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Information about the course
PowerPoint presentations (MS 1997/2003 version) are 

available on-line:

http://www.mssl.ucl.ac.uk/~kjhp/AISAS_LECTURES/

This contains the .ppt files which you can print out if 
you like.

There is also an outline of the course: 

Lecture_outline.doc

which gives the main subjects for each of the 8 
lectures, and a list of books.  
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Scheme of Lectures

Spectroscopy basics

Introductory atomic physics/quantum 
mechanics

Solar spectra: Solar photosphere, chromosphere

Solar spectra: Corona

Using spectra to find physics of emitting regions

Element abundances

Instrumentation: spectrometers

Spectra of Sun-like stars
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Suggested reading list
Spectroscopy books

Atomic Spectra and Atomic Structure G. Herzberg (translated into 
English: Spinks), Dover publications, 1945. 

Atomic Spectra H. G. Kuhn (2nd ed., Longman), 1971. 

Astronomical Spectroscopy J Tennyson, 1999. Imperial College Press.

Ultraviolet and X-ray Spectroscopyof the SolarAtmosphereby K. J. H.
Phillips,U. Feldman,E. Landi,CambridgeUniv. Press,2008.

General Solar/Stellar Physics books

Stellar AstrophysicsVol. 2 (Stellar Atmospheres), Vol. 3 (Stellar 
{ǘǊǳŎǘǳǊŜ ŀƴŘ 9ǾƻƭǳǘƛƻƴύΦ 9Ǌƛƪŀ .ǀƘƳ-Vitense, Cambridge Univ. 
Press, 1992 (both paperback). 

Physics of the Solar Corona: An IntroductionMarkus Aschwanden, 
Springer/Praxis Publ. Ltd., 2004. 

SolarAstrophysics(2nd revisededition) P. V. Foukal,Wiley-VCH,2004.

Guideto the Sun KennethJ. H. Phillips,CambridgeUnivPress,1992.

SlecnaKorona V. Rusin& M. Rybansky(early1990s)

The Solar Corona by Leon Golub and JayM. Pasachoff,Cambridge
Univ. Press,1997.
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Lecture 1:
Basics and Introductory Atomic Physics
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Units
For this course, I will use cgs units (centimetre, gram, 

second) with a few special units. 

In particular, wavelengths (symbol ˂) normally  given in 
angstrom units: м ) Ґ мл-8 cmόƻǊ м ) Ґ лΦм ƴƳΦύ

Energies normally in ergs but for some purposes they 
will be given in electron volts (eV) or kilo-electron 
volts (keV).

1 eV = 1.602 10-12 erg, 1 keV = 1.602 10-9 erg.

Conversion from E(keV) to ˂ό)ύ ƛǎ ōȅ E = 12.40/ .˂

In atomic physics, often use Rydberg as energy unit:       
1 Ry = 13.606 eV (ionization energy of H atom).

Temperatures in Kelvin (K) or mega-Kelvin (MK) = 106 K. 6



Some definitions
Irradiance = radiant flux (of electromagnetic 

radiation) per unit area reaching a surface.

In solar physics, this is generally just called flux.

Units are erg cm-2 s-1.

Spectral flux = radiant flux per unit area per 
spectral interval (e.g. )ύΦ ¦ƴƛǘǎ ŀǊŜ erg cm-2 s-1)-1.

Wavelength (ɚ) = distance between successive 
ŎǊŜǎǘǎ ƛƴ ŀ ǿŀǾŜΦ ¦ƴƛǘǎ ŀǊŜ ) ƻǊ ƴƳ ƻǊ m˃ etc. 

Frequency (ɜ) = number of complete waves per unit 
time as a wave passes. Unit is s-1 = Hz (or cycle/s).

Note:  ɚɜ= c (velocity of light).
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Definitions (continued)

Wavenumber = 1/wavelength (sometimes used 
instead of energy, in energy level diagrams). 
Unit = 1 cm-1 (sometimes called a Kaiser, K).

Intensity or Specific Intensity = amount of 
radiation in a given direction per unit surface 
area per unit time per unit solid angle. 

Units: erg cm-2 s-1 sr-1 (1 sr = 1 steradian)

8



Wavelength ranges
Radio radiation:  > 100 ɛm

Infra-ǊŜŘ ǊŀŘƛŀǘƛƻƴΥ трлл ) ς100 ɛm

Visible light: 3900 ςтрлл )  όмΦт ς3.2 eV)

Near-ultraviolet: 2000 ςофлл )

Ultraviolet (or vacuum ultraviolet): 1000 ςнллл )

Extreme ultraviolet: 100 ςмллл ) όмн ς120 eV)

Soft X-rays: 1 ςмлл ) όмнл Ŝ± ǘƻ мн ƪŜ±ύ

Hard X-rays: 0.01 ςм ) όмн ƪŜ± ς1 MeV)

Gamma-ǊŀȅǎΥ ғ лΦлм ) όҔ м aŜ±ύ

Space-borne instruments are needed to observe 
ǿŀǾŜƭŜƴƎǘƘǎ ǎƘƻǊǘŜǊ ǘƘŀƴ Ϥ ослл )Φ9



Distribution of solar radiation
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YƛǊŎƘƘƻŦŦ ŀƴŘ .ǳƴǎŜƴΩǎ 
experiments

Iƻǘ Ǝŀǎ Ҧ Emission line spectrum (e.g. corona, 
nebulae, laboratory spectra)

Cool gas in front of an incandescent source of 
ƭƛƎƘǘ Ҧ Absorption line spectrum (e.g. solar 
photosphere)

For many purposes we are concerned with 
coronal emission line spectra for which ions 
emit photons that escape to space without 
any absorption, i.e. are optically thin. 
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Emission from the solar atmosphere

Chromosphere and transition region: from EUV 
(100-1000 )ύ to UV(>1000)ύ Ǉƭǳǎ Iahnd Ca II 
H and K lines in visible. 

Corona: from EUVto soft X-rays (<100)ύ όǇƭǳǎ 
some visible-wavelength lines)

Active regions: from EUVto soft X-rays

Solar Flares: from EUV to hard X-rays (<1)ύ 12



Line emission
Line emission from abundant elements ςH, He, 

C, N, O, Ne, Mg, Al, Si, S, Ar, Ca, Fe. (Less 
abundant elements emit weak lines.)

Elementsnormally ionized in solar corona 
(temperature approximately 1-2 Ҏ106 K = 1-2 
MK): 

For example: carbon (C) is in the form of C+3, C+4, 
C+5 ions; 

iron (Fe) is in form of Fe+9, Fe+10Χ CŜ+16 ions.
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Iso-electronic sequences

Often use iso-electronic series to describe an 
ion. 

Thus, C+4ƛǎ άIŜ-ƭƛƪŜέ όн ŜƭŜŎǘǊƻƴǎύΣ ŀƴŘ ƛǘǎ 
spectrum has similarities to the spectrum of 
helium.

Again, C+5ƛǎ άI-ƭƛƪŜέ όм ŜƭŜŎǘǊƻƴύΣ ŀƴŘ ƛǘǎ 
spectrum has similarities to the spectrum of 
hydrogen.

Only ions with at least one electron can emit 
spectral lines ςe.g. C+6 is fully stripped C (no 
electrons), so cannot emit spectral lines. 
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Spectrum notation
Historically, when iron spectra were examined in the 

laboratory with relatively low-voltage arcs, with 
T=4000K, neutral Fe atoms were excited and 
emitted the άŦƛǊǎǘ ǎǇŜŎǘǊǳƳ ƻŦ ƛǊƻƴέΣ CŜ I .

Later, when higher-voltage arcs (sparks) became 
available, a different spectrum was observed ςthe 
άǎŜŎƻƴŘ ǎǇŜŎǘǊǳƳ ƻŦ ƛǊƻƴέΣ CŜ II , which was later 
discovered to be emission lines from Fe+ (once-
ionized Fe). Emitting temperatures T~40,000K.

The notation was extended to all ionization stages. 
Thus, the Fe XVII spectrum is emitted by Fe+16

ions, the Fe XXV spectrum is emitted by Fe+24

ions. 15



Basic atomic physics: The Bohr atom
H is a one-electron atom, the simplest possible, and its 

spectrum was the first to be analyzed.

In the visible wavelength range, there are spectral lines 
that form a regular sequence ςthe Balmer sequence
ςin wavelength.

It is found that 

(1)

where:

˂ Ґ ǿŀǾŜƭŜƴƎǘƘΣ      Ґ м κ =˂ the wavenumber, and RH = 
the Rydberg constant for hydrogen,  

n1 = 2 and n2 = 3, 4, 5, 6, ... 
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H atom wavelengths
n1ςn2 Wavelength Familiar name

ό)ύ of line

2 ς3 6563 H (hor Balmer- )h

2 ς4 4861 Hɓ

2 ς5 4340 Hɔ

2 ς6 4101 Hŭ

2 ς7 3970 HŮ

... ... ...

2 -Ð 3646 Balmer series limit
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H atom: non-visible light spectrum 
line series

Lyman series of lines, in ultraviolet: wavelengths 
given by 

where n1 = 1 and n2 = 2, 3, 4, ... Ð.

²ŀǾŜƭŜƴƎǘƘǎ ŀǊŜ мнмр )Σ млнр )Σ фтн )Σ фпф )Σ 
..., and series limit n2Ґ  ƛǎ фмн ) όǘƘŜ ά[ȅƳŀƴ 
ƭƛƳƛǘέύΦ 

Other series, in infra-red, are with n1 = 3 (n2 = 4, 
5, 6,...), n1 = 4 (n2 = 5, 6, 7, ...) etc. 

These are the Paschen, Brackett, ...  series. 
18
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Electron orbits in the Bohr atom
Bohr assumed that the H atom consisted of a 

nucleus  with positive charge + e (e = electron 
charge) with a single electron orbiting around 
the atom (charge = - e). 

He postulated that the orbiting electron moves in 
particular orbits, with particular value of angular 
momentum m v r = n h/2 ẃhere m = electron 
mass, v = electron velocity, r = distance from 
nucleus, and hҐ tƭŀƴŎƪΩǎ Ŏƻƴǎǘŀƴǘ.

n is called the principal quantum number. 

We often write ƚ = h/2 .̄ 19



Radii of Bohr orbits
Take the case of circular electron orbits in the H atom.

Set the centripetal force mv2/r equal to the Coulomb 
(electrostatic) attractive force e2/r2. 

So                                                                                 (2)

Eliminate  v using mvr = nǩ = nh/2,́ and get:

(3)

For 1st Bohr orbit, r1 = ǩ / me2Ґ лΦрнф )Σ ƛΦŜΦ ƛǘǎ 
ŘƛŀƳŜǘŜǊ ƛǎ ŀōƻǳǘ м )Φ

The radii of other Bohr orbits increase as n2. 
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Circular orbits of the H orbit
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Note: 1 ) Ґ м 10-8 cm 10 )



Sommerfeld modifications
(1) Electron revolves around a centre of gravity, not the 

nucleus. Replace m with =˃ mM/(m+M) where M is the 
mass of the nucleus. 

(2) Electron orbits are elliptical as well as circular. The 
action integral                         where pi is any generalized 
momentum that depends on the coordinate qi. 

Thus, for an elliptical orbit, we have two conditions:

Here n˒= k = azimuthal quantum number, 

nr = radial quantum number.
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Elliptical electron orbits for H atom
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Energy of Bohr orbits
Total energy of electron in a circular orbit is

Substitute r from Equation  (3), and write ˃for 
m, we get

From Eq. (1),

Substituting,  

so that
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Rydberg constant

Express RH in energy units ςRH is in wavenumber 
units. Convert to energy using 

1/ =˂ ɜ/c = hɜ/hc = E/hc. 

We get RH = 2.18 10-11 erg = 13.6 eV.

This is an atomic unit of energy.
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Grotrian diagrams

We can plot energy levels of the H atom in a 1-
dimensional diagram, with either energy or 
wavenumber along the (vertical) scale.

This is a Grotrian diagram (named after Walter 
Grotrian). 
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Energy (Grotrian) level diagram for H
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Energy of Lyman-Ŭline is 13.6 (1 ïı) eV = 10.2 eV

Energy of Balmer-Ŭ(HŬ) is 13.6 (1/4 ï1/9) = 1.89 eV 

Energy 

in eV



Energies of some H lines

E(Ly- )h = 13.6 x (1 ς1/22ύ Ґ ҁ Ȅ моΦс Ґ млΦн Ŝ±

E(Ly- )̡ = 13.6 x (1 ς1/32) = 8/9 x 13.6 = 12.1 eV

E(Hh ) = 13.6 x (1/22ς1/32) = 1.89 eV

E(Lyman series limit) = 13.6 x (1 ς0) = 13.6 eV

E(Balmer series limit) = 13.6 x (1/22ς0) = 3.4 eV

¢ƘŜǎŜ ŎƻǊǊŜǎǇƻƴŘ ǘƻ фмн ) ŀƴŘ оспс )Φ
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