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42.1: Discovering The Nucleus:

In 1911, Ernest Rutherford proposed that the positive charge of the atom is 
densely concentrated at the center of the atom, forming its nucleus, and that, 
furthermore, the nucleus is responsible for most of the mass of the atom.



We see that most of the particles are scattered through rather small angles, but a 
very small fraction of them are scattered through very large angles, approaching 
180°. 

In Rutherford’s words: “It was quite the most incredible event that ever happened 
to me in my life. It was almost as incredible as if you had fired a 15-inch shell at a 
piece of tissue paper and it [the shell] came back and hit you.”



Rutherford saw that, to deflect the alpha particle 
backward, there must be a large force; this force 
could be provided if the positive charge, instead of 
being spread throughout the atom, were 
concentrated tightly at its center. Then the 
incoming alpha particle could get very close to the 
positive charge without penetrating it; such a close 
encounter would result in a large deflecting force.



Example, Rutherford scattering of an alpha particle by a gold nucleus:



Example, Rutherford scattering of an alpha particle by a gold nucleus:



42.2: Some Nuclear Properties:
Nuclei are made up of protons and neutrons. The number of protons in a nucleus is called the atomic number 
of the nucleus, and is represented by the symbol Z; the number of neutrons is the neutron number, and is 
represented by the symbol N.

The total number of neutrons and protons in a nucleus is called its mass number A. Neutrons and protons, 
when considered collectively, are called nucleons.



Nuclides with the same atomic number Z but different neutron numbers N are called isotopes 
of one another. The element gold has 32 isotopes, ranging from 173Au to 204Au. Only one of 
them (197Au) is stable; the remaining 31 are radioactive. Such radionuclides undergo decay (or 
disintegration) by emitting a particle and thereby transforming to a different nuclide.



Some Nuclear Properties: Organizing the Nuclides



Some Nuclear Properties: Nuclear Radii

qThe nucleus, like the atom, is not a solid object with a well-defined surface.

qAlthough most nuclides are spherical, some are notably ellipsoidal. 

qElectron-scattering experiments (as well as experiments of other kinds) allow 
us to assign to each nuclide an effective radius given by

in which A is the mass number and r0 =1.2 fm.
  (1 femtometer =1 fermi =1 fm=10-15 m.

The above equation does not apply to halo nuclides, which are neutron-rich
Nuclides, first produced in laboratories in the 1980s. These nuclides are larger 
than predicted by this equation, because some of the neutrons form a halo around 
a spherical core of the protons and the rest of the neutrons. Lithium isotopes are 
examples of this.



Some Nuclear Properties: Atomic Masses

•Atomic masses are often reported in atomic mass units, a system in which the 
atomic mass of neutral 12C is defined to be exactly 12 u.

1 u =1.660 538 86 x10-27 kg.

•The mass number A of a nuclide gives such an approximate mass in atomic mass 
units. For example, the approximate mass of both the nucleus and the neutral atom 
for 197Au is 197 u, which is close to the actual atomic mass of 196.966 552 u.

•If the total mass of the participants in a nuclear reaction changes by an amount Dm, 
there is an energy release or absorption given by Q=mc2.

•The atom’s mass excess, D, is defined as

Here, M is the actual mass of the atom in atomic units, and A is the mass number for 
that atom’s nucleus.



Some Nuclear Properties: Nuclear Binding Energies

If the nucleus splits into two nuclei, 
the process is called fission, and 
occurs naturally with large (high 
mass number A). 

If a pair of nuclei were to combine 
to form a single nucleus, the 
process is called fusion, and occurs 
naturally in stars.



Nuclear Binding Energy 

Ex:

the mass defect for the deuteron is

Solution:

Over two million electron volts are needed to break apart a deuteron into a proton and a neutron. This very large value 
indicates the great strength of the nuclear force. By comparison, the greatest amount of energy required to liberate an 
electron bound to a hydrogen atom by an attractive Coulomb force (an electromagnetic force) is about 10 eV.

What is deuteron? 
The deuteron is a stable particle 
composed of. a neutron and a proton. 
It is denoted by symbol D or 2H or 
Hydrogen-2. Deuteron has a charge +1e.



Some Nuclear Properties: Nuclear Energy Levels



Example, Binding energy per nucleon:





42.3: Radioactive Decay:

If a sample contains N radioactive nuclei, then the rate 
(=dN/dt) at which nuclei will decay is proportional to N:

Here l is the disintegration or decay constant.

Therefore, 

Here, No is the number of radioactive nuclei at time t = 0. 



The decay rate: 

Therefore,

The half life-time (T1/2) is the 
time at which both N and R 
have been reduced to one-
half their initial values

Therefore, 

And, 

Here t is the mean life time, which is the time at which both N and R have been 
reduced to e-1 of their initial values.



Example, Finding the disintegration constant and the half life-time:



When a nucleus undergoes alpha decay, it transforms to a different nuclide by emitting an alpha particle (a 
helium nucleus, 4He). For example, when uranium 238U undergoes alpha decay, it transforms to thorium 
234Th:   The disintegration energy, Q, for the decay above is 4.25.

The potential energy shown in the figure below is a combination of the potential energy associated with the 
(attractive) strong nuclear force that acts in the nuclear interior and a Coulomb potential associated with the 
(repulsive) electric force that acts between the two particles (234Th and 4He) before and after the decay has 
occurred.

42.4: Alpha Decay:

Fig. 42-10 A potential energy function for 
the emission of an alpha particle by 238U.
The horizontal black line marked Q =4.25 
MeV shows the disintegration energy for the
process. The thick gray portion of this line 
represents separations r that are classically 
forbidden to the alpha particle. The alpha 
particle is represented by a dot, both inside 
this potential energy barrier (at the left) and 
outside it (at the right), after the particle has
tunneled through. The horizontal black line 
marked Q =6.81 MeV shows the 
disintegration energy for the alpha decay of 
228U. (Both isotopes have the same potential 
energy function because they have the same 
nuclear charge.)



Example, Q value of an alpha decay using masses:



42.5: Beta Decay:
A nucleus that decays spontaneously by emitting an electron or a positron (a positively charged particle with 
the mass of an electron) is said to undergo beta decay. Like alpha decay, this is a spontaneous process, with a 
definite disintegration energy and half-life.
Examples:      (b- decay)
       
         (b+ decay)

Here, n is a neutrino, a neutral particle which has a very small mass, that is emitted from the nucleus along 
with the electron or positron during the decay process.

In a beta decay the energy of the emitted electrons or positrons may range from zero up to a certain maximum 
Kmax, since, unlike the alpha decay, the Q energy is shared by two components. 



42.5: Beta Decay: The Neutrino
Wolfgang Pauli first suggested the existence of 
neutrinos in 1930.

Billions of them pass through our bodies every 
second, leaving no trace.

In spite of their elusive character, neutrinos have 
been detected in the laboratory. 



Beta Decay: Radioactivity and the Nuclidic Chart



Example, Q value of a beta decay using masses:



Radioactive Dating:

The decay of very long-lived nuclides can be used 
to measure the time that has elapsed since they were 
formed. Such measurements for rocks from Earth 
and the Moon, and for meteorites, yield a consistent 
maximum age of about 4.5x109 y for these bodies.

A fragment of the Dead Sea scrolls and the caves from which
The scrolls were recovered. (www.BibleLandPictures.comAlamy)

Different varieties of an element are called isotopes



Example, Radioactive dating of a moon rock:



Measuring Radiation Dosage:

Absorbed Dose. 

This is a measure of the radiation dose (as energy per unit mass) actually absorbed by a 
specific object, such as a patient’s hand or chest.
Its SI unit is the gray (Gy). An older unit, the rad (from radiation absorbed dose) is still used.  
1 Gy =1 J/kg =100 rad. 

Dose Equivalent. 

Although different types of radiation (gamma rays and neutrons, say) may deliver the same 
amount of energy to the body, they do not have the same biological effect. The dose 
equivalent allows us to express the biological effect by multiplying the absorbed dose (in 
grays or rads) by a numerical RBE factor (from relative biological effectiveness). 

For x rays and electrons, RBE  1; for slow neutrons, RBE  5; for alpha particles,
RBE  10; and so on. 

Personnel-monitoring devices such as film badges register the dose equivalent.
The SI unit of dose equivalent is the sievert (Sv). An earlier unit, the rem, is still used.
1 Sv =100 rem.  



Nuclear Models: The Collective Model:

In the collective model, formulated by Niels 
Bohr, the nucleons, moving around within 
the nucleus at random, are imagined to 
interact strongly with each other, like the 
molecules in a drop of liquid. 

A given nucleon collides frequently with
other nucleons in the nuclear interior, its 
mean free path as it moves about being
substantially less than the nuclear radius.

This model permits us to correlate many 
facts about nuclear masses and binding 
energies; it is useful in explaining nuclear
fission. It is also useful for understanding a 
large class of nuclear reactions.



Nuclear Models: The Independent Particle Model:

The independent particle model is based on the assumption that each nucleon remains in a 
well-defined quantum state within the nucleus and makes hardly any collisions at all! 

The nucleus, unlike the atom, has no fixed center of charge; we assume in this model that 
each nucleon moves in a potential well that is determined by the smeared-out (time- 
averaged) motions of all the other nucleons.

If two nucleons within the nucleus are to collide, the energy of each of them after the 
collision must correspond to the energy of an unoccupied state. If no such state is available, 
the collision simply cannot occur.

Some nuclei can show “closed-shell effects” such as the case of electrons in noble gases, 
associated with certain magic nucleon numbers: 2, 8, 20, 28, 50, 82, 126, . . . .
Any nuclide whose proton number Z or neutron number N has one of these values turns out 
to have a special stability.



Nuclear Models: The Combined Model:

Consider a nucleus in which a small number of neutrons (or protons) exist outside a core 
of closed shells that contains magic numbers of neutrons or protons.

The outside nucleons occupy quantized states in a potential well established by the central 
core, thus preserving the central feature of the independent-particle model. 

These outside nucleons also interact with the core, deforming it and setting up “tidal 
wave” motions of rotation or vibration within it. These collective motions of the core 
preserve the central feature of the collective model. 

Such a model of nuclear structure thus succeeds in combining the irreconcilable points of 
view of the collective and independent- particle models. It has been remarkably successful 
in explaining observed nuclear properties.



Example, Lifetime of a compound nucleus made by neutron capture:


