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7.1: The Simplified Nuclear Potential Well

The nucleus is held together by the strong nuclear force. The strong force is a short range (~1 fm), very strong (~100 times stronger
than the electromagnetic force), attractive force that acts between protons and neutrons. Rather than focus of the force, we will
focus on the potential energy well associated with this force. Conveniently, this potential well is, to a reasonable approximation, a

finite three-dimensional square well.
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Figure 7.1.1:Potential energy between two light nuclei graphed as a function of distance between them. If the nuclei have enough
kinetic energy to get over the Coulomb repulsion hump, they combine, release energy, and drop into a deep attractive well.
Tunneling through the barrier is important in practice. The greater the kinetic energy and the higher the particles get up the barrier
(or the lower the barrier), the more likely the tunneling. (CC BY 3.0; OpenStax).
In addition to the strong force, the electromagnetic force also acts within the nucleus (as does the weak force, which we will ignore
for now). Of course, the electromagnetic force acts only on the protons, not the neutrons, in the nucleus. Thus, the nuclear potential

well looks slightly different for neutrons and protons, as illustrated below:
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Typically, this will be drawn with half the well for neutrons and half for protons. (Of course, this is just a representation of the
nuclear well, it isn’t actually split like this!) The difference in energy levels between neutrons and protons grows more and more
pronounced as more and more particles are added to the nucleus. For example, a nucleus with 12 particles would look like this:
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Notice that the particles fill the lowest available energy levels, six in the neutron well and six in the proton well resulting in e
For a nucleus with 56 particles, however, the well looks more like this:
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In this well, there are an “extra” four neutrons because the neutron well is substantially deeper than the proton well. This nucleus
would have 30 neutrons and 26 protons, making it 5°Fe. This difference in well depth for protons and neutrons is why light nuclei
typically have equal numbers of protons and neutrons while heavier nuclei have an overabundance of neutrons. This difference in
well depth will also help us later to understand a type of radioactive decay termed beta decay.

In addition to the shape, the size and depth of the nuclear well can be easily estimated. The radius of a nucleus can be determined
from the relationship:

r=(1.2 fm)AY3 (7.1.1)
where A is the total number of nucleons (protons and neutrons) in the nucleus.

An estimate of the depth of the well can be determined by calculating the total binding energy of the nucleus. This is the amount of
energy that would be needed to remove each nucleon from the well. Surprisingly, the mass of the constituents of a nucleus is larger
when the constituents are free (outside of the well) than when they are bound (inside the well). Thus, the total binding energy can
be calculated by finding the mass difference between the bound-state nucleus and the total mass of its free nucleons, and converting
this mass difference into an energy difference.
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Binding Energy = (mass of individual nucleons — mass of bound nucleus)c? (7.1.2)

One complication with calculating binding energy via Equation 7.1.2 is that only atomic masses are tabulated, while the difference
in nuclear masses determines binding energy. To convert atomic masses to nuclear masses, multiples of the electron mass must be
subtracted from each term.

Binding Energy = (mass of individual nucleons — mass of bound nucleus - mass of bound electrons)c?  (7.1.3)

Example 7.1.1

What is the nuclear binding energy of 3He?
Solution
This is a simple application of Equation 7.1.3
BE = [(2Mproton — 2Mneutron ) — (MHe, atomic — 2Mielectron )] €
=[(2(1.00727gu) —2(1.008665 u) — 4.002603 u -+ 2(0.000549 u)] ¢
= (0.030377 u)c?
=0.030377(931.5 MeV)
=28.3 MeV

Thus, 28.3 MeV would be needed to full disassemble a nucleus.

Rather than the total binding energy, the binding energy per nucleon is often calculated. This is simply the total binding energy
divided by the number of nucleons in the nucleus. Thus, for helium-4, the binding energy per nucleon is:

BE
BEpernucleon = T

 28.3MeV
T4

=7.08 MeV

The graph of binding energy per nucleon has the interesting property that a natural maximum occurs for 2Ni. This means that 2Ni
nuclei are the most tightly bound nuclei. Additionally, nuclei with fewer nucleons can become more tightly bound (and release
large amounts of energy) through the process of fusion, and nuclei with more nucleons can become more tightly bound (and release
large amounts of energy) through the process of fission.
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Figure 7.1.2: The binding energy per nucleon is largest for ®*Ni. (CC BY 3.0; OpenStax). %Ni has the maximum value of binding
energy per nucleon (8.7945 MeV). It means that 52Ni is the most efficiently bound nucleus meaning that it has the greatest binding
energy per nucleon.

Misstatement of Stability: >Ni vs. °Fe

It is often (and incorrectly) stated that 6Fe is the "most stable nucleus”, but actually Fe merely has the lowest mass per
nucleon (not binding energy per nucleon) of all nuclides. The lower mass per nucleon in *Fe is enhanced by the fact that *Fe
has 26/56 = 46.43% protons, while 52Ni has only 28/62 = 45.16% protons, and the relatively larger fraction of light protons in

56Fe lowers its average mass-per-nucleon ratio in a way that has no effect on its binding energy. R is actually the third most
stable nucleus (binding energy per nucleon) behind *®Fe and 52Ni.

This page titled 7.1: The Simplified Nuclear Potential Well is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or
curated by Paul D'Alessandris.
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