
Lecture 2

More Atomic Physics: H atoms, 
He atoms, complex atoms
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Excitation of the H atom
To excite the H Ly- ƭhƛƴŜ όмнмр )ύ ƛƴ ŜΦƎΦ ǘƘŜ 

chromosphere, we must have an electron or a photon 
to raise the H atom from its ground state to the n=2 
level. 

The electron or photon must therefore have an energy of 
[1 ςόѹύ2] Ҏ13.6 eV = ҁ Ҏ13.6 eV = 10.2 eV.

Photospheric radiation has an average wavelength of  
Ϥсллл )Σ ƛΦŜΦ ǘƘŜ ŜƴŜǊƎȅ ƛǎ ƻƴƭȅ мнпллκсллл Ϥн Ŝ±Φ 

But there are plenty of electrons in the chromosphere 
(T=10,000K) in the tail of the Maxwell-Boltzmann 
distribution with higher energies, up to about 10 eV. 

So the H I Ly- мhнмр ) ƭƛƴŜ ƛǎ ŀ strong emitter from the 
chromosphere.In the corona, H is fully ionized, so 
there is practically no Ly- lhine emission from there. 2



Excitation of the H atom (contd.)
5ŜŜǇ ƛƴ ǘƘŜ ǇƘƻǘƻǎǇƘŜǊŜΣ ǘƘŜ ŘŜƴǎƛǘȅ ƛǎ ǾŜǊȅ ƭŀǊƎŜ Ҧ 

there is a Boltzmann distribution of H atoms. That 
is, if there are N1 H atoms in level n=1, N2 H atoms 
in level n=2, then:

where E12 is the energy of level n=2 above the 
άƎǊƻǳƴŘέ ƭŜǾŜƭ n=1, kƛǎ .ƻƭǘȊƳŀƴƴΩǎ ŎƻƴǎǘŀƴǘΣ ŀƴŘ 
g1, g2ŀǊŜ άǎǘŀǘƛǎǘƛŎŀƭ ǿŜƛƎƘǘǎέ ƻŦ ƭŜǾŜƭǎ м ŀƴŘ н     
(for H, g1 = g2 = 2). 

With T=6400K for the photosphere, sufficiently large 
numbers of H atoms are raised to the n=3 levels for 
a transition to take place to the n=2 level, when the 
H ƭhƛƴŜ όсрсо )ύ ƛǎ ŀōǎƻǊōŜŘΦ 3
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Fine structure of the H lines

The Bohr-Sommerfeld model of the H atom had a radial 
quantum number nr and an azimuthal quantum 
number n ,˒ denoted by k. 

The energy levels of H are given by (Lecture 1):

Let us now set the nucleus charge to be + Z e(not just  
+ e), i.e. any H-like ion (e.g. He+), and a mass ˃.  

So energy of level n of an H-like ion is 
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Including relativistic effects

Sommerfeld considered elliptical electron orbits 
and added relativistic effects: 

where h = 2́ e2/hcҒ мκмот Ґ ǘƘŜ fine structure 
constant. 

Thus, there is a small dependence  of Eon k. 

The version of the Grotrian diagram we gave 
before should be changed slightly to show the 
άŦƛƴŜ ǎǘǊǳŎǘǳǊŜέ ƻŦ ǘƘŜ ƭŜǾŜƭǎΦ 
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New quantum numbers
Instead of having nr = radial quantum number to 

define the level of the H atom, we should have 
principal quantum number n and azimuthal 
quantum number k, where n = nr + k. 

Replace azimuthal quantum number k with l = kς1.

So the quantum numbers of H-like ions are n, l. 

n can take values 1, 2, 3, ....

l can take values 0, 1, 2, ..., n - 1. 

We denote l values s (l=0), p (l=1), d (l=2), f (l=3) ...

The smaller the value of l, the larger the orbit 
ellipticity.  6



Grotrian diagram for H with fine structure 
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Grotrian diagram without fine structure
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Fine structure of H lines
The fine structure of the H levels is as follows:

n=1: only one level

n=2 levels: can have 2s or 2p (elliptical or circular).

n=3 levels: can have 3s, 3p, or 3d (very elliptical, 
elliptical, or circular).

With Ly- lhine, transition is 1s ς2p (1s ς2s is not 
allowed by quantum mechanical selection rules). 

With Hh line, transitions can be 2s ς3p, 2p ς3s, or 
2p ς3d (most probable).

The Hh άƭƛƴŜέ ƛǎ ǘƘǳǎ ƳŀŘŜ ǳǇ ƻŦ о ŎƻƳǇƻƴŜƴǘǎΣ ŀƭƭ 
ǿƛǘƘƛƴ м ) ƻŦ срсо )Φ

Selection rules: l (or k) can change by +1 or -1. 9



Wave or Quantum mechanics
5Ŝ .ǊƻƎƭƛŜΩǎ ǇǊƛƴŎƛǇƭŜ: the motion of an electron 

(or any particle) is associated with a 
wavelength 

where v is the electron velocity. 

This can be expressed in terms of electron 
energy E(eV):

)Φ

So an electron with E= 13.6 eV has a 
ǿŀǾŜƭŜƴƎǘƘ ƻŦ  оΦо )Φ
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Wave representation of an 
electron orbiting a nucleus
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A non-interfering electron has 

wavelength given by nɚ= 2 ˊr. 



IŜƛǎŜƴōŜǊƎΩǎ ¦ƴŎŜǊǘŀƛƴǘȅ tǊƛƴŎƛǇƭŜ

If mv = p = h/ (˂p = momentum), to specify p or 
e˂xactly, we  must extend the wave train 

defining the electron greatly (infinitely, in the 
limit).

But then the position of the electron becomes 
completely uncertain. 

Position and momentum of the electron cannot 
be simultaneously measured exactly: 
IŜƛǎŜƴōŜǊƎΩǎ ¦ƴŎŜǊǘŀƛƴǘȅ tǊƛƴŎƛǇƭŜ. 

In this case we can express it as 
12
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Transition to Quantum Mechanics
If an atom with N orbiting electrons were a 
άŎƭŀǎǎƛŎŀƭέ ǎȅǎǘŜƳ όƛΦŜΦ ƻōŜȅƛƴƎ ŎƭŀǎǎƛŎŀƭ ǇƘȅǎƛŎǎύΣ 
then the energy equation would be

(4)

kinetic energy + potential energy  = total energy

where qk are the coordinates (x,y,z) of the N
separate electrons. 

In Quantum Mechanics, we replace the 
momentum coordinates pk by differential 
operators (h/2 í) Ö/Öqk and letting them 
άƻǇŜǊŀǘŜέ ƻƴ ŀ wave function ɣ.  [i=ã(-1)] 13
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Wave equation
When we do this, we get a differential equation --

SchrᾹŘƛƴƎŜǊΩǎ Ŝǉǳŀǘƛƻƴ ςwhich is:  

(5)

where E= total energy, V= potential energy, and ɣ
depends only on (x, y, z). 

If  ɣis single-valued, finite, continuous, and vanishes at  
Ð, then Eq. (5) can be solved for particular values of 
E, the eigenvalues. 

The corresponding wave functions  ɣare the 
eigenfunctions. They correspond to the stationary 
states for which the wave motion does not suffer 
interference. 
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Wave mechanics of H atom or H-like ion
SchrᾹdinger equation for H atom or H-like ions:  

substitute the Coulomb potential  - Ze2/ r for V
to get:

This equation can be solved for all positive 
values of E(corresponding to continuum 
states) but only certain negative values  
(corresponding to bound states):

(n = an integer)

This is just what we had before (Lecture 1). 
15
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More general solutions
For each stationary state, there is generally more 

than 1 eigenfunction characterized by not only n
(principal quantum no.) but also:      

l (azimuthal q. n.) = 0, 1, 2, ... , n-1 and 

m (magnetic q. n.) = -l, -l+1, -l+2, ... +l for given 
(n,l) quantum numbers. 

For a central force field (e.g. electron moving in 
the Coulomb field of a nucleus, the usual case), 
ɣcan be solved in the wave equation by 
introducing polar coordinates and separating 
into variables:  ɣ(r, ɗ, ű) = R(r) Ū(ɗ) ū(ű). 
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What does ɣmean physically?

ɣitself has no apparent physical meaning. In 
fact it is in general complex (e.g. a + ib).

However,   ɣɣ* does have physical meaning. (ɣ*

is the complex conjugate,  a ςib.)

The probability of finding an electron in a 
volume  dŰis ɣɣ* dŰ= (a2+b2) dŰ.

So we can plot ɣɣ* dŰas a function of r
(distance from the central force = nucleus) for 
e.g. the H atom. 
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Radial wave functions for H atom
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Radial functions for various n, l. 

From Herzberg. 


