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Abstract

This paper describes an interesting and potentially significant phenomenon regarding the properties of up and down quarks within
the nucleus, and how the possible inter-nucleon bonding of these quarks may affect the bonding energy of the nuclear force. A very
simple calculation is used, which involves a bond between two inter-nucleon up and down quarks. This simple calculation does not
depend on the type or mechanism for the bond. Furthermore, this simple calculation does not specify the shape or structure for the
nucleus. This calculation only examines the energy of all possible up-to-down inter-nucleon bonds that may be formed within a
quantum nucleus. A comparison of this total energy is made to the experimental binding energy with excellent results. The potential
significance of this finding is discussed.
c© 2019 ISCMNS. All rights reserved. ISSN 2227-3123

Keywords: Inter-nucleon bond, Nuclear binding energy, Up and down Quarks

1. Introduction

The nuclear force is defined as the force which binds the protons and neutrons together within a nucleus. One of the
currently accepted models of the nuclear force is the liquid-drop model [1]. This model of the nuclear force uses the
Weizsäcker formula [2] to predict the binding energies of nuclides. The Weizsäcker formula is a curve-fitting formula
that uses five parameters, plus one conditional logic statement, in order to achieve its results. These parameters are
selected to empirically curve-fit the equation to the experimental data. The liquid drop model is considered to be a
“semi-classical” model of the nuclear force [3], rather than a quantum model.

Another currently accepted model of the nuclear force is the shell model, which uses magic numbers to explain
certain nuclear behavior. The nuclear shell model is similar to the electronic shell model, which describes the electrons
orbiting around an atom. The nuclear shell model, however, cannot predict the. nuclear binding energy, and it makes
no attempt to do so in any description of this theory.

A third currently accepted model of the nuclear force is the residual chromo-dynamic force model (abbreviated as
the RCDF model in this paper). Before describing this residual chromo-dynamic force, it is useful to mention a few
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specifics about quantum chromo-dynamics (QCD). Quantum chromo-dynamics hypothesizes that the three valance
quarks of protons and neutrons possess an attribute called color charge–either red, green, or blue. Historically, a
contradiction of the quantum mechanical basis of nucleon properties with the Pauli exclusion principle led to the
concept of the color charge for quarks [4]. (It should be noted that the words red, green, and blue are simply the names
of the color charges, and do not imply any type of physically visual hue for the quarks. Also, the term “charge”, when
referring specifically to the color charge, is not related to electrical charge.) Quantum chromo-dynamics states that a
strong bond is formed among the three color charges of the quarks inside the nucleon [5].

The residual chromo-dynamic force model assumes that the chromo-dynamic force also has a weaker residual force
outside of the nucleon. The RCDF model states that this residual force forms an inter-nucleon bond, bonding the two
different nucleons together. The inter-nucleon bond is formed by the residual color charges of the quarks.

While the RCDF model is considered to be the mechanism for nuclear bonding, the model is unable to duplicate
the experimental bonding energy curve. This inability of the RCDF model to reproduce any salient nuclear behaviors
currently is attributed to the extreme difficulty of modeling the multi-body interactions of the three color charges [6,7].

The problem with the derivation of nuclear forces from the residual QCD force is two-fold. First, each nucleon
consists of three quarks, which means that a system of two nucleons is already a six-body problem. Second, because
the chromodynamics force between quarks has the feature of being very strong compared to the lower energy scale
of the residual chromo-dynamic force, this extraordinary strength makes it difficult to find converging mathematical
solutions. The six-quark problem can be solved with brute computing power, by putting the six-quark system on a four
dimensional lattice of discrete points: three dimensions of space and one of time. This method has become known
as lattice quantum chromo-dynamics, or lattice QCD. However, such calculations are computationally very expensive
and are not normally used as a standard nuclear physics tool [7]. Only the liquid drop model, with the five empirical-fit
parameters, can duplicate the experimental binding curve.

The brute-force method for the computer calculations in lattice QCD puts each quark in a lattice by assigning to it
an x, y, z, and t position, and then attempts to determine the binding energy. This is done through extremely complex
mathematical models and often using Monte-Carlo simulations [8]. Because of the computational difficulties, binding
energies of only the smallest nuclides, A <14, have been attempted. Thus, the RCDF model remains largely unverified
when testing its binding energy predictions against experimental data.

2. Properties of Up and Down Quarks

From QCD theory, we know there are six different flavors of quarks: up, down, strange, charm, top, and bottom. Of
these six different flavors, only two flavors are found in the stable matter of neutrons and protons: the up and down
quarks [9]. (The terms of up and down do not imply any specific orientation with regard to spatial direction, and are
simply the names of these types of quarks.)

An up quark has an electric charge that is +2/3 the charge of a proton, and it also contains a positive magnetic
moment, which is parallel to of the spin of the nuclide. The up quark has a spin of 1/2 and a mass of about 0.3% of the
proton. The color charge of an up quark can be either red, green, or blue.

A down quark has an electric charge that is –1/3 the charge of a proton, and it contains a negative magnetic moment,
which is anti-parallel to of the spin of the nuclide. The down quark has a spin of 1/2, and a mass of about 0.6% of the
proton. The color charge of a down quark can be either red, green, or blue.

The magnetic moments of the up and down quarks are estimated to be +1.85 and –0.97, respectively, in units of
nuclear magnetons. The electrical charges of the proton and neutron are completely contained within the quarks. The
proton is comprised of two up quarks and one down quark, giving it a net charge of +1. The neutron is comprised of
one up quark and two down quarks, giving it a net charge of 0.

The quarks inside of a proton and neutron have both attributes of flavor and color. Each quark inside of a proton
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or neutron is one of six types: up and red, up and green, up and blue, down and red, down and green, or down and
blue [5]. Both the neutron and the proton contain one each of the three different color charges: red, green, and blue.
Thus in terms of the color charges, there is no difference between the proton and the neutron; the only difference in the
quark characteristics between a proton or neutron resides in the number of up and down quarks. Any bond between
the different color charges is also a bond between some combination of the up and down quarks. Thus, the quantum
assumptions that are made in the RCDF model about the possibility of an inter-nucleon bond between the residual
color charges of the quarks are also applicable to the formation of an inter-nucleon bond between up and down quarks.

3. A Simple Calculation Involving Inter-nucleon Up-to-down Quarks

Using the concept of the inter-nucleon quark-to-quark bond, and applying this concept to the up and down quarks, an
interesting and potentially significant set of data emerges.

Table 1 shows a spread sheet, with a representative sample of stable nuclides. The following information is listed
in this spread sheet for every nuclide:

• The nuclide name.
• The number of nucleons, A, which is the sum of neutrons plus protons.
• The number of protons, Z.
• The number of neutrons, N.
• The experimental binding energy in units of MeV, as obtained from the nuclear tables [10].
• The experimental binding energy per nucleon.
• Other columns, which are described below.

A plot of the Experimental Binding Energy per nucleon is shown in Fig. 1; this plot is similar to the usual diagrams
for the nuclear binding found in textbooks.

4. An Additional Constraint for Inter-nucleon Quark-to-quark Binding

Given the consideration that the color charges contained within a nucleon does not inherently distinguish between a
neutron or proton, an examination of an inter-nucleon bond being formed only between an up and a down quark is an
appropriate possibility to explore. Specifically, this additional constraint is that the inter-nucleon quark-to-quark bond
must between an up and a down quark; it cannot be between two up quarks or two down quarks. If this additional
constraint is made to the RCDF model, then an interesting pattern emerges with regard to the binding energy.

For any given nuclide, the number of inter-nucleon up-to-down quark pairs can be determined, based on how many
up and down quarks each nuclide has. For each nuclide in the table, this calculation is made, as shown in Eq. (1).

Number of up quarks = (Z × 2) + (N × 1),

Number of down quarks = (Z × 1) + (N × 2), (1)

Number of possible pairs = the smaller of these two numbers.

This information has been incorporated into three additional columns in Table 1, showing the number of up quarks,
the number of down quarks, and the number of possible up-to-down quark pairs, for each of the nuclides.

For simplicity of this very quick and easy calculation, it is assumed that every bonded pair of up-to-down quarks
has the same bonding energy. Thus, just for this simple calculation, the equation for the binding energy of a nuclide is
the number of inter-nucleon up-to-down quark pairs times the binding energy per pair, as shown in Eq. (2).
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Figure 1. Plots of the experimental nuclear binding energy per nucleon (blue) and the simple calculated binding energy (orange), taking into
consideration the quantum rules of hard-core repulsion and zero electric dipole moment. This is based on the number of possible quantum-allowed
up-to-down quark pairs and a fixed binding energy per bonded pair.

Calculated binding energy = (number of pairs)× (binding energy per bonded pair) . (2)

The binding energy per bonded pair is the same value for all of the nuclides, and this parameter is selected to match
the empirical data. Shown is Fig. 2 is a plot of this binding energy per nucleon for a classical (non-quantum) object.
Note that for Fig. 2, neither the type of bond nor the structure of these bonds comes into consideration; this is simply
the number of possible pairs times a fixed binding energy per bonded pair.

5. Quantum Considerations

A nucleus is a quantum object, and being so, certain quantum rules must apply. A known phenomenological feature
of the nuclear force is the QCD hard-core repulsion. The hard-core repulsion states that nucleons, such as a proton or
neutron, cannot overlap in their spatial location [11,12]. The application of this phenomenon to this simple calculation
reduces the number of bonds for only the two smallest nuclides. To prevent this overlap, hydrogen 2H can have only
one bond instead of three, and helium 3He can have only three bonds instead of four. Three other stable nuclides are
affected by this, the ones in which Z is odd and N = Z. These are 6Li, 10B, and 14N. Other nuclides are not affected
by the application of this rule, for this simple calculation.

Table 1. A representative sample of nuclides, with the nuclide name, A, Z, N , experimental binding energy of the
nuclide, and the experimental binding energy per nucleon. Also shown is the number of up quarks, down quarks, and
the number of possible inter-nucleon up-to-down quark bonded pairs.
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Quantum mechanics also states there can be no net electric dipole moment for the nuclide [13,14]. For this second
quantum rule, three more bonds must be subtracted from the number of bonds available, in order to remove the
electric dipole moment. Without stating any specific configuration for the nuclide in this very simplified calculation,
this reduction of bonds can be best understood from the fact that the electric charge distribution of the nuclide must
not have a net difference in electrical charge for any of the three spatial dimensions, x, y, or z. To prevent an electric
dipole moment, a bond is broken in each of these three dimensions, so that the net charge is symmetric
about the x, y, and z axes. This quantum requirement removes three of the classically allowed bonds. This rule
applies to all nuclides, except for the very smallest nuclides, 2H, 3He, and 4He. The inclusion of these two quantum
rules is shown in Table 2. As before for this simple calculation, the calculated binding energy is the number of bonds
times a fixed energy per bond. The energy per bond is the one selected parameter; for this simple calculation, it is
6.000 MeV per bond. These data are plotted in Figs. 3 and 4. In Fig. 3 all of the stable nuclides are shown, out to lead
204Pb. In Fig. 4, only the first 50 nuclides are shown, to show the detail there. When there is more than one stable
nuclide for a given A, these are shown as well in Figs. 3 and 4. To re-iterate, this is a very quick and easy calculation,
involving only the counting of bonded inter-nucleon up-to-down quark pairs. This calculation does not specify the
arrangement of the nucleons or the mechanism of the bond. It is just a simple counting of the quantum-allowed bonds.

6. Discussion

The excellent reproduction of the experimental data for these simple calculated results is impressive, especially
considering that there is only one variable that must be selected, instead of five variables as in the Weizsäcker
formula. The excellent reproduction of the experimental data is especially impressive considering that other currently
accepted nuclear theories cannot easily duplicate this curve.

Figure 2. Plots of the experimental nuclear binding energy per nucleon (blue) and the simple calculated binding energy (orange), taking into
consideration the quantum rules of hard-core repulsion and zero electric dipole moment. This is based on the number of possible quantum-allowed
up-to-down quark pairs and a fixed binding energy per bonded pair.
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Figure 3. Plots of the experimental nuclear binding energy per nucleon (blue) and the simplistic calculated binding energy (orange), taking into
consideration the quantum rules of hard-core repulsion and zero electric dipole moment, showing only the first 50 nuclides.

The residual chromo-dynamic force for quark-to-quark bonding is one possibility for the mechanism of this bond.
Another possibility for this bond becomes apparent when it is recalled that the up quark has a charge +2/3 charge of a
proton, the down quark has a –1/3 charge of a proton, and they both carry a magnetic moment. These electromagnetic
properties of the up and down quarks create an attractive electromagnetic force between the up and the down quarks.
The strength of this electromagnetic force is dependent only on the minimum proximity between the up and down
quarks engaged in a bond. (Historically, it was believed that the strength of the electromagnetic force had an upper
limit. However, this misconceived notion is now known to be invalid.)

The inter-nuclear bond is most likely some type of combination of both the electric charge and the color charge of
the quarks, but the relative percentages of these two contributions is not postulated here. However, regardless of the
relative percentages, the electromagnetic component of this bond must be taken into consideration. A more detailed
analysis of the electromagnetic part of this inter-nucleon up-to-down quark bonding can easily be made.

Figure 4. A plot of the experimental nuclear binding energy per nucleon, for a representative sample of nuclides.
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Table 2. A representative sample of nuclides, showing quantum-allowed bonded up-to-down quark pairs for each
nuclide, taking into consideration the QCD hard-core repulsion and the elimination of a nuclear dipole moment.

A detailed analysis would include the addition of the energy due to all electric charges interacting with each other,
which would be a double summation of the interaction of each electric charge with every other electric charge [15].
Similarly, this more detailed analysis would also include the variation of the electromagnetic bond due to the vector
orientation of the magnetic moments. Additionally, the energy of the magnetic moments interacting with each other,
should be included, which is a double summation over all magnetic moment vectors [16]. And finally, the kinetic
energy of the quantum spin of the nuclide should also be included in this overall binding energy calculation [17,18].
For more detailed and accurate calculations to be done, however, the lowest energy configuration of the nuclide must
be specified before the interaction energies can be accurately calculated.
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7. Conclusion

An extremely simple calculation of the inter-nuclear up-to-down quark bonding has been made, giving excellent
results in duplicating the nuclear bonding energy curve, using only one parameter rather than five. The resulting
errors for nuclides going up to lead 204Pb are on the order of a few percent. The average error from A =12 to A =50
is less than 2%. Also, due to the similarities of this concept to the residual chromo-dynamic force model, the
existence of inter-nucleon up-to-down quark bonding cannot be relegated as inconceivable or implausible. An
obvious implication of these results is that some significant part of the nucleon-to-nucleon force is electromagnetic.
The excellent reproduction of experimental data strongly suggests that the inter-nucleon up-to-down quark bonding is
a concept that should be seriously considered and more thoroughly examined by mainstream nuclear physics.
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