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Abstract In this paper a new quantitative explanation is
presented for nuclear stability based upon the quark content
of nuclei. At Hagedorn temperature, considering the freely
interacting up and down quarks inside nuclei during nucleon
formation, by counting the number of possible nucleon
formations(NWN), it is concluded that the most probable
abundance (stability) occurs at N=Z without Coulomb
interaction. Adding Coulomb effect before and after
nucleon formation, results in an amount of deviation from
N=Z, which is in excellent agreement with experimental
stability chart of nuclei.
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1. Introduction

Nuclear stability is described in the chart of stable nuclide
and is shown in Fig. (1). It can be seen in this chart that the
stable nuclei and their isotopes locate around N=Z line and
more deviation is observed as the nuclei become heavier.
Such a deviation is due to the fact that more numbers of
neutrons are required to compensate the Coulomb repulsion
between protons [1, 2]. In nuclear shell model, which is the
most successful existing model in predicting the spin, parity
and other characteristics of nuclei, based upon Pauli
Exclusion Principle, each energy state is filled with 2 protons
and 2 neutrons due to nucleon spin directions. Therefore it is
expected that the nuclei have the same number of protons
and neutrons in the ground state [3, 4]. In this model the
deviation from N=Z line is attributed qualitatively to the
Coulomb force and no quantitative relation is presented
between number of protons and neutrons in stable nuclide.
For example why there are 118 neutrons and 79 protons in
the gold nuclei and not other possible ratios.

In the liquid drop model, which gives the best result for the
binding energy and nuclear stability, there is a quantitative

explanation for such natural distribution of nucleons inside
nuclide. In this model in addition to the volume, surface and
pairing effects, however the Coulomb and asymmetry terms
are introduced as two terms in the binding energy expression
in a phenomenological manner, in the context of liquid drop
model assumptions. The constants corresponding to each
term are determined experimentally. Therefore more
accurate measurements may result in a new set of constants
[5, 6].
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Figure 1. chart of nuclides

In our approach the constituent quarks of nucleons are not
primarily bounded at above Hagedorn temperature but act as
freely interacting particles, participating in the nucleon
formation. If the quark-gluon plasma (QGP) is considered as
a thermodynamical media then it should proceed toward
maximum disorder. It should be investigated how such a
system approaches equilibrium. The thermodynamical state
is a stable system with a maximum probability state, i.e., the
most probable state with a maximum number of complexions.
In this research paper, the nuclear stability concept is
extended from the nucleons to the quarks properties. Alone
this is a point of duality since the nuclei show properties of
the nucleons as will also be explained here by reviewing a
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model based on quarks statistics, while the new results to be
reported here show properties which are determined by
quarks in nuclei as if the nucleons are fully split into their
quark constituents. It should be noted that in this model, the
most stable nuclei occur around N=Z. By considering the
Coulomb effect before and after nucleon formation (at about
160 Mev), the amount of deviation from N=Z line is
determined to be in an excellent agreement with the
experimental data. This model has been able to determine all
magic numbers in a natural manner and predict a new magic
number namely 184 [7]. In addition to magic numbers, the
nuclear binding energy is also given in a simple expression in
terms of A and Z and up quark mass [8]. In our previous
article, using quark model the existing amount of deviation
between theoretical and experimental values of deuteron
magnetic dipole moment is significantly improved [9].

2. Nuclear Stability around N=Z line

It is believed that, the hot quark-gluon plasma (QGP)
existed right after big bang and by relativistic expansion cool
down and cluster to form protons and neutrons. In the
continued process of expansion, nucleation takes place and
different nuclei are formed. Let us assume quarks inside
nuclei are at first, free interacting particles participating in
the nucleon formation. First let us consider a nucleus with
only two nucleons inside. This nucleus is made of 6 quarks.
If both nucleons are protons, then there are 4 up and 2 down
quarks involved. If we denote them by d;, d,, uy, u,, u3 and uy,
then the number of ways two protons are formed is given as
follow:

{(uuad ) (ususda) }, {(mupdy)(usued;) 3,
{(uusd))(uaudy) }, {(ugusdr)(upuady),
{(uuyd ) (uausdy) }, {(uugdy)(wpu3d;) } )

Each () denotes a nucleon and { } denotes a nucleus. So
there are only 6 ways (color will be considered later). Now
let us consider nuclei with one proton and one neutron. This
case involves 3 up and 3 down quarks, namely, d;, d,, d3, uy,
u, and u;. In this case we obtain 9 different ways of nucleon
formation as follow:

{(ujupdy)(usdads) b, {(uuady)(usd ds) 5 {(uuads)(usd,da) §,
{(uusd)(uadads) ), {(upusda)(uadids)}, {(upusds)(upd,da)},

{(u2u3d))(uidads)}, {(uausdr)(w1dids) }, {(uousds)(wrdidy) }
2
Now if the color of quarks is considered, each nucleon is
formed in 3 different ways. Therefor there are 6x3* number
of ways to form 2 neutrons or 2 protons and 9x3* number of
ways to form one neutron and one proton. As can be seen, the
process of nuclei formation for one proton and one neutron is
more probable than for 2 protons or 2 neutrons. Since the
color factor only multiplies the "number of ways" by a
constant, it is neglected here.
Now let us consider a nucleus with 3 nucleons and
calculate the number of ways of nuclei formation (NWN);
a. Nuclei with 3 protons (6 up and 3 down quarks) then,

wwn = [(5) x3][G) <2 [(5) < 1] = o0

In Eq. (3) the combination relation (rrrll) =

)

m!

n!(m—-n)!

used and the factor [(S) X 3] is for the number of ways of

the first nucleon and [(;) X 2] is the number of ways for

the second nucleon formation and so on. The factor % stands
for the indistinguishability of protons. .

b. Nuclei with 2 protons and one neutron ( 5 up and 4
down quarks)

wwn = [(G) % 4]13) 3] [1 ()] s = 100

In Eq. (4) the
indistinguishability of protons and neutrons.

c. For nuclei with one proton and 2 neutrons,

NWN=180

d. Nuclei with 3 neutrons,

NWN=90

In general the following formula provides the number of
ways of nuclei formation for Z protons and A-Z neutrons,

C))

stands for the

factor

NWN = [(A+Z)(2A—Z)] [(A+Z_2)(2A—Z—1)]---[(A_Z+2)(2A—ZZ+1)]x[(A—Z)(ZAEZZ)] |ca-

2 2 2
T=12A4-27-22---122X124—2 &)
In a more compact form, Eq. (5) is given as:
_ (A+2)1(24-2)!
NWN = (A-2)124(2)! ©)

Since the relative magnitude of this quantity is important, we can divide it by NWN (Z=0) and calculate the following
quantity:

NWN _ (A+Z)'(2A—Z)' 7

NWN (Z=0) ~ (A—2)!(Z)!(24)! O

In nuclei with the same A, the number of possible ways, are an indication of their possibility to exist namely, their
abundance. The calculated numerical values of Eq. (7) for several nuclei are given in appendix.
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3. Calculation of Coulomb Effect on
Nuclear Stability

The effect of electromagnetic interaction among the
quarks is considered in two different time intervals. a)
During the nuclei formation, b) After nuclei is formed

a. Before nucleon formation quarks interact with each
other to form a nucleon. Neutron is a neutral particle and
Coulomb force between two oppositely charged particles
always agree to form a neutral one, therefore Coulomb force
is in the same direction as the strong force. But for proton
since it is positively charged, the Coulomb force opposes the
strong force. Therefore it should be subtracted from the

1

strong force. Also Coulomb force is = weaker than the

strong force. Therefore for neutron formation a factor of

(1 + é) and for proton formation a factor of (1 - é)

should be multiplied.

Now let us consider the color factor. Since each nucleon
can be formed in three different ways (for example in case of
proton there are uu,dy, uguyd;, upud, where r, b and g stands
for red, blue and green color), the proton formation has a

3 .
factor of (1 — %) and for neutron formation a factor of

(1 + )3is multiplied and Eq. (7) is then generalized to

137

_ (A+2)124-2)!

Nz A-Z
NWNC1 == (1 - a)*(1+ ) ®)

Where 0 = —
137

b). Now let us consider the nucleons are formed in a nuclei.

The Coulomb force still exists between protons and strong
force also exists between nucleons and has impact upon the
stability of nuclei. In order to calculate the electromagnetic
and strong nuclear force the following assumptions are
made:

1. The electromagnetic force is long-ranged and the strong
force between nucleons is short-ranged.

2. The strength of the electromagnetic force is Ol times
strong force (where, 0L = é).

3. The nucleons inside nuclei have an ordered lattice and
each nucleon interacts in strong force only with neighboring
nucleons.

Let us consider a lattice for nucleon similar to carbon
atoms in a diamond lattice as shown in figure 2.

The number of interactions of each nucleon with other
nucleons in electromagnetic and strong cases are counted
and calculated. In order to achieve that, let us consider a
nuclide with Z protons. Each proton interacts with Z-1 other
protons via electromagnetic force, therefore the mutual
number of interactions are Zz;l Moreover each proton
interacts with four neighboring nucleons strongly, therefore

the number of strong interactions are % = 2. So each proton
causes the relation (8) to be multiplied by a factor (2 -

a3Y) and for Z protons a by factor of 2(1 — #)Z. For
each neutron since there is no electromagnetic interaction,
only the 2" factor is multiplied. Therefore for all nucleons a
factor of 24(1— @)Z is multiplied by equation (8).
Since the factor 2% is a constant for all nuclei with the same
A, it can be neglected and the following relation is obtained
(A+2)1(24-2)! _ ez-1NZ

s (1 - ) (1 + )72 (1 - 2242)7(9)

NWNC = o

Figure 2. Sample of ordered lattices formed by nucleons inside nuclei

Now for a constant A, the maximum value of NWNC give
us the most stable nuclei. The results of our calculations for
several nuclei are given in appendix. For mass numbers up to
150, our findings are in good agreement with existing stable
nuclei in nature. For heavy nuclei (A > 150), since the radius
of nuclei increases, the electromagnetic effect is expected to
decrease. Therefore a radius dependent coefficient of form
C(r) is introduced in Eq. Z(9) and the multiplying factor
becomes (1 — C(r)*2=2)" . The coefficient c(r) is an
indication of the dependency of the -electromagnetic
interaction upon nuclear radius. This coefficient is less than
one for heavy nuclei. Our investigation indicates that c(r) is
function of r'. Let us write, C(r) = TO ° . where 120
stands for a medium nuclei mass number. It is noted that our
results are not so sensitive to the choice of 120, it can be
selected between 110 to 140 but 120 gives the best fit. In
liquid drop model of the nucleus, the Coulomb term in
binding energy is also given in terms of the inverse of
nuclear radius due to the dependency of Coulomb potential
upon the inverse radius of the nuclei. Therefore, our results
are sensitive to the nuclear radius. Then Eq. (9) becomes,

(A+2)!1(2A-2)! (
(A-2)1Z12A)!

120413 az—147

NWNC = 1—a)?(1+ a)A? (1 -

(10)

Our results for different stable nuclei are plotted in Fig. (3)
where comparison are made with existing experimental data.
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Figure 3. predictions of our data (based upon the relation (10)) for stable nuclides compared to natural stable nuclides

4. Conclusion

Our findings in figure 3 are in excellent agreement with the stable chart of nuclides found experimentally. It is shown in
this article, that the concept of nuclear stability at room temperature is attributed to the quark properties at the Hagedorn
temperature (below which quarks are bounded inside nucleons) in addition to the nucleon properties. Based upon quarks
statistics, the maximum number of nucleon formation from constituent quark, is attributed to the maximum nuclear stability.
This analysis along with our previous analysis of the origin of magic numbers and also the binding energy in terms of up
quark mass and determination of nuclear magnetic dipole moment indicate that nuclear quark model in which nuclei is
considered in terms of constituent quarks instead of constituent nucleons, might be able to provide a more natural and much
simpler explanation about different aspects of nuclei such as stability, decay and magnetic dipole moment.

Appendix

Table of the number of ways of nucleon formation based upon the relations (7) and (9) for several nuclei
A VA N NWN/NWN(Z=0) NWNC
(2] [0] (2] [ 1] [ 1]
[2] [1] [1] [ 1.5000e+000] [1.4357e+000]
[2] [2] [0] [ 1] [9.5366e-001]

81 [0 (3]
81 [ (2]
81 21 (1]
81 BBl [0]

1] [ 1]
2] [1.9143e+000]
2]  [1.9073e+000]
1 [9.4671e-001]

—_——— —

(4] (0] (4] [ 1] [ 1]
4] [11 [3] [2.5000e+000]  [2.3929e+000]
4] [21 [2]  [3.2143e+000]  [3.0653e+000]
4] [31 [1]  [2.5000e+000]  [2.3668e+000]
4] 4 [0 1] [9.3636e-001]



(5]

(0]

(5]
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[ 1]

( 1]

51 [ 4 3]  [2.8714e+000]
5] [21 [3] [4.6667e+000]  [4.4504e+000]
5]  [31 [2] [4.6667e+000]  [4.4180e+000]
51 4 [ I 3] [2.8091e+000]
51 (51 [0 I 1 [9.2272e-001]
(6] [0] (6] [ 1] [ 1]
6] [1] [5]  [3.5000e+000]  [3.3500e+000]
6] [21 [4] [6.3636e+000]  [6.0687e+000]
6] [31 [3] [7.6364e+000]  [7.2294e+000]
6] [4 [2] [6.3636e+000]  [5.9587e+000]
6] [51 [1]  [3.5000e+000]  [3.2295e+000]
6] 6] [0 I 1] [9.0593e-001]
(7] [0] (7] [ 1] 1]
71 [ . I 4] [3.8286e+000]
71 [21 [5S]  [8.3077e+000]  [7.9227e+000]
(71 [31 [4] [1.1538e+001]  [1.0924e+001]
(77 [4 [3] [1.1538e+001]  [1.0804e+001]
(71 [5] [2]  [8.3077e+000]  [7.6657e+000]
71 6 [ I 4]  [3.6237e+000]
71 7 [0 I 1]  [8.8616e-001]
(8] (0] (8] [ 17 1]
8] [11 [7]1  [4.5000e+000]  [4.3072e+000]
8] [2] [6] [1.0500e+001]  [1.0013e+001]

A ZN  NWN/NWN(z=0) NWNC
8] 31 [5]  [1.6500e+001]  [1.5621e+001]
8] [4] [4]  [1.9038e+001]  [1.7827e+001]
8] 5] [3] [1.6500e+001]  [1.5225e+001]
8] [6] [2]  [1.0500e+001]  [9.5123e+000]
8] [71 [1]  [4.5000e+000]  [3.9877e+000]
8] 8 [0 I 1]  [8.6360e-001]
(9] (0] (9] [ 1] 1]
O] [ 8 I 5]  [4.7857e+000]
9] [2] [7]  [1.2941e+001]  [1.2341e+001]
9] [31 [6] [2.2647e+001]  [2.1440e+001]
9] [4] [5]  [2.9441e+001]  [2.7568e+001]
9] [5] [4] [2.9441e+001]  [2.7166e+001]
9] [6] [3] [2.2647e+001]  [2.0517e+001]
9] [71 [21  [1.2941e+001]  [1.1468e+001]
9] (8] [1]  [5.0000e+000]  [4.3180e+000]
O] 91 [0 I 1]  [8.3849e-001]
[10] [0] [10] [ 1] [ 1]
[100 [1] [9]  [5.5000e+000]  [5.2643e+000]
[10] [2] [8]  [1.5632e+001]  [1.4907e+001]
[10]  [3] [7] [3.0105e+001]  [2.8501e+001]
[10] [4] [6] [4.3387e+001]  [4.0626e+001]
[10] [S5] [5]  [4.8810e+001]  [4.5038e+001]
[10] [6] [4] [4.3387e+001]  [3.9306e+001]

(10]

(7]

(3]

[ 3.0105e+001]

[2.6678e+001]
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