Lecture 2

More Atomic Physics: H atoms,
He atoms, complex atoms



Excitation of the H atom

Toexcitethe HEYyt AYS OMHMpP )0 AY
chromosphere, we must have an electron or a photon

to raise the H atom from its ground state to the2
level.

The electron or photon must therefore have an energy of
[1¢6 jr13.6 eV < P13.6 eV =10.2 eV.

Photospheric radiation has an average wavelength of
Qecnnn )X AOPSP® GKS SYySNHE

But there are plenty of electrons in the chromosphere
(T=10,000K) Iin the tail of the Maxw&bltzmann
distribution with higher energies, up to about 10 eV.

SotheHLyhMmH mp ) sttoAgyeSittek féiom the
chromosphereIn the corona, H is fully ionized, so
there is practically no Ey line emission from there.



Excitation of the H atom (contd.)
5SSLI AY (UKS LIK2U02a8LIKSNEB:?
there Is a Boltzmann distribution of H atoms. That

IS, If there areN; H atoms in levah=1,N, H atoms

In leveln=2, then:
N2 gz —E, 5/KT

e
N, ¢
whereE,, Is the 1enerfyy of level=2 above the

aEINEszRzéLk)T&QSEf 01 Y yy Qa
g, NE dadladAaagAaolrf gSA
(for H,g, =g, = 2).

With T=6400K for the photosphere, sufficiently large
numbers of H atoms are raised to the3 levels for

a transition to take place to the=2 level, when the
Hhf AYS ocpco )U Aa | 0a?z




Fine structure of the H lines

The BohwSommerfeld model of the H atom had a radial
guantum numbem, and an azimuthal quantum
numbern , denoted byk.

The energy levels of H are given by (Lecture 1):
2 2112
e n°h
E,=—-— wherer =———
2r Adr-ue”L
Let us now set the nucleus charge to-bé e(not just
+e), I.e. any Hike ion (e.g. HB, and a mass.

So energy of level of an Hlike ion Is
2" ‘gt Z°
TR




Including relativistic effects

Sommerfeld considered elliptical electron orbits
and added relativistic effects:
2 4 2 [ 22 i
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whereh =2 e2/hcF M K M ofine sfructiir& S
constant.

"hus, there i1s a small dependenceEain k.

"he version of the Grotrian diagram we gave
before should be changed slightly to show the
GFAYS aUNHzOUdz2NBE¢ 2F




New guantum numbers

Instead of having. = radial quantum number to
define the level of the H atom, we should have
principal quantum numbem and azimuthal
quantum numbelk, wheren=n, +k.

Replace azimuthal guantum numblewith | =k ¢ 1.

So thequantum numbers of Hike ions aren, |.

ncan take values 1, 2, 3, ....

| can take values 0, 1, 2, n.; 1.

We denotel valuess (I=0),p (I=1),d (I=2),f (I=3) ...

The smaller the value dfthe larger the orbit
ellipticity. ;
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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" line, transition is 1§ 2p (1s¢ 2s is not

allowed by quantum mechanical selection rules).

With H line, transitions can be as3p, 2p¢ 3s, or

2p ¢ 3d (most probable).

TheH &t AySé A& GKdz YIRS
gAUKAY ™M ) 2F cpco )OO

Selection rulesl (or k) can change by +1 et.




Wave or Quantum mechanics
5S . NP I A:%he motibdrobay élettioii
(or any particle) is associated with a
wavelength h

A=—0
mv

wherev is the electron velocity.

This can be expressed in terms of electron

energyE(eV): 192

e )@

So an electron witle= 13.6 eV has a
gl oSt Sy3aokK 27 o do ) ¢



Wave representation of an
electron orbiting a nucleus

A non-interfering electron has
wavelength given by nas=2 " .
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If mv = p = i<(p = momentum), to specify or
<exactly, 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:
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In this case we can ex
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Transition to Quantum Mechanics

If an atom withN orbiting electrons were a
aOf FaaAaokfé aeausSy oA
then the energy equation would be

Pe _ 4
> = +V(4) =E (4)

Kinetic energy + potential energy = total energy

whereq, are the coordinates (x,y,z) of ti
separate electrons.

In Quantum Mechanics, we replace the
momentum coordinate®, by differential
operators b/2"i) O /gand letting them
a 2 LIS NI twsvé furgtbnyl [i=a {1)] -



Wave eqguation

When we do this, we get a differential equatien
SchARA Y ISNR&wichidzl GA2Y
2 2 2 2
0 w+8 t//+6 l//+872' m
ox> oy* 0z° h?
where E= total energyV = potential energy, ang
depends only orx( y, 3.

If y Is singlevalued, finite, continuous, and vanishes at
b, then Eqg. (5) can be solved for particular values of
E theeigenvalues

The corresponding wave functionsare the
eigenfunctions They correspond to the stationary
states for which the wave motion does not suffer
Interference.

(E-V)y =0 S




Wave mechanics of H atom or-lke 1on

SchAdinger equation for H atom or-tke ions:
substitute the Coulomb potentiad Ze4/r for V

to gedt.: , , , S ,
6y+8y+8y+8 m VA

2 2 2 2 (E+—)y =0
ox- oy° 0z h r
This equation can be solved for all positive
values ofE(corresponding to continuum
states) but only certain negative values
(corresponding to bound states):

2" *me' 2°  R,hcZ’

E=-—2 =" 2z (n=an integer)

This is just what we had before (Lecture 1).




More general solutions

For each stationary state, there is generally more
than 1 eigenfunction characterized by not only
(principal guantum no.) but also:

| (azimuthal g. n.) =0, 1, 2, .n-1 and

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

For a central force field (e.g. electron moving In
the Coulomb field of a nucleus, the usual case)
y can be solved in the wave equation by
Introducing polar coordinates and separating
into variables:y (r, d, () =R(r) U(d) G (G).




What doesy mean physically?

y Itself has no apparent physical meaning. In
fact it s in general complex (e.g. a + Ib).

However, y ¥ does have physical meaning*(
IS the complex conjugate, @b.)

The probabl ity of finding an electron in a
volume dlisy ¥ dU= (&+b?) dU

So we can ploy y dUas a function of
(distance from the central force = nucleus) for
e.g. the H atom.




Radial wave functions for H atom

Radial functions for various n, I.
From Herzberg. e



