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1 Openingitems

1.1 Moduleintroduction

The atom of any element is made up of atiny, positively charged nucleus surrounded by negatively charged
electrons. The nucleus, although small, contributes almost al of the mass of an atom. The chemical properties of
materials are amost independent of the structure of the nucleus, since they arise from the interactions of the
electrons in the atoms or molecules of the material. In contrast many other processes, such as the release of
energy by the Sun and by terrestrial nuclear energy sources, depend crucially on the properties of the nucleus.
Therefore a knowledge of the nucleusis essential for understanding these processes.

In this module we will discuss the basic properties of nuclel, starting with their charge and mass. In Section 2 we
will discuss the basic nuclear constituents—nucleons (a collective name for protons and neutrons) and the
meaning of terms such as mass number and atomic number used to describe nuclei. We will also explain the
nature of isotopes, and introduce the atomic mass unit. Next (in Section 3), we will consider the forces between
particles in the nucleus and introduce the strong interaction between nucleons. A discussion of nuclear binding
energy and nuclear mass will enable us to relate the mass defect of a nucleus to the energy released in a nuclear
reaction via Einstein’ s energy—mass equation. Finally, in Section 4, we will apply these ideas to unstable nuclei
and radioactive decay, introduce the Q-value of areaction and use it to predict which reactions may occur and
which are forbidden.
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Study comment  Having read the introduction you may feel that you are already familiar with the material covered by this
module and that you do not need to study it. If so, try the Fast track questions given in Subsection 1.2. If not, proceed
directly to Ready to study? in Subsection 1.3.
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1.2 Fast track questions

Study comment  Can you answer the following Fast track questions?. If you answer the questions successfully you need
only glance through the module before looking at the Module summary (Subsection 5.1) and the Achievements listed in
Subsection 5.2. If you are sure that you can meet each of these achievements, try the Exit test in Subsection 5.3. If you have
difficulty with only one or two of the questions you should follow the guidance given in the answers and read the relevant
parts of the module. However, if you have difficulty with more than two of the Exit questions you are strongly advised to
study the whole module.

Question F1

How many neutrons and protons are there in £3Ne and 33Zr nuclei?
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Question F2 Properties of some common nuclides

Caculate, us ng data from the Z Element Symbol A Atomic mass/u absr%:;\ég/%
teb) ¥ the b; ”%nge'?ergy f’tf th‘}f 1 hydrogen H 1 1.007825 99.985
lr\‘/l“cveus OF “gFD N units o 2 2.014102 0.015
ev. .
2 helium He 4 4.002 603 99.999
(1u = 931.502 MeV/c?)
79 gold Au 197 196.966 560 100
82 lead Pb 204 203.973037 14
206 205.974 455 24.1
207 206.975 885 2.1
208 207.976 641 504
8  bismuth Bi 209 208.980 388 100

* The neutron, in the free state, is not stable; it has a mean lifetime of approximately
15 min. It has amass of 1.008665 u.
In contrast, afree proton is stable and has a mass of 1.007 276 u.
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Study comment  Having seen the Fast track questions you may feel that it would be wiser to follow the normal route
through the module and to proceed directly to Ready to study? in Subsection 1.3.

Alternatively, you may still be sufficiently comfortable with the material covered by the module to proceed directly to the
Closing items.
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1.3 Ready to study?

Study comment  In order to study this module you will need to understand the following terms: atom, charge (and its Sl
unit, the coulomb), chemical symbol, electric field, electron, electrostatic force, electric potential difference, element, energy
(and its SI unit, the joule), energy conservation, gravitational force, ion, kinetic energy, magnetic field and mass. If you are
uncertain about any of these terms then you can review them by reference to the Glossary, which will aso indicate where in
FLAP they are developed. The following Ready to study questions will allow you to establish whether you need to review
some of the topics before embarking on this module.
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Question R1
Do like charges attract or repel?
Question R2

An electron is accelerated from rest through a potential difference of 5V. Determine the increase in kinetic
energy of the electronin joules. [

Question R3
State Newton’s law of universal gravitation. Isthe force involved attractive or repulsive?
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2 Thestructure of the nucleus

2.1 Thecontents of nuclei

The scattering of charged particles by athin metal foil, a phenomenon investigated by Hans Geiger (1882—1945)
and Ernest Marsden (1889-1970) in 1909 and interpreted by Ernest Rutherford (1871-1937) in 1911, reveaed
that the atomic nucleus is very small. The order of magnitude of a nuclear diameter, 10~14m, is tiny compared
with the typical atomic diameter of 10-°m. [| Nonetheless, experiments have shown that the nucleus has its
own internal structure. But what are the constituents of the nucleus? The nucleus of one particular kind of atom,
the atom of hydrogen, is very simple. The single electron in a hydrogen atom may be detached to leave a
nucleus that consists of a single, stable particle called the proton. L] A proton has a charge +e, L1 and its
mass, M, is 1.673 x 10727 kg, i.e. about 1840 times that of the electron L. Protons are responsible for the net
positive charge of each kind of nucleus, but is the proton the sole building block of al nuclei? We will consider
this as a physicist should — by logical analysis, tested by reference to experiment. Consider, as an example, the
nucleus of the element silicon. A silicon atom has 14 electrons, and since the atom as a whole is electrically
neutral, the silicon nucleus must therefore have a charge of +14e. This means that the nucleus must contain 14
protons, and that its mass would be about 14m, if it contained only protons. So we have a prediction; how may
wetest it?
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The principle used in
the measurement of the
mass of anucleusis that
charged particles are
deflected by both
electric and magnetic
fields. The
instrument for
measuring atomic and
nuclear masses—a
mass spectrometer —
has three parts (see

Figure 1).

Figure 1 Diagrammatic representation of a mass spectrometer.
The direction of the magnetic fields in the velocity and momentum
selectors are indicated by arrows. The © symbol represents an arrow

coming out of the page, O represents an arrow going into the page.

The velocity selector uses the relation, gE = qu x B, i.e.

electrons with a speed given by v = E/B are passed. The
momentum selector uses the relation, mv2/r = quB, i.e. mv = gBr.

Therefore for a given charge, each trajectory
corresponds to a different momentum.

beam of

>
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The first part is the ion source in which the atoms of the element are stripped of one or more of their electrons.
The positively charged ions produced are accelerated and emerge from the ion source into the vel ocity selector.
The electric and magnetic fields in this region are uniform along the path of the beam and are mutually
perpendicular to each other and to the direction of motion of the beam. The magnitudes of these fields are
adjusted to select the speed of the ions that will pass into the final chamber (the momentum selector), where
there is only a uniform magnetic field. As the ion beam passes through this magnetic field it is deflected in a
direction at right angles to that of the field. (see Figure 1). The radius of curvature of the path along which the
deflected ion travelsin this region depends on its charge to mass ratio and hence (provided all the ions have the
same charge) this radius enables its mass to be determined. Since the mass of an ion is due almost entirely to the
nuclear mass, this may then be deduced from the ion mass.
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Let us now return to our prediction. Is the mass of the nucleus of silicon equal to 14m,? You can imagine the
disappointment of an early experimenter when it was discovered that this mass turned out to be about 28m,
There must be some other constituent of the nucleus.

The answer to the puzzle was not discovered until, in 1932, James Chadwick (1891-1974) detected another
particle of about the same mass as the proton, but with no charge. This particle is the neutron. The mass of our
nucleus of silicon is now explained if it contains 14 neutrons in addition to its 14 protons—then both charge
and mass are accounted for.

It turns out that all elements (with the exception of hydrogen, where the nucleusis just asingle proton L] ) have
a nucleus consisting of protons and neutrons. Since they make up all nuclei, protons and neutrons are known
collectively as nucleons. Thisis used in the following notation to characterize any nucleus.

The atomic number, Z, specifies the number of protons in the nucleus. The total number of nucleons is
called the mass number, A.

In our silicon example, Z = 14, A = 28. In aneutral atom, the charge on the nucleus is balanced by the charge of
the surrounding electrons, and so there must be Z electrons. Since it is the electrons that determine the chemical
properties Dc>f an atom, Z defines the chemical element and determines its place in the Periodic Table of the
elements. ||
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Z specifies the charge on the nucleus in units of e, whereas A gives the
total number of nucleons and so relates to its mass. Thisisillustrated in
Figure 2.

0 Do we need another independent number to specify the number of

neutrons?

We denote the nucleus of any element by the chemical symbol of its
atom with Z as a subscript and A as a superscript before the symbol,
i.e. as £X, where X isthe chemical symbol of the element.

Question T1

=5x101m

=10 m i

Z electrons Z protons
A—Z neutrons

Figure2 Anatom contains Z
electrons, Z protonsand (A - 2)

neutrons, where Z is the atomic number
of the nucleus and A its mass number.

Use this notation to write the symbol for a silicon nucleus, given that Z = 14, A = 28 and its chemical symbol is

Si. Isthis notation as brief as possible? [0
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Following the development and refinement of the mass spectrometer in the 1930s, the masses of all available
stable nuclei were measured. Some results were unexpected. It was found that the nuclei from atoms of a
particular chemical element, characterized by a particular value of Z, did not all have the same mass number A.
As they all have the same number of protons— namely Z— they must differ in their numbers of neutrons.
Atoms of a particular element that differ only in the number of neutrons they contain are called isotopes of that
element [| . For example, silicon has three common isotopes, 2Si, 23Si and 39Si, which occur naturally with
relative proportions of 92%, 5% and 3%, respectively. The term nuclide is often used to denote the atom of an
element distinguished by the number of neutronsin its nucleus. (R

Question T2

Consider the isotope §8Zn of the element zinc.

(@ How many protons does the nucleus contain?

(b) How many neutrons does the nucleus contain?

(c) Given that the charge on the electron is approximately —1.6 x 10719 C, what is the charge on the nucleus?
(d) How many electrons are there in a neutral atom of zinc?

() A nucleus X has atomic number 31. Is X an isotope of zinc? [
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Masses of nuclei are extremely small. The silicon isotope 28Si has a mass of about 4.65 x 10-26 kg. Such small

numbers would be very tiresome to work with so, just as charges are quoted in units of e, atomic masses are
guoted not in kg but in their own more appropriately sized unit, the atomic mass unit, u.

The atomic mass unit (u) is defined so that the mass of the most common isotope of the carbon atom, with
a 12C nucleus, isexactly 12u. So 1u = 1.6606 x 10727 kg.

Note that the unit is defined in terms of the mass of the atom and not the mass of the nucleus. The mass of an
atom and its nucleus, for simple purposes, will be used in this module asif they were the same— they differ by
approximately the mass of Z electrons.
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Table 1 gives the atomic masses of afew elements, listed in order of increasing atomic number. o

Tablel Propertiesof some common nuclides*.

z Element Symbol A Atomic mass/u Relative
abundance/%

1 hydrogen H 1 1.007 825 99.985
2 2.014102 0.015

2 helium He 4 4.002 603 99.999

6 carbon C 12 12.000 000 98.89
13 13.003 355 111

8 oxygen ] 16 15.994 915 99.758
17 16.999 131 0.038
18 17.999 159 0.204

13 aluminium Al 27 26.981541 100

* The neutron, in the free state, is not stable; it has a mean lifetime of approximately
15 min. It has amass of 1.008665 u. In contrast, a free proton is stable and has a mass
of 1.007 276 u.
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Tablel Propertiesof some common nuclides (continued)

z

30

79
82

83

Element Symbol
zinc Zn
gold Au
lead Pb

bismuth Bi

A

37
64
66
67
68
70
197
204
206
207
208
209

Atomic mass/u

36.965 903
63.929 145
65.926 035
66.927 129
67.924 846
69.925 325
196.966 560
203.973037
205.974 455
206.975 885
207.976 641
208.980 388

Relative
abundance/%

24.23
48.6
27.9

41
18.8
0.6

100

14
24.1
22.1
52.4
100
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Question T3

If the mass of the electron is9.110 x 10731 kg, estimate the mass of the 12C nucleus.

By what percentage does this differ from 12u? O
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An important feature of nuclear structure can be visualized by plotting the number of neutrons(N=A- Z) ina
stable [ | nucleus against the number of protons (Z). Thisis shown in Figure 3, where each point represents a
completely stable nucleus (i.e. one that never disintegrates). If there is no point shown at coordinate (Z, N) then
no stable nucleus exists with that number of protons and neutrons. Figure 3 is therefore a useful chart which
gives the number of stable isotopes for any given nucleus. For instance, we can see that chlorine with atomic
number 17, has two entries on the vertical line through Z = 17, one at A — Z = 18 and the other at A — Z = 20.
There are therefore two stable isotopes of chlorine, $2ClI and $7Cl . But the question arises, why do neutrons and
protons bind together to form nuclei? We will look at this in the next subsection.
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completely stable nuclei plotted against the
number of protons that they contain.

(The Z-axis of this graph could be extended to
90, but no new completely stable nuclei have
been found beyond Z = 83.)
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2.2 Thestrong interaction between nucleons

The term interaction is used to describe a fundamental force underlying the behaviour of particles. [ |
When the existence of nuclei was discovered there were only two known ways in which neutrons and protons
within a nucleus might interact. One interaction produced the gravitational force— all bodies with mass attract
each other. The other produced the electrostatic force between charged particles—attractive or repulsive.
Both protons and neutrons have mass, so the gravitational interaction tends to hold them together. Only protons
have charge and in the nucleus they repel each other, opposing stability. If these were the only forces within the
nucleus, which would ‘win’? We can answer this by calculating the strength of the attractive force between two
protons due to gravity, and comparing the result with their mutual repulsion due to their like charges.

Two protons, each of mass m, and charge e, separated by a distance r, attract each other with a gravitational
force of magnitude F.4, and repel each other with an electrostatic force of magnitude Fy where

_ Gmy? __ @
Fgra\, = r—2 and Fe| = W
(G isthe universal gravitational constant and & the permittivity of free space.) o

0 Giventhat & = 8.854 x 10°2C2N1m2 and G = 6.673 x 1011 N m?2kg=2, work out the units of the ratio

Fora/Fa-
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Calculation of the ratio of the gravitational force to the electrostatic force gives a value which is of the order of
10736, Notice that the separation r isimmaterial since the factor 1/r2 cancels in the ratio. The gravitational force
is exceptionally weak and quite unable to counteract the repulsion between the protons. Therefore there must be
another attractive force, to account for stable nuclei.

The strong attractive force which is responsible for holding nuclei together is called, somewhat unimaginatively,
the strong nuclear force or the strong inter action between nucleons. It arises from an interaction between the
particles that is fundamentally different from the interactions that give rise to the electrostatic and gravitational

forces— it depends neither on charge nor mass. | Let uslook at Figure 3 again to see what hints it can give us
about the nature of this third interaction.
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Place a ruler along
the line N =Z on
Figure 3. This line
joins points cor-
responding to equal
numbers of protons
and neutrons. What
do you observe?
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Question T4

From Figure 3,
calculate the ratio of
the number of
neutrons to the
number of protons
for the nucleus with
atomic number 69.

adojos1ay) uisuojoid Jo Jequunu

08

Figure3 Thenumber of neutronsin
completely stable nuclei plotted against the
number of protons that they contain.
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Figure 3 shows that the larger the number of neutrons and protons in the nucleus, the greater must be the neutron
to proton ratio. It also shows that no stable nuclei exist with Z>83. L]

What clues does Figure 3 give us about the nature of the strong interaction between nucleons?

O

Sinceit is the number of neutrons that affects nuclear stability, we can deduce that neutrons also experience
the strong nuclear interaction.

For small nuclei there are about equal numbers of neutrons and protons (line N = Z). This suggests that the
strong nuclear interaction does not discriminate between neutrons and protons— it is charge-independent.

As the number of protons increases, their mutual electrostatic repulsion must increase so it requires
proportionally more and more neutrons to stabilize the nucleus. The addition of more neutrons increases the
nuclear attraction without adding electrostatic repulsion. Presumably also, this may increase the mean
distance between the protons and so reduce the electrostatic repulsion. This explains why the stability line
veers away from theline N = Z as Z increases.

As Z increases, eventually the nuclear force is unable to stabilize the nucleus against the electrostatic
repulsion. No fully stable nucleus occurswith Z > 83. [ ]
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So, even the strong interaction between nucleons is insufficient to overcome the electrostatic repulsion in all
circumstances. This hints at the limited range of effectiveness of the strong interaction.

The electrostatic force diminishes as the inverse square of the separation of the interacting charges
(i.e. Fg O Ur?). Thisis arelatively slow rate of reduction with distance; so the electrostatic force is effective
over arelatively long range.

Suppose that the strong interaction decreases with distance with a higher power of r (so that it is effectively zero
at about 1071 m), what would be the consequence of this? In this case, unlike that of charge repulsion, nucleons
would interact strongly only with their nearest neighbours in the nucleus. This means that each nucleon makes a
more or less fixed contribution to the attractive force within a moderate to large nucleus, irrespective of the total
number of nucleons present. Conseguently, as the nucleus increases in size, the total attractive force due to the
strong interaction increases approximately in proportion to the total number of nucleons (i.e. O A). However, the
long-range electrostatic repulsion would allow each proton to repel all other protons in the nucleus, not just
nearest neighbours. The total repulsive force therefore depends on the number of pairs of protons which
experience the force. As the nuclear size increases this repulsion increases approximately in proportion to the
square of the total number of protons (i.e. 0 Z2). LI At some value of Z the strong attraction between nucleons
will be unable to sustain the nucleus against the electrostatic repulsion. This seemsto occur at Z = 83.
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Let usreview our tentative conclusions:

The strong interaction between nucleons has four characteristics:

o Itisattractive.
o It is independent of the charge and mass of the interacting particles— the neutron—proton, proton—
proton and the neutron—neutron strong interactions are the same.

The interaction has a very short range (about 10714 m).
o Theinteraction consequently must be very strong.

We will now look at some further evidence about the magnitude of the strong interaction. To do this we will
need to introduce the concept of binding energy. Thisis the subject of the next section.
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3 Nuclear energiesand masses

3.1 Nuclear binding energy

In general, any system is stable when it has the lowest possible energy. A collection of nucleons bound together
in a stable nucleus must therefore have alower energy than these same nucleons as a collection of free particles.
If this were not so, the nucleus would spontaneously disperse into its constituents; it would decay rather than be
stable. The difference between the energy of the constituents if just free (that is with no kinetic energy) and the
energy of the bound nucleus is called the nuclear binding energy. Expressed another way, the nuclear binding
energy is the energy that must be given to the nucleus in order that all of its constituents may just break free.
Binding energy is a similar concept to ionization energy— the energy needed just to separate an electron from
an atom, leaving a positive ion L] — only with nuclear binding energy we are considering the complete
dismantling of the nucleusinto its constituent nucleons, rather than removing just one of them.

Let us look first at the magnitude of binding energies and, as with the nuclear masses earlier, define an
appropriate unit for this measurement. To take an example, breaking up a helium nucleus, 4He, into its two
protons and two neutrons requires approximately 5 x 10712J. On an everyday-scale this is a very small amount
of energy so it can be measured in terms of avery small energy unit.
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The energy units customarily used in atomic and nuclear physics are based on the electronvolt (eV), which
is the kinetic energy gained by an electron when it is accel erated through a potential difference of one volt.
Thisisequal to 1.602 x 1071°J. So 1eV = 1.602 x 1071° ],

The eV is the unit which is appropriate for atomic physics. For instance, it takes about 13.6€eV to ionize a
hydrogen atom. But as you can see in the example of helium, the eV is much smaller than a typical nuclear
binding energy, so in nuclear physics the megaelectronvolt, MeV, is used: 1 MeV = 10%¢eV = 1.602 x 10713,
The binding energy of 4He is28.3MeV. [ ]

Question T5

A proton is accelerated through a potentia difference of 1 kV. How much kinetic energy is transferred to the
proton? Give the answer both injoulesand MeV. 0O

Experimentally, binding energies of stable nuclei are found to vary from about 2 MeV to about 2000 MeV .
As you will see later, data on binding energies can be used to consolidate our tentative inferences about the
strong interaction between nucleons. First, however, we will see how hinding energies may be deduced from
measurements of nuclear masses with the help of Einstein’s famous relationship between mass and energy.
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3.2 Nuclear masses and Einstein’s equation

If you were to approach a person in the street and ask them to tell you a scientific formula, they would probably
mention the equation E = mc2. This equation is aresult from Einstein’s special theory of relativity, the details of
which do not concern us here; you will doubtless meet it elsewhere in your studies. Q The result may be stated
in words as follows: ‘An amount of energy (of any type) has an equivalent mass' or more specifically, the
amount of energy E equivaent to amass mis given by

Einstein’s mass—ener gy equation:

E = mc2 (1)

where ¢ is the speed of light in avacuum, approximately 2.998 x 108 ms™1. The energy that an object has purely
by virtue of its massis often called its mass energy. [ | Equation 1 is so important in nuclear physics that it will
be referred to by name. We will use the equation here to relate the measured masses of nuclei to their binding
energies, and thus to deduce the binding energies from purely empirical data about masses.
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But let us first gain some feeling for the size of the energies involved in relation to everyday energy units
(joules) and to nuclear units (MeV). The mass which is equivalent to one joule is given by Equation 1 as:
1J

mass equivalent of 1Jof energy = (2.998 < 10° ms1)? = 107V kg

It is not surprising that Einstein's equation started life (in 1905) as a theoretical speculation. With the
instrumentation available at the time, masses of this order could not have been detected experimentally.

But in the atomic and nuclear domain we are familiar with masses and energies which are many orders of
magnitude less than the everyday scale. Let us look for instance at the proton mass, m,, which is
1.673 x 10727 kg. The corresponding energy, myc?, is equal to 1.503 x 1071°J or approximately 938 MeV in
nuclear units.

Note that mass has the dimensions of energy divided by speed squared: this can be seen both from Einstein’s
equation and the familiar expression for kinetic energy, Ey, = 4 muv?. Einstein’s equation can be rearranged to
give m= E/c?, and this |eads to a convenient unit for mass.

FLAP  P9.1 Introducing atomic nuclei e 0 ‘ .
COPYRIGHT © 1998 THE OPEN UNIVERSITY S570 V1.1



When working in nuclear units, with energy in units of MeV, it is common to express masses of nuclear
particles in units of MeV/c2. The mass of a particle, in MeV/c?, is numerically the same as its energy

equivalentin MeV.

In our example the mass of the proton is 938 MeV/c2. The energy equivalent of the mass is then obvious, it is
938 MeV.

Question T6

The mass of the electron, m,, is9.110 x 1031 kg. What is the energy equivaent of thismassin Jand in MeV?
Express the mass of the electronin MeV/c2. [

Question T7

We have seen in Subsection 2.1 that the atomic mass unit (1u) is equal to 1.6606 x 102" kg. Using the same
approach as in Question T6, express the magnitude of 1 uin unitsof MeV/c2. O

FLAP  P9.1 Introducing atomic nuclei e 0 ‘ .

COPYRIGHT © 1998 THE OPEN UNIVERSITY S570 V11



In the context of the physics of the nucleus, Einstein’s equation provides an explanation for a phenomenon
which would have sorely troubled a 19th-century physicist— the so-called missing mass. Let us examine this
through an example. We will take the most common oxygen isotope §O, which has eight protons and eight
neutrons. From Table 1 we may calculate the mass of the constituents:

8m, +8m, = (8 x 1.007825u) + (8 x 1.008665U) = 16.131920u [ |

However, the measured mass of the 18O nucleusis 15.994 915 u. This is less than the mass of the constituents.
The difference, 0.137 005 u, is known as missing mass or mass defect. Every nucleus (with the exception of 1H)

has a mass defect. This would have been incomprehensible to 19th-century physicists who regarded mass as the
quantity of matter in a body. They would have said ‘how could matter have possibly disappeared from the
constituents merely by their being part of a bound system? But if energy can be considered as having an
equivalent mass then there is a simple explanation; the mass defect is simply the mass equivalent of the binding
energy —the energy that has been ‘saved’ by binding the nuclear constituents together.

This explanation is based on arevised view of mass and energy conservation. In the 19th century we had two
separate principles, the conservation of energy and the conservation of mass Now, following Einstein’s
introduction of the concept of mass energy, we have a single principle, the conservation of relativistic energy
in which the total energy of abody of mass mincludes its mass energy mc2.
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Applying this new principle to a nucleus we can write

Omassenergy of ] [Omassenergy of ] [hinding energy of
E‘ree particles H Enucl eus E ucleus

So, upon dividing both sides by ¢2 we get
mass of free particles = mass of nucleus + (binding energy of nucleus)/c?
Since mass defect = mass of free particles — mass of nucleus, it follows that

mass defect = (binding energy of nucleus)/c? (2

The above expressions tell us that any stable nucleus (i.e. one that requires an input of energy in order to
separate its nucleons) must have less mass than the sum of the masses of its free constituent nucleons.
So the mass defect is an inevitable consequence of specia relativity as expressed in Einstein’ s equation.
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Question T8

Calculate the mass defect for 12C. Express this in units of u and in MeV/c? . What is the binding energy of

2c? O

3.3 Thenuclear binding energy graph

The calculation in Question T8 can of course be repeated using the mass measurements of all stable nuclei.
As mentioned in Subsection 3.1, the values of the binding energies vary from 2 MeV for the lightest nucleus to
almost 2000 MeV for the heaviest. More enlightening information on the stability of nuclei and the nature of the
strong interaction itself comes from a plot of the binding energy per nucleon against the mass number A.
This graph is usually called the nuclear binding energy graph and it is shown in Figure 4. As the binding
energy of a nucleus is the minimum energy required to ‘unbind’ the nucleus into free protons and neutrons, the
binding energy per nucleon is simply the binding energy divided by the mass number A.

Figure 4 shows all stable and some unstable nuclei. In Section 4 we will look at unstable nuclei, but let usfirst
concentrate on the stable nuclel — shown asfilled dotsin Figure 4.
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O

he graph may be analysed in three parts.

In the first part of the graph (from A = 1 to about 30) the nucleus is becoming established as a stable unit,
the mean binding energy per nucleon is rising as each nucleon surrounds itself with a full complement of
other nucleons as near neighbours with which it can interact attractively. In this region protons and neutrons
can be added equally easily since the effect of the weak electrostatic repulsion is small. Notice, however,
that even within this steeply rising part of the curve there are one or two striking anomalies in the relatively
smooth curve. Most significant is the nucleus of helium $He, which appears to be much more stable than its

general position at A = 4 might suggest. (2C and 18O are similar, but less striking anomalies.) It is no
surprise then to find that the nucleus of helium often emerges as a separate entity from the decay of other
unstable nuclel —it isthe a-particle (alpha-particle), of which more will be said later in this module.
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In the second part of the graph (from A = 30 to about 100) the mean binding energy stays about constant at
around 8.5 MeV/nucleon. Thisis the region where the nuclear binding interaction isin competition with the
unbinding influence of the electrostatic repulsion between the protons. Since the latter is increasing as Z2
while the attraction is only increasing as A, the repulsion must eventually ‘win out’. In the first part of the
middle region the attraction is a slight winner and in the final part it isaslight loser.

In the third part of the graph (A > 100) the electrostatic repulsion, rising as Z2 due to its long-range nature,
begins to dominate the strong interaction, which is only rising as A due to its short-range nature. The mean
binding energy per nucleon falls gradually and the nuclei become less and less stable, until at
Z=83,A=209itisthe‘end of theroad' for long-term nuclear stability.
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The constant binding energy per nucleon seen in the middle of Figure 4 is reminiscent of one of the properties of
aliquid. For aliquid, such as water, we define the latent heat of vaporization to be the energy required to turn a
given mass of liquid water into steam — that is, to dismantle the structure of the liquid and disperse the
molecules as separate units. This is clearly analogous to the unbinding of the nucleus into separate nucleons.
Latent heat is usually defined per unit mass (1kg) but we could equally well give its value per molecule
(although this would be inconvenient for the liquid case because of the very large numbers of molecules
involved in a unit mass of 1kg). Nevertheless, the important point is that in both the nucleus and the liquid the
required investment of energy to dismantle the structure rises in proportion to the number of ‘particles
(nucleons or molecules) involved. Moreover, the underlying cause of this similarity is the same in both cases;
the attractive forces that hold the structure together are effectively short range. The force that attracts molecules
together to allow liquefaction is called the van der Waals force and is effective only over separations of about
10°m. LI The strong nuclear interaction is also short-range, though on a nuclear scale (~107%4m).
Thesimi Iﬂrity between the liquid and the nucleus is quite striking and can be pursued further than we are able to
do here.
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4 Unstable nucle

We will look briefly in this section at the properties of unstable nuclei. By this we mean nuclei which, after a
characteristic time, split up into fragments so that the original nucleus no longer exists. This process is called
radioactive decay and any nucleus that exhibits radioactive decay is called a radioactive nucleus; some of
these nuclei are represented as open circles on Figure 4. We will apply some of the results and concepts
discussed in Sections 2 and 3 to this process, in particular Einstein’s equation.
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4.1 A second look at Einstein’s equation

When we introduced Einstein’s equation E = mc2 in Subsection 3.2 we were dealing with particles that were at
rest relative to their observer. The binding energy was defined hypothetically as the energy necessary to just
break up (i.e. unbind) the stationary nucleus into its free constituents (protons and neutrons), which meant that
the resultant constituents would have no kinetic energy. But when a radioactive nucleus at rest decays, the
fragments always do have kinetic energy relative to the original nucleus. What difference does this make to the
use of Einstein’s equation?

Einstein’s equation remains true, even when a particle has kinetic energy, but great care is needed in using it. It
is certainly the case, confirmed by many experiments, that as the energy of a particle increases, so does its mass.
For example, it becomes harder to accelerate a particle as its energy grows, just as you would expect for a
particle of growing mass. However, nuclear physics would become almost impossible to discuss if we had to
keep changing the masses of particles according to their speed. In order to avoid this, the masses that nuclear
physicists refer to and use in their calculations are defined in avery precise way.
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When we look up tables of masses, for instance Table 1, we are looking at what is known as the rest mass m, of
the atom or nucleus. This is defined to be the mass determined when the particle is at rest relative to the
observer who measures it. So, no matter how fast a particle may be moving, the rest mass used to characterize it
remains constant. It isimplicit in al mass tables that it is the rest mass that is tabulated. The energy of a particle
at rest or itsrest mass energy is often called its rest energy E,— defined by Einstein’s equation as Eg = myc2
The energies we considered in the previous section were all rest energies. Thus, in the absence of any potential
energy, the total energy, E, of any nucleus will be the sum of its rest energy E, and its kinetic energy Eyip:

total energy  E=Ep + B, = mycZ + By,

and Ekin =E- Eo (3)

Now, Einstein showed, as part of his special theory of relativity, that when a particle of rest mass m, travels at
speed v itstota energy is

2
E=__MC
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So, it follows from Equation 3 that the kinetic energy of such a particleis given by

a 1 0

En = E- By = mpe2 ——— -1
kin EO My \fl—vz/Cz E

In nuclear physics we must adopt this way of calculating kinetic energy. The familiar expression,
Exn = 3 Mov?, istrue as an approximation only for particles with akinetic energy very much smaller than their
rest energy. (This is equivalent to saying that their speeds v must be much less than c.) LI Einstein’s equation
and the above boxed expressions apply to all particles, regardless of their energy. This method of finding kinetic
energy has the added advantage of being very straightforward. For example, if we are told that a proton has a
total energy of 1GeV (i.e. 1000MeV) | then, since we know (from Subsection 3.2) that its rest energy is
938 MeV, it must have a kinetic energy of 62 MeV.
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4.2 Some examples of unstable nuclel

The discovery of the existence of the first unstable nucleus is an interesting story. In 1896 Henri Becquerel
(1852-1908) was studying the properties of the element uranium. He found that photographic plates in the
vicinity of his experiments became fogged, even though they were carefully protected from light. He might have
thrown the plates away as defective and thought no more about it. But he was a careful investigator who
followed up this unexplained result and identified the source of the fogging as some emission from the uranium.

Since Becquerel’ s time many unstable nuclei have been discovered and many have been manufactured. Table 2
shows a list of some unstable nuclides, in a format similar to that of Table 1 for the stable nuclides. Table 2
differs from Table 1 in the addition of the right-hand column, headed half-life. Half-life is a measure of how
quickly aradioactive material decays. For example, if a sample has a half-life of 10 minutes, after this time half
of theinitial number of radioactive nuclei will have decayed. [ |
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You will see, even from the
few examples in Table 2,
that the range of values of
half-life is enormous. from
milliseconds for 2&€Rn to
2 x 10%yr for 8€0s. The
very large half-life of 1880s
or Z8U shows why we
have used the term
completely stable in the
context of Figure 3. Even
over a span of years a
sample of osmium or
uranium might appear to be

stable because the decay
rateisso low.

Table2 Properties of some unstable nuclides.

Z Element Symbol A Atomic mass/ u Relative Half-life
abundance/%
1 hydrogen H 3 3.016 050 12.3yr
4  beyllium Be 8 8.0053 ~3x10716g
6 carbon C 14 14.003 242 5730 yr
19 potassium K 40 39.963 999 0.01 1.28 x 10%yr
53 iodine I 131 130.906 119 8.04 days
76  osmium Os 186 185.953 852 16 2 x 1015 yr
78 platinum Pt 190 189.959 937 0.013 6 x 1011 yr
84  polonium Po 218 218.008 930 3.05min
86 radon Rn 218 218.005580 0.035s
222 222017574 3.82days
87 francium Fr 221 221.014183 4.8 min

A neutron has an atomic mass of 1.00816651u and, as afree particle, is unstable with a
half-life of 10.61min.
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Table2 Properties of some unstable nuclides.

Z Element Symbol A Atomic mass/ u Relative Half-life

Nevertheless, it was the abundance/%
emissions from such decays )
from uranium that fogged 88 radium Ra 222 222.015353 38s
Becquerel's photographic 226 226.025 406 1.60 x 103 yr
plates and ‘without this 9 thoium  Th 230  230.033131
experimental evidence of ' 8.0 x 10%yr
decay, its occurrence might 233 233.041579 22.3min
have gone unnoticed. 92 uanium U 235 235.043 925 072 704x108yr
The half-lives of the two

238 238.050 786 9928 447 x10°%yr

isotopes of uranium, 23U
and 28U, are so long that
they have quoted relative

abundances, just as if they
were stable isotopes.
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4.3 Conservation principlesin decays

We shall now consider the decay of an unstable nucleus. L] What will it decay into? Will any of the mass
energy locked up in the nucleus be released? How much will be released? We will aim to solve these questions
using only measured (rest) masses, Einstein’s equation and three basic conservation principles:

1 The principle of charge conservation: The total electric charge after a decay is the same as the total
charge beforehand.

2 The principle of nucleon number conservation: The total number of nucleons remains the same
throughout the decay. ||

3 The principle of (relativistic) energy conservation: The energy of a nucleus before it decays is equal to
the energy shared by the particles that it decays into. If the nucleusis at rest before the decay its energy

will consist entirely of rest energy, but its energy after the decay will include the kinetic energy of the
decay products as well astheir rest energies.

Let usillustrate the first two principles with an example.

FLAP  P9.1 Introducing atomic nuclei e 0 ‘ .
COPYRIGHT © 1998 THE OPEN UNIVERSITY S570 V1.1



The unstable nucleus of radium, %23Ra, is observed to decay into aradon nucleus, 2¢Rn, and a helium nucleus,

4He. For historical reasons a 4He nucleus ejected in radioactive decay is called an a-particle. The decay
reaction will be written:

222 218 4
&Ra - 2Rn + sHe

The number of protonsin the radium nucleusis egqual to its atomic number, 88. The right-hand side of the decay
equation shows that these protons are shared by the two product nuclei, 86 in the radon nucleus and 2 in the
helium nucleus. Therefore the number of protons is conserved in this process, and since protons are the only
charged particlesinvolved there is atotal charge of 88e both before and after the decay. It follows that chargeis
conserved in the decay. The equation also shows that the mass number is conserved: 222 = 218 + 4. The mass
number is equal to the total number of nucleons (i.e. neutrons and protons) in the nucleus. So nucleon number is
also conserved in the decay. So you can see the first two principles of conservation are observed by this decay

process. L] Question T9 asks you to use these two conservation principles to deduce the products of a
radioactive decay.
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Question T9 Table2 Properties of some unstable nuclides.

A stationary nucleus of

thorium 2¥Th undergoes
decay into a nucleus of
radium Ra and an a-
particle. What is the
equation of the decay? O

Z Element Symbol A Atomic mass/ u Relative Half-life
abundance/%
88  radium Ra 222 222.015353 38s
226 226.025 406 1.60 x 103 yr
90 thorium Th 230 230.033131 8.0 x 10% yr
233 233.041579 22.3min
92  uranium u 235 235.043925 0.72 7.04 x 108 yr
238 238.050 786 99.28 4.47 x 10%9yr

To see how the third principle, the conservation of relativistic energy is applied, we return to our earlier example
and look at the energy associated with the 222Ra decay. Tables 1 and 2 give the following atomic rest masses:

mass of §He =4.002603u

mass of 2ZZRa = 222.015353u
mass of 2{8Rn =218.005580u

Thetotal rest mass of the decay fragmentsis therefore 218.005 580 u + 4.002603 u = 222.008 183 u.
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This is less than the rest mass of the radium nucleus. So the energy that this represents, using Einstein’'s
equation, is only part of the energy available from the rest energy of the radium nucleus. The enerﬁ/ left over—
the equivalent of 0.007 170 u— appears as kinetic energy shared between the two product nuclei. | |
We express the energy balance by writing the equation:

22Ra - 28Ra + He+Q

where the symbol Q stands for the kinetic energy available to the products.

The kinetic energy available in a decay is commonly called the Q-value of the decay. It is given (using rest
masses) as.

Q = (mass of nucleus — sum of masses of decay fragments) x c2 4

If we use masses in units of MeV/c2 then Q may readily be expressed in units of MeV. So in our particular
example, using the answer to Question T7 that 1 u = 931.502MeV/c?, we have
Q =0.007 170 x 931.502 (MeV/c?) x c2 = 6.679 MeV. The full equation of the decay is:

22Ra — Z8Rn + 4He + 6.679MeV
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Table2 Properties of some unstable nuclides.

Z Element Symbol A Atomic mass/ u Relative Half-life

Question T10 abundance/%
Using Table 2, work out the 1  hydrogen H 1 1.007 825 99.985
Q-value and hence write 2 2014102 0.015
down afull equation L] for 2 helium He 4 4.002 603 99.999
the decay of thorium 23Th,
that was the subject of 88 radum Ra 222 222.015353 38s
?32‘:‘01“2926 e 226 226.025 406 1.60 x 103 yr
%0 88 2 90 thorium  Th 230 230.033131 8.0 x 104 yr
233 233.041579 22.3min
- 92  uranium U 235 235.043 925 0.72 7.04 x 108 yr
238 238.050 786 9928 447 x 10%yr
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Forbidden decay

Finally we ask, are all decays possible which conserve the number of protons and neutrons? Or can we exclude
some? Let us take our 283Ra nucleus as an example again.

00 Doesthe proposed decay 2%Ra — %33Fr + iH conserve the charge and the number of nucleons?

This new decay mode corresponds to the decay of 233Ra with the loss of a proton (i.e. a hydrogen nucleus 1H).
This might be an apparently reasonable decay to expect. But the energy balance tells a different story. The rest
mass of 2Z2Ra is still 222.015 353 u but the rest mass of 23Fr is 221.014 183u and that of iH is 1.007 825u.

Therefore, the Q-value (Kinetic energy), asin Equation 4,

Q = (mass of nucleus — sum of masses of decay fragments) x c2 (Ean 4)
would be:
[222.015 353 - (221.014 183 + 1.007 825)] x 931.502 (MeV/c?) x c? o

= -0.006 653 x 931.502 (MeV/c?) x ¢2 = —6.20MeV
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The answer is negative. There is not enough rest energy in the nucleus to provide the rest energies of the
fragments let alone some extra kinetic energy. By the third principle stated above, thisreaction is not permitted.

If Q <0, the decay reaction cannot take place spontaneously.

We can now understand why a-decay is afavoured decay mode for alarge nucleus when we remember the point
made in Subsection 3.3, that the a-particle is itself an unusually stable entity with a relatively low energy.
Its emission tends to leave energy available to produce a positive Q-value for the decay process.
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Properties of some unstable nuclides.

. Z Element Symbol A Atomic mass/ u Relative Half-life
Question T11 abundance/%

From the data in the table 1 hydrogen H 3 3.016 050 12.3yr
determine whether the 2 helium He 4 4.002 603 99.999
decay 4  beryllium Be 8 8.0053 ~3x107 65
Pt~ 8Os + fHe s 6 cabon C 14 14.003242 5730 yr
possible. [J 19 potassium K 40 39.963 999 0.01 128x 10%yr
53 iodine | 131 130.906 119 8.04 days
76 osmium  Os 186 185.953 852 16 2 x 105 yr
78 plainum Pt 190 189.959 937 0.013 6 x 101 yr
84  polonium Po 218 218.008 930 3.05min
86 radon Rn 218 218.005 580 0.035s
222 222.017574 3.82days
87 francium Fr 221 221.014183 4.8min
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5 Closingitems

5.1 Module summary

1 Each atom has a nucleus— a positively charged ‘core’ that has a diameter of approximately 10714 m.
Apart from the hydrogen nucleus iH, which is a proton, nuclei in general consist of combinations of
protons and neutrons.

2 Eachnucleusis characterized by its atomic number Z which gives the number of protons in the nucleus and

its mass number A which gives the total number of nucleons (neutrons and protons) in the nucleus.
Different isotopes of an element have different mass numbers but the same atomic number.

3 Nucleons are bound together in the nucleus by the strong interaction, which acts between all nucleons, is
attractive, and has arange of about 1014 m.

4  Energy has amass equivalent. The mass mthat is equivalent to energy E is given by Einstein’ s equation

E = mc? (Egn 1)
where c is the speed of light.
5 Nuclear energies are conveniently measured in units of MeV (megael ectronvolts)
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Nuclear masses are conveniently measured in atomic mass units (u) or in MeV/c2, where ¢ is the speed of
light.

The mass of a stable nucleus that contains more than one constituent is less than the sum of the masses of its
free constituents. The difference is called the nuclear binding energy, and this may be calculated from
measured values of nuclear masses.

The binding energy per constituent nucleon is, over a substantial range of nuclei, approximately constant at
about 8.5MeV. Very light and very heavy nuclel have smaller binding energies per nucleon.

The shape of the nuclear binding energy graph is consistent with the characteristics of the strong interaction
between nucleons.

Not all nuclei are stable. Radioactive nuclei are unstable; they undergo radioactive decay. The half-lifeis
the characteristic time after which half an original sample of radioactive nuclei can be expected to have
decayed. Thereis an enormous range in values of half-life for radioactive nuclei.

Thetotal (relativistic) energy of a particle isequal to its rest energy plusitskinetic energy. Tables of atomic
masses are tables of rest mass.

Charge, nucleon number and (relativistic) energy are conserved in radioactive decay processes.

Mass tables can be used to calculate the kinetic energy of the decay products and to determine whether a
reaction will be permitted by energy conservation.
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5.2 Achievements

Having completed this module, you should be able to:

A1l Define the termsthat are emboldened and flagged in the margins of the module.
A2 Describe the contents of a nucleus denoted in the standard way.

A3 Explain why nuclei generally have more neutrons than protons.

A4 UseEinstein’s equation to calculate the rest energy of a particle given its mass in kg, with the answer given
in units of Jor MeV/c2.

A5 Calculate the mass defect (in units of u and MeV/c?) of a nucleus using mass tables and the conversion
factor from u to MeV/c2.

A6 Calculate the binding energy of a nucleusin MeV using mass tables and the conversion factor from u to
MeV/c2.

A7 Write down an appropriate a-decay eguation, and decide whether a given a-decay equation is plausible.
A8 Calculate the Q-value of a given a-decay and hence decide whether the decay is energetically possible.
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Study comment You may now wish to take the Exit test for this module which tests these Achievements.
If you prefer to study the module further before taking this test then return to the Module contents to review some of the
topics.
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5.3 Exit test

Study comment  Having completed this module, you should be able to answer the following questions each of which tests

one or more of the Achievements.

Question E1

(A2) Thenucleus 34Al has an atomic mass of 26.981 541 u.
(@ How many protons does the nucleus contain?

(b) How many neutrons does the nucleus contain?

(c) By what factor is 2Al more massive than 12C?
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Question E2

(A3) All nuclei with large Z have more neutrons than protons. Explain in terms of the interactions concerned
why this might be so.

Question E3

(A4) The (rest) mass of the neutron is 1.675 x 1027 kg. Use the Einstein equation to calculate its rest energy.
Give your answer in Jand in MeV. (Use ¢ = 2.998 x 108 ms™)
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Question E4

(A5 and A6) Using data

from the table calculate:

(@ The mass defect of the
nucleus of ¥ZAu in u,
MeV/c? and GeV/c2.

(b) The binding energy of the
nucleus of ¥/Au in GeV.

(Lu = 931.502 MeV/c? and
Au isthe chemical symbol for
gold)

Properties of some common nuclides

z

1
30

79
82

83

Element Symbol
hydrogen H
zinc Zn
gold Au
lead Pb
bismuth Bi

68
197
204
206
207
208
209

Atomic mass/u

1.007 825
63.929 145
65.926 035
66.927 129
67.924 846
196.966 560
203.973037
205.974 455
206.975 885
207.976 641
208.980 388

Relative
abundance/%

99.985
48.6
27.9

41
18.8
100

14
24.1
22.1
52.4
100

* The neutron, in the free state, is not stable; it has a mean lifetime of approximately
. 15 min. It has amass of 1.008665 u.
In contrast, afree proton is stable and has a mass of 1.007 276 u.
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. Z Element Symbol A Atomic mass/ u Relative Half-life
Question ES abundance/%

(A7 and A8) A nucleus of 1 hydrogen H 3 3.016 050 12.3yr

radon 2%% Rn decays into a 2 helium He 4 4.002 603 99.999

nucleus of polonium (Po) 4 beryllium  Be 8 8.0053 ~3x 10715

and an a-particle. 6  carbon C 14 14.003 242 5730 yr

(& Write down the 19 potassium K 40 39.963 999 0.01 1.28 x 10% yr
equation of the decay. 53 iodine | 131 130.906 119 8.04 days

(b) Calculate the Q-value 76 osmum Os 186 185.953 852 1.6 2% 1015 yr
Lcéla??c?miﬁiaéa é"s;ﬂg 78 platinum Pt 190 189.950 937 0013  gx10lyr
hence Comp| ete the 84  polonium Po 218 218.008 930 3.05min
decay  equation. 86  radon Rn 218 218.005 580 0.035s
(1u=931.502MeV/c?) 222 222017574 3.82days

87 francium Fr 221 221.014183 4.8min
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Question E6

(A7 and A8) For each of
the following decays, decide
whether it is forbidden (use
data from the table) and
give a reason for your
decision:

(@ %8Ra - %3Fr + iH

(b)

235 230 4 1
SU - 2RQTh+ FHe+ jn

Z Element Symbol A Atomic mass/ u Relative Half-life
abundance/%
1  hydrogen H 1 1.007 825 99.985
2 2.014102 0.015
2 helium He 4 4.002 603 99.999
87 francium Fr 221 221.014183 4.8min
88  radium Ra 222 222.015353 38s
226 226.025 406 1.60 x 103 yr
90 thorium Th 230 230.033131 8.0 x 10% yr
233 233.041579 22.3min
92  uranium u 235 235.043925 0.72 7.04 x 108 yr
238 238.050 786 99.28 4.47 x 10%9yr

* The neutron, in the free state, is not stable; it has a mean lifetime of approximately
15 min. It hasamass of 1.008665 u. In contrast, afree proton is stable and has a
mass of 1.007 276 u.
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Study comment  Thisisthe fina Exit test question. When you have completed the Exit test go back to Subsection 1.2 and
try the Fast track questionsif you have not already done so.

If you have completed both the Fast track questions and the Exit test, then you have finished the module and may leave it
here.

- ~
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