny are the number of pixels along each axis on the detector



Part 1V: Observational Sites

Atmospheric Seeing (turbulence)

Atmospheric Transmission




Atmospheric Seeing

Ground-based optical and IR observations need
Adaptive Optics to achieve Diffraction Limit



The relatively thin atmosphere of the Earth
stratosphere at altitude of 20-50 km, which is less than 1% of Rearn

outer space

upper atmosphere

stratosphere

troposphere
limb

Indian Ocean



GROUND-BASED OPTICAL AND INFRARED
OBSERVAHONS ARE LM ER) By
ATMOSPHERIC TURBULENCE (SEEING)

Twinkling of stars and
the moon caused by
pockets of air at
different densities




Seeing quantifies the amount of aberrations from atmosphere turbulence

Large-scale T gradients trigger subsonic turbulences.The T differences between
turbulent eddies then cause variations of density and refractive index

Most of the turbulence that blurs your image originate from the lowest and most
massive atmosphere layer: the troposphere at altitudes < |5 km

Typical seeing blurs the Airy pattern to a Gaussian with a FWHM of ~2 arcsec

“if there were rio atmosphere || when there is atmosphere

AL
B




Bk GOAL O GREC AL A6 FRONOMERS:
REACHING DIFFRACTION LIMIT ON
THE GROUND




Remember z‘h/s bble i age of Jupiter?
We can get /t ' | a,ot/ve optics



EAAPIPL B AL AlSES

Persistent rings in and around Jupiter’s anticyclones

+10
AO mosaic

(Sum)

Planetographic Latitude (degrees)

I--HIHIII
SRS ™

120 110 100
West Longitude (degrees, System III

de Pater+ (20 10)

60



EAAPIPL B AL AlSES

Volcanic eruptions on Jupiter’s moon lo

J Band (1.2 micron) M Band (1.6 micron) K Band (2.2 micron) Galileo/SS| Visible

Precursor -

& B

Keck [l AO/NIRSPEC images of lo

20 Feb. 2001

=
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Recent outburst 010222A (Surt) ; 2
Emission area 1'1=1470 K (90 km ™) and 12=880 K (1760 km ")

Marchis+2002, see also de Pater+2014




An AO images | took with the 10-m Keck Telescope

Seeing-limited observation Adaptive optics observation




Astrophysics: Assessing the origins of an active fast radio burst

Nature, September 22, 2022




Atmospheric Transmission

the windows of EM waves



Atmospheric
Opacity

Atmospheric opacity, here defined as 1 — exp(—7)
Three major windows to look through the atmosphere

optical mfrared radio

)

o)

ES
|

®

wi w dVV window

1
100nm 100nm 1 pum 10pm

100 Mm 1mm m 10cm

Wavelength

Gamma Rays, X-Rays and Ultraviolet
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Main Considerations of
Ground Site Selection

» Atmospheric transparency

» Atmospheric seeing

» Number of clear nights per year

» Visible fraction of the celestial sphere

» Light pollution

Winners:

Mauna Kea (Hawaii, USA)
Las Campanas, Cerro Paranal, Cerro Tololo (Chile)

Antarctica



Mauna Kea, Hawail
4207/ m







Atmospheric Transmission, here defined as exp(—7)

Keck (visible)

. —— Ground-based observatories look through spectral windows in the atmosphere.

Satellite observatories study wavelengths
at which Earth’'s atmosphere is opaque.

Fermi / 1 .

Chandra HST
(gamma-rays) (X-rays) (UV, visible, IR)

Some wavelengths can be studied from high,
dry mountains such as Mauna Kea (blue line).

JCMT Green Bank
Spitzer (infrared) (microwave) VLA (radio) (radio)

Arecibo (radio)
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» Nearly all X-ray, ultraviolet, and mid-to-far infrared
wavelengths are blocked by the atmosphere.

= To detect these photons, we need space-based telescopes.




JWST launch & deployment (Dec 25, 2021) - a Christmas Gift to Astronomers



https://www.youtube.com/watch?v=n9MxqFfBTzQ

384,400 km

Moon

- @

Webb

1.5 million km
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James Webb Space Telescope

Primary: 6 meter diameter segmented mirror
Operates at mainly IR wavelengths (0.6jum-28um)
Location: Earth-Sun Lagrangian 2 Point

Mirrors are cooled to 40-50 K



Chapter 6: Astronomical Instruments

Spectroscopy

Kirchhoff’s laws of
spectroscopy:

continuum,
absorption lines,
emission lines

Atomic models and
energy levels

Identification of species

Doppler shift

Telescope & Camera
Optical design
Light gathering power
Diffraction limit
Plate Scale
Field of View
Observing Site
Atmospheric seeing

Atmospheric transmission



