Nuclear and Particle Physics
640-354
L ecturenotesand figures

The subject provides an introduction to the modern picture of the atomic
nucleus and elementary particle physics.

Students completing this subject will be ableto:

explain the modern picture of the atomic nucleus and the physics of
elementary particles; and

solve and analyse problems in these areas by applying smple quantum
mechanical reacnninn

These lecture notes are copies of my originals. They are not meant to be
definitive, nor arethey guaranteed to befreeof error.

They are made available on request, with the hope that they may assist
you in this cour se.

| have also put in the reading room several copies of introductory
Nuclear Physicstexts. These arethe property of either my graduate
students, or myself.

We would appreciateit if they were not removed from the reading room.

These notes are on the web at
http://www.ph.unimelb.edu.au/~max/

Max Thompson
August 2003
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L ecture1 (2003)

Krane Enge
Williams
I ntroduction
Nomenclature : : 1.2
Congtituents 1.10
Nuclear Size 1.2
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Problems Lecture 1

1 Calculate the distance of closest approach of a a-particle of 6 MeV
to a nucleus of gold.

2  If themass of anucleon is 1.7 x 102" kg, what is the mass density of
the nucleus *®°0? What is the mass density of the nucleus **Pb?
Compare both of these with the atomic mass density of the same
material.

3. From the uncertainty principle pp.Dx » 7, and the fact that a nucleon

is confined within the nucleus, what can be concluded about the
ener gies of nucleonswithin the nucleus?



Lecturel

Why study Nuclear Physics?

Basically because understanding of the nature of the force between the most fundamental
components of matter that are directly accessible is not understood. Unlike the case of atomic
physics, where quantum electrodynamics provides an exact description of the EM force, the nuclear
forceis as yet not completely understood.

For that reason there are dtill very fundamenta experiments being undertaken in an effort to clarify
the nature of the force between the nucleons (protons and neutrons). In particular the effect of
placing these nucleonsin close proximity to many others, that is within the nucleus.

For those of you who are going to proceed to research in physics, thisis a sufficient reason for
sudying nuclear physics, or indeed any branch of physcs. For dl of you, including those who will
go into the red world and make money, the impact of nuclear physicsin many aress of lifeis
immense, and as physcists you should know more about it than the average Herald-Sun reader.

These areasinclude
the environment: the continuing debate about the safety and environmenta cleanliness of nuclear
power, the feasibility of fusion power.
medicd gpplications radiation therapy, diagnostic tools such as radioactive scans, CAT, PET.
and total body composition studies.

However a this stage in the understanding of the nucleus, it is gppropriate to question the more
fundamenta source of the nuclear force. Infad, it is now common knowledge that the nuclear
components (protons and neutrons) are not the fundamental components of nuclear matter, but
rather they themselves are compound particles conssting of quarks. These quarks not only combine
to form the nucleons, but the whole range of mesons and other particles. So it isright to seek and
explanation of the properties and interactions of nuclei and nucleons at a more fundamenta leve.

For that reason the present course is an amalgam (Nuclear and Particle). | will give the lectureson
nuclear Physics and Prof. McKelar will present the study of subnucleon and particles physics.
Hopefully the result will be ardatively coherent course.

The plan for the lectures is as shown.
Y ou can see that the range of topicsis quite extensive. The degree of theoreticd rigor will vary from

topic to topic. Overdl | hope that you might at the end of the course be able to say that the course
objective has been met.
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date

28-Jul
30-Jul
1-Aug
4-Aug
6-Aug
8-Aug
11-Aug
13-Aug
15-Aug
18-Aug
20-Aug
22-Aug
25-Aug
27-Aug
29-Aug
1-Sep
3-Sep
5-Sep
8-Sep
10-Sep
12-Sep
15-Sep
17-Sep
19-Sep
6-Oct
8-Oct
10-Oct
13-Oct
15-Oct
17-0Oct
20-0Oct
22-0Oct
24-0ct
27-0ct
29-0Oct
31-Oct

Topic

Atoms to nuclei and nucleons
Structure of Nucleons
Quarks and leptons

Nuclear size

Static properties of nuclei
The deuteron

N-N Scattering

Feynman diagrams

Reaction kinematics

NN potential

Resonances

Spin

Isospin

Nuclear Shell Model 1

Nuclear shell model 11
Nuclear collective model 1
Nuclear Collective Model 11
Flavour Symmetry I -- Mesons

Flavour symmetry Il -- Hadrons
Colour and hadron wavefunctions

beta decay

Weak interactions
Neutrino oscillations
alpha decay

Gamma decay
Accelerators

Detectors

Nuclear Reactions
Reaction Theories
electron-positron to hadrons
deep inelastic scattering
Configuration mixing
Photonuclear reactions
Elemental Analysis

B Physics -- Decays

B Physics -- CP violation

Lecturer

MNT
BMcK
BMcK
MNT
MNT
MNT
MNT
BMcK
BMcK
MNT
BMcK
BMcK
BMcK
MNT
MNT
MNT
MNT
BMcK
BMcK
BMcK
MNT
BMcK
BMcK
MNT
MNT
BMcK
BMcK
MNT
MNT
BMcK
BMcK
MNT
MNT
MNT
BMcK
BMcK



In these lectures we are discussing the fundamenta building blocks of metter: awonderful example
of scientific enquiry.

The concept of the atom was firgt introduced by the Greek philosophers Democritus and Leucippus
around 450-420 B.C. The word "atom" derives from the Greek atonps for "indivisble'. The
current chemistry picture of the aom was not fully redised until the 19™ Century by Dalton.
Chemids were able to determine the diameter of atoms to be of order 10° m (or 1 angstrom), a
figure that is essentidly the same from hydrogen to uranium. (Why is this?) But by the late 1800's
the smilarity of chemical properties of groups of elements raised doubts as to whether the atlom was
not atomos. In 1897 J. J. Thomson (unfortunately not a forebear) it soon became clear that the
atom was not indivisble or (atomos). He reported the discovery of aradiation from a cathode ray
tube that was composed by very tiny particles, smdler than an atom and negatively charged--
electron. So the indivisible atom consisted of eectrons and positive particles designated protons.
These were mixed up like a plum pudding to make a neutra unit the size of an atom.

Now we come to Nuclear Physics. Early workers such Marie and Pierre Curie were studying the
new radiations that came from heavy atoms like radium, and confirmed the € ectrons of Thomson,
and a heavy charged particle “the dpha’ particle. Thiswasto prove useful to Rutherford, who was
not happy with the plum- pudding model, and in 1911 st his graduate students Geiger and Marsden
the project to investigate it. 1t was Rutherford' s postulate that the atom was essentialy empty space
conggting of amassive minute nucleus with the appropriate numbers of eectrons surrounding it.

You recdl the classic experiment from 1% year. In essence, if the plum pudding model were correct,
the 10° m atoms would be cheek to jowl and the a’swould scatter successive scatterings as they
penetrated the foil. Thus there would be areatively small scattering anglel.

Ao
-

Thomson’s plum-pudding model was the size of an
atom, and consisted of A protons (determining the
mass) and A-N electrons determining the known Z of
the atom.

! See Fowlers (U of Virginia) lecture
http://www.phys.virginia.edu/classes/252/Rutherford_Scattering/Rutherford_Scattering.html



On the other hand if the nucleus was tiny (we are
taking ~10%> m), but had a large charge (2), the
scattering would be classicd dectrogtatic scattering.
In redity he found that essentidly dl the a’s got
through, with few deflected more than 1°, and
esentidly none were reflected.

Before discussing this in a little more detall, let's
complete the higtory that leads up to the content of
thiscourse.

It was not until 1932 that the picture of the nudeus 10’ m
itself as being composed of protons with neutrdising
electrons was clarified. Chadwick showed that the
nucleus contained a new heavy paticle (essentially ®
identical in mass to the proton), which was neutrd,

and hence was called the neutron. e
The Rutherford model of the foil

Sizecf atom. Marble at centre of ovd

Over the next 30 or S0 years, nuclear physicists sudied the properties of these nuclel made up of
protons and neutrons (nucleons): their spin, their deformation, their magnetic moments, and
importantly the spectroscopy of the quantum states. Thefact that nucle, like atoms, could be
excited to higher quantum energy states confirmed that they like atoms had internd substructure (in
this case the protons and neutrons), which could be modelled. We will study these models during
the course.

By the 1960’ s the question was beginning to be asked as to whether the nucleons were fundamental
particles, or whether they dso had interna structure. The test for this was to look and see if
scattering very high energy particles (e.g. eectrons) off anucleon was dways dadtic (energy in
equas energy out), or whether one could observe evidence of energy being lost in the collison, and
therefore transferred to internd components. With the advent of high-energy eectron accelerators
such evidence was found, and Murray Gell-Mann proposed the Quark model, which will be studied
in the course. With the quark as the (current) fundamenta particle, it was possible to account for
not only the proton and neutron, but the plethora of other subatomic particles (such as mesons) that
had been discovered and predicted. Y ou will study these with Prof. McKdlar.

Nuclear components:
proton and neutron (NUCLEONS)

m, = 938.280 MeV/c? = 1.67252 x 10%" kg
m, = 939.573 MeV/c? =1.67482 x 102" kg
compare eectron 9.1091 x 1031 kg.



Thenudeus asable callection of nucleons.
Sizee ~1-7x10"m =1-7fermi (fm)
(cf aom ~10°m)

A particular nuclear speciesiscalled aNUCL | DE.

A particular nuclide congstsof N neutrons and Z protons

The charge on aproton is +e (1.60210 x 10*° C) so the nuclide ZAX has Z protons, N neutrons,
and A= N+Z nucleons

A is the nucdlear mass number

Z isthe charge or isotopic number (the e ement number in the periodic table)
N is the neutron number

Note that not al combinations of Z and N are gable. For light nuclel (A < ~20) to first order, those
with N=Z are: usudly N>Z. The reason for thisis directly relatable to the nature of the nuclear
force, and thislecture course.
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Figure 1.1 Stable nuclei are shown in dark shading and known radioactive
nuclei are in light shading.
An|SOTOPE isone o aset of nuclides with the same Z and consequently different A. (ie
isotopes are the same chemica eement but different masses).

An | SOTONEisoneof aset of nuclideswith the same N and consequently different A
e.g. 1gA%, K, Ca*(dl have N =21)

An|SOBAR isoneof asat of nuclides with the same A but different N and Z.



eg 30, YN, %§c.
Nuclear Size— Rutherford Scattering

L ets see what we can learn about the sze of the nucleus from Rutherford' s experiment that we
mentioned earlier, and then move on in lecture 4 to discuss modern determinations if the nuclear sze.
The references to the theory of Coulomb or Rutherford scettering are in the lecture summary.

Firgt the experimenta equipment:

- A source of hightenergy charged
Mi?\?' paticles...a -particles from Rawith a
kinetic energy of about 7+ MeV (the
same as used in the Part 3 nuclear prac.
A very thin fail to produce the
scatering. The cdassc fail isgold, since
e B Thin o it can be made extremely thin (400
rr:gn;ap :;ﬁd gri:?:amc::t‘e%f. an a-particle scatlering axpariment. The reglon tray aorns was U%j), aﬂlrlng th a muI tl ple
scatterings were unlikely. Infact
Rutherford used materids with arange of different Z to check the theory.
A detector of a -particles. Today we would use a SS detector such asin the Part 3 experiment.
However in 1911 they were some 90 years too early, and had to rely on scintillations of the a’s
on alayer of ZnS. This detector system was incomplete, since the recording apparatus was
missng. Hence
A number of research students, whosejob it was to observe the individud scintillations at the
different angles, and record the results. This particular piece of apparatus has not changed in 90
years. Graduate students are still essentid.

In§

Diaphragm de.

Now let’slook at the microscopic leve to understand the physics.

Rutherford assumed that the coulomb scattering was the result of an infinitely heavy, point charge.
The scattering isaclassicd collison problem where, as shown in the figure some of the KE of the
incident a is converted into PE at the point of minimum approach. Naturdly for a conservative
force, after the interaction the final KE isrestored. The locus of the trgjectory is a hyperbola.

o : The angle of scattering g,
> f{ B depends on how close the line of
' f{. ' approach of theincident a isto

the point scatterer. Thisis
measured by the impact
parameter b. Thesmadler b the
larger will be the angle of
scattering.

) r_d#




The relation between g and b is cotZ2 -

2b

when we the collision was head-on, or when b= 0.

i where d is the distance of closest approach, i.e.

| Exercise: cdculate the distance of closest gpproach of an a of energy 6 MeV to anucleus of Gold.

The probability of an a hitting aring of width db distance b from the zero-impact lineis
P(b) =r t 2p bdb wherer isthe number of atoms per unit volume andt is the thickness of the

fail.

Thisis thus the probability of the a being scattered between angle ¢ and dg, and since we know b

p

asafunction of g, this can be written as P(b)db = gt d?sing

_da
49
Sll"l2

| want you to derive an expression for d (the distance of closest approach) in the above equetion,
forana of KE= 1/2mv? , and charge 2e, scattering off acharge Ze. | leave this as an exercise for
you and to evauateit. Notethat the value of d isafirg-order measure of the nuclear radius.

dQ = 2msin® do. /

\\)/rdEl

{neident beam
of I particles

# ALCIe per
e of targst

a5 = areafrt =
Zx sin A g8

I particles
emittad into
salid angle g}

Note that thisisthe probability
of an a incident with impact
parameter b being scattered into
ananglebetween g and q +Dg.
For abeam of a’sof intengty |,
incident uniformly on the fail, the
solid angle dw subtended at
agleqis

dw= 2psnqdg. Sointhe
above eguation we subgtitute for
dg, and find that the probability
of ana ending up & angleq per
unit solid angle (AW) is

dN 1

do 4pe,

This saysin essence thet for agiven foil (Z) and given a energy, the probability of detecting ana at

agiven gisgivenby gy
aw

sn

1

+q
2

It was this extreme dependence on scattering angle that told Rutherford that the nucleus was

essentidly of point Sze.
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1065 - When you evauate the
distance of closes
g approach, you will find
E 104 that the nucleus of Au
E is~10% min radius.
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Figure 11.10 (d) The depandence of scattering rate on the scattering angle 5,

using a gold foil. The sin~*4(4 /2) dependence is exactly as predicted by the
Ruthertord formula. '

Evidence of Substructurein Atomic and sub-atomic states

Before going on to discuss how to measure the Size of nuclel using dectron scettering, | want to
consder the nature of the physics of the sysems we are consdering. Firgly confirm that itisa
guantum system we are studying, and what order of magnitude quantum states we might expect. But
aso to indicate how evidence of substructure can be interpreted.

From your early studies of gtatistica mechanics you are aware that the kinetic theory of gasesrelied
on treating atoms classicdly, asif they were solid little bals. It worked. The size of the system was
meacroscopic, and classica physics sufficed.

Y ou proved the universal gas laws, and may even remember that the model predicts the molar
specific heet for adiatomic gas as ¢, = 7/2RT. This expression comes from an average energy per
molecule of Y2kt per degree of freedom. Asan examplefor H, there are 7 degrees of freedom (3
trandationd, 2 vib. and 2 rot).

The experimentd vaue of ¢, for H,
at room temperature was 5/2RT. Co
It only reached avaue of 7/2RT at
rdaively high temperatures. In
fact at quite low temperaturesiit
becomes 3/2RT. | earlier F
textbooks the explanation of this translation
phenomenon was that the rot. and | 1
vibrationa energieswere“frozen” 5 : 1
- 102 103 104
(we now would say quantised).

We now know that at low T (°K)
2-18. Molar specific heat of molecular hydrogen (1
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temperatures, Y2 KT isless than one quantum. So even for thisfarly large scae system quantisaion
was evident.

More importantly, if we were to take these solid little balls and examine them by say scattering
electrons off them, aslong as the eectron energies were low, the scattering would be eagtic, and we
could consider them to be just solid bals. However you know that as soon as Frank and Hertz
fired electrons of afew 10s of ev at them, the electronslost energy: the atoms had absorbed energy
from the incident particle. Not only that but the energy was in discrete values, and was emitted
subsequently as photons. These little balls had internal structure that was quantised. The
spacing of the quantum statesis as you recdl, in the region of the energy of avisible photon (~ev).
So when probed with eectrons with energies of this order, the internal structure can be seen (Frank
and Hertz electron scattering off Hg 1913).

Quantisation and size

We are now at the next stage down: we have
Molecules

Quantisation in the Kinetic theory of gases considered the nuglwsasaclassicd.bdl, md in
Rutherford scattering observed dastic scattering of

Atoms MeV a particles. If this nudeus has substructure,

Quantisation asrevealed by Frank and Hertz . . .

Substructure due to electrons what order of magnitude is the spacing of the
Nude quantum states? We may then be able to probe

uclel . .

Rutherford showed elastic scattering ay qua_ntum subsiructure by using suitebly )

Isthe nucleus quantised? DX.Dp°® 7 energetic probes such as eectrons, and again look

Heizengerg uncertainty principle for evidence of indlastic scattering..

For atom Dx~10"° m =»DE~eV

For nucleusDx~10% m & DE~severalMev ~ We can get some idea using Heizenberg's

Quantum states of order MeV . .
Substructur e due to nucleons uncertanty relaion. Dx.Dp ~h .

For an atom Dx~10°m=» Dp = DE ~ev
For anucleus Dx~10m=>» Dp = DE ~ MeV

Nucleon

Assume Dx~10 m = DE~ 100 MeV
Quantum states of order 100 MeV

(D-resonance at about 300 MeV The quantum gtates of atypica nucleus are of
substructure dueto quarks order MeV. So if we want to study the structure
(that is the protons and neutrons that congtitute it)

e ¢ by scattering we need a probe of energy >>MeV.
p n s=1/2

YV Just out of interest, we might assume that the
D 32 E~300MeV nucleons are dructureless. But again if we

congder their Sze as 10-%> m, we expect quantum states a ~ 100 MeV. Indeed the first excited
gate of the nucleon isa about 300 MeV and iscdled the D resonance. Itis, in terms of the
substructure of the nucleon, a rearrangement of the quarks that form the substructure of nucleons
(the GS of the nucleonisp = uud, n=ddu, uhasq=+2/3e, d hasq = -1/3e. The Nucleon GS has
the spin of the quarks coupled to s= Y%, and the D has one d or one u flipped to give s= 3/2)

Now we might ask how to determine the size of the nucleus with some certainty. Naturdly we are
probing something we can’t see, and we need to probe with an externd probe and interpret the
results. Scattering from the nucleusis astandard tool. Since the nucleus contains charges we can
use coulomb scettering. Thefirst response is to note that this was done this nearly 100 years ago,
by Rutherford. However if you recal he assumed that there was a point charge. If the probeisto
get close enough to see the size of the nucleus we mugt incorporate thisinto the analysis. Scattering
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of high-energy (200-500-MeV) eectrons was the preferred method, and next lecture we will look
a the experimental methods.
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