ATOMIC PHYSICS
Revision Lectures

Lecture 1 Schrodinger equation
Atomic structure and notation
Spin-orbit and fine structure

Lecture 2 Atoms in magnetic fields
Radiation and Lasers

Lecture 3 Nuclear effects: hyperfine structure
Two electron atoms
X-rays



Stern Gerlach Experiment

Demonstrates quantization of
direction for interacting vectors

A consequence of quantization
of energy E

Interaction energy for magnetic
dipole p in field B is:

E=u.B=u.BcosO

Since p and B are constant in
time, cos6 is quantized

Force on atoms is:

dB -
F= _/_Id—;K

Beam of spin 1/2 atoms

Oven

/ Inhomogeneous
_ “‘ magnetic field B




Directional quantization

Direction defined by
magnetic field along the
Z-axis

The magnetic moment
due to orbital angular
momentum £is m

The magnetic moment
due to spin s is m¢

Each orientation has
different energy in field B

In zero field the states are
degenerate




The Schrodinger Equation
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Energy Level Diagrams

SPECTROSCOPIC NOTATION

[configuration) *"L, eg.Na: (1s°2s*2p°3s) 3°S,,

] 2|:|1/2 and 3p 2|:)3/2
Principal

3s




Spectroscopic Notation

* One electron atoms e.g. Na

(configuration) =571l 1s5°2s5°2p° 3s Sy,
1522s%2p°® 3p 2Py, , ?Pap

 Two electron atoms e.g. Mg

(configuration) 2>*1L;  1s22s22p® 3s? 1S,
1522s22p® 3s3p P3P,




Vector Model: spin-orbit interaction

VECTOR MODEL
Orbital [ and spin s
angular momenta give
magnetic moments m,
and m,

Orientation of m, and m,
IS quantized

Magnetic interaction
gives precessional motion

Energy of precession
shifts the energy level
depending on relative
orientation of [ and s

JjO 10s Spin-orbit precession
- (magnetic interaction)




Fine structure from spin-orbit splitting in n=2 level of Hydrogen

VECTOR MODEL _ _ o _
Spin-orbit splitting of n=2 level in H

Spin-orbit precession
(magnetic interaction) L — 2p3 P
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Fine structure in n=2 level in hydrogen
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degenerate states




Separation of 2S, -P ..
the Lamb shift,

a QED effect, was first
measured by RF
spectroscopy in Hydrogen;

microwave transition at
1057 MHz

Optical measurement uses
emission of Balmer a line
from Deuterium gas
discharge

Spectrum formed using
Fabry-Perot interferometer
for high resolution.

Shift of 2S,,, - 2P,
IS resolved

Fine Structure in Atomic Hydrogen

Cooled
Deuterium
spectrum
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(1996) A3 question 1

1. Write down the Schridinger equation for the hydrogen atom. Use the ground
state wave function ygi(r) = Ae=" (A, b are constants) to find the energy of the ground
state. showing that the energy is consistent with the Bohr formula,

n=
where n is the principal quantum number and K. is the Rydberg constant,

Draw a diagram showing the fine structure of the energy levels for n = 2 and
n = 3 for the hydrogen atom. Indicate on the diagram the relevant quantum numbers
and the allowed radiative transitions between these levels,

The separation of the 2p <P, /2 and 2p2P, s2 levels of hydrogen is 0-36 em™! or
4-5 x 107 eV, Discuss any difficulties which might be encountered in studying this
fine-structure splitting in a laboratory discharge.

Positronium is the bound system of an electron and a positron. Write down the

energy levels of the gross structure of this system. and explain why it might be preferred
for testing the Coulomb interaction at short distances.
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(1995) A3 Question 2

2. An electron with orbital angular momentum operator £f in a central electrostatic
potential V (r) has a spin-orbit interaction

2 )
1 c‘?V(r)g'é

eh
‘/so = -
2m2e?r Or

where m is the electron mass and & its spin operator.
Show that, in first-order perturbation theory, the spin-orbit interaction leads to a

splitting of the energy'_leveis of an electron bound in a central potential with quantum
numbers n and ¢ but does not change the mean energy of the states involved.

The expectation value of 1/r® for an elgenstate of the hydrogen atom w1th
quantum numbers n and £ is

1 ‘) 2
<r_3> T oadnd(+ 1) (204 1)

where ap is the Bohr radius. Find {in units of eV) the fine-structure splitting for
hydrogen with n = 2, £ = 1. Estimate the fine-structure splitting for hydrogen-like
potassium with n =2, £ =1 (atomic number Z = 19),

Describe the ptin-cipl-es and basic experimental details of one method for the

- measurement of fine structure in the energy levels of an atom or ion of your choice.



Normal Zeeman Effect

VeCtor MOdeI Orbital magnetic moment in external magnetic field
* Magnetic moment ABer
due to orbital motion

U= -g;upl

* Energy of precession
In external field B is:

AE; = UB;

Magnetic dipole precession




Normal Zeeman Effect

Perturbation Energy Orbital magnetic moment in external magnetic field
(precession in B field)
— m;
DEp = 41y By G
I=2 / T ;1
AE> = giMg-Bexim, S 1
-2

21+1 sub-levels

Separation of levels:

HgBext



Normal Zeeman Effect

e Selection rules:
Am, =0, +1

« Polarization of light:

Am, =0, TT along z-axis

Am;=+1 O'or0”
o, circular viewed along z-axis
T, plane viewed along Xx,y-axis

s N

///)i\\




Anomalous Zeeman Effect

Vector Model

e Spin-orbit coupled motion
In external magnetic field.

* Projections of [l and s on
Be Vary owing to |
precession around |.

 m, and mg are no longer
good quantum numbers

A By




Anomalous Zeeman Effect

Total magnetic moment Q.. A B..
precesses around effective
magnetic moment W,

Effective magnetic moment due to
total angular momentum

Ko =-gHgl
Landé g-factor is:

_1 0D -+ +s(s+1)
2)(J+1)

9

Energy of precession in external
field B is:

AEAZ - Huuu'B

—ext

= g LHB Bextmj




Anomalous Zeeman Effect: Na D - lines
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Magnetic effects in one - electron atoms

I'lo b Hso v Bweetk w Bsh'ong
Quantum Numbers | m, m, m,
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Atomic physics of lasers

09 N,

P(V)B, | P(V)B, | Ay

][> N1

P(V) Energy density of incident radiation

p(V)812 Rate of stimulated absorption

[.')(V)B21 Rate of stimulated emission

A21 Rate of spontaneous emission

Rate equation:

dN
d—tz = B12:0(V) N1 . 521,0(V) Nz . ANz

Steady state:

N, _ Bupv) _
N, A+B,0(V)

p)=A

Planck law:

8
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Hence:

[B,, exp(hv/KT) - B,,]
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Laser operation

Rate of change of Spectral  Amplifying _
mirror filter medium mirror
photon number density N
>
dn dN 5 Laser Output
dt at photon lifetime in cavity, Tp
dn
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(1998) A3 question 1

1. Discuss briefly two types of experimental evidence for assigning to the electron
an intrinsic angular momentum of 7 /2,

Show that in the presence of a weak magnetic flux density B an atomic energy
level described by L, S, J splits into levels displaced in energy by

AF = ugBMjqr

and obtain an expression for ¢;.

An atom has a transition 1P; — 1Sy which, in the presence of a weak magnetic flux
density B, has three components separated by wavenumber intervals of 30m~1. What
is the value of B and the direction of the observations with respect to B7 An alkali atom
has a transition with wavemunber 7. In the same magnetic flux density and direction
of observation this transition splits into components at 7 = 9y £ 10m—1, 75 £ 30m—1!
and 7o £ 50m~1., What are the values of S and J of the levels involved in the transition
at 77 Find the values of gy and L for these levels.

Describe briefly the experimental apparatus suitable for measuring such Zeeman
splittings of a transition at 500 mm.

[6]

[6]

[6]



Nuclear spin hyperfine structure

y NUCIear_ Spin UI interaCtS Wlth Vector model of Nuclear Spin interaction
magnetic field B, from .\I

total angular momentum
s 1 3=
of electron, F g
— J
= gyl 8
¢ |I’]tel‘aCtIOn energy J = Total electronic angular momentum
H' = AJ |.J I = Nuclear spin
- FE = Total atomic angular momentum
e Shift in energy level: F=l+2
AE, . = <H> 13 = 12(F-1°-U")

AE, . = (1/2) A{F(F+1) — 1(1+1) — J(I+1)



Hyperfine structure of ground state of hydrogen

Hyperfine Energy shift:
AEhfS =A;lJ

Fermi contact interaction:
spin of nucleus with
spin of electron

Hyperfine interaction constant

A, - Ag

=%, J=%,F=10r0

1.J

Yaor -3

Hyperfine splitting AE = Ag

Hyperfine Structure of Hydrogen Ground State

F=1
/ A
J=1/2 I’ A/4
— [ | [ | [ |
1=1/2 \ * 1420 Mhz
\ (21 cm.)
\\ 3A/4
\\¢
F=0

{F(F+1) — I(1+1) — J(J+1)}

Ay =As =%uogsﬂ5§“%é\w(0)\2




Determination of Nuclear Spin |
from hfs spectra

» Hyperfine interval rule
AE(F) — AE(F-1) = AJF

e Relative intensity in transition to level with no
(or unresolved) hfs Is proportional to 2F+1

 The number of hfs spectral components is
(21+1) for | < J
(2J+1) for |1 > J



2-electron atoms

Schrodinger equation:
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When Electrostatic interaction between electrons

Is the dominant perturbation - LS labelled terms



2 electron atoms: LS coupling

Electrostatic interaction
gives terms labelled by

Land S
L=04+1],, S=s+5,

J=L+5

Terms are split by
electrostatic interaction
Into Singlet and Triplet
terms

Magnetic interaction
(spin-orbit) splits only
triplet term

1

P

1

Tsinglet
3

Electrostatic

Pl _Singlet

Electrostatic plus
Magnetic (spin-orbit)




2-electron atoms: symmetry considerations

LIJtotau — CD(F,H, CU)XH = Antisymmetric

function

 Singlet terms (S =0):
X IS antisymmetric, ® is symmetric
spatial overlap allowed (Pauli Exclusion Principle)
Increases electrostatic repulsion e?/r ,

e Triplet terms (S = 1):
X IS symmetric, ® is antisymmetric
spatial overlap forbidden (Pauli Principle)
reduces electrostatic repulsion e?/r,



Term diagram of Magnesium

Singlet terms

Triplet terms

3pn[]
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resonance line == 33p Py
(strong) -
-
/
-
_ - intercombination line
_ - (weak)
21
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Singlet and Triplet terms form separate systems

Strong LS coupling:

Selection Rule AS =0 (weak intercombination lines)
Singlet-Triplet splitting >> fine structure of triplet terms
I.e Electrostatic interaction >> Magnetic (spin-orbit)
Triplet splitting follows interval rule AE a J




X-ray spectra

Bremstrahlung

Wavelengths A fit ) it M
simple formula N

= l
All lines of series :/\
appear together + Wavelength ot

Threshold energy

Threshold energy for Characteristic X-rays
each series =

Above a certain energy
NO New series appear

4 Wavelength ©oinm
Threshold energy




Generation of characteristic X-Rays
e
x ejected electron

Inner shell energy level

=

« Moseley Plot

Atomic Number, Z

K — series:

L — series:

Vk = R

|

(2-0.) _(z-0)

1° n°

3




X-Ray Series

M-series

afy

L-series

afy

K-series

K
aBy

n=4

n=3

n=2

n=1

Series lines labelled by a,[3, x etc

for decreasing wavelength A

Lines have fine structure due to
spin-orbit effect of “hole” in filled shell

Fine structure of X-Rays

Al +1 Aj=0,+1

L]

1 3/2
o
1 12
0 12
a, | o
K v 0 12
4
AE,_ = 35 o7 cm™
N0 +1)




Absorption of X-rays

X-Ray absorption spectra The Auger Effect
A L-edge M-edge Kinetic Energy
c (Ex-EV-EL
se el 7
§ § I
L o—— e
Wavelength
Potential Energy
e Absorption decreases below (Ex - E)
absorption edge due to effect of
p : g K fo! [o l
conservation of momentum
. X-ray absorption Second electron
e Fine structure seen at edges electron emitted emitted

* Auger effect leads to emission of
two electrons following X-ray
absorption by inner shell electron



