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Implications for Nuclear Structure  
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1 College of Western Idaho; raywalsh@cwi.edu;  

Abstract: The atomic nucleus contains protons and neutrons surrounded by a structured electron cloud. Some 

combinations of protons and neutrons induce the nucleus to behave like a microscopic magnet, possessing a 

unique magnitude and orientation known as the nuclear magnetic moment (µ). When the numbers of protons 

and neutrons are both even then µ=0, but otherwise each nuclide’s nuclear magnetic moment is unique. A 

second unique nuclear physical property relates to the nucleon binding energy (BE), which can be thought of 

as the energy between protons and neutrons bound within the nucleus. The sequence of stable nuclides 

increases one nucleon at a time through 36Ar. The binding energy associated with the addition of each 

successive nucleon (∆BE) through this progression is unique. The hypothesis here is that the unique non-zero 

magnetic moment and ∆ binding energy of each nuclide derive from its respective microscopic nuclear 

structure, analogous to the way that the atomic physical properties of an element ultimately derive from its 

unique electron orbital structure. By extension, the identification of nuclear periodic patterns might eventually 

inform a theory of nuclear structure. The light, stable nuclides through 36Ar were arranged in ascending order 

according to atomic mass, and their nuclear magnetic moments and binding energies were evaluated for 

periodic patterns. Fixed-period lengths from 4 through 18 nuclides per period were considered. These fixed 

periods, each of equal length, were stacked one upon the other and analyzed for vertical trends. The best 

evidence of periodicity in both µ and ∆BE converges precisely at the fixed 12-nuclide period. Implications for 

nuclear structure are discussed. 

Keywords: nuclear periodicity; nuclear structure; shell model; nucleon pairing effect; quark structure; 

representational nuclear chemistry; nucleon binding energy; nuclear magnetic moment 

 

1. Introduction 

The earliest Periodic Table of Elements arranged the chemical elements according to periodic 

trends in physical properties. In 1864, John Newlands observed that when the known elements were 

arranged sequentially by increasing atomic weight, the properties of every first element strongly 

resembled the properties of every eighth like the notes of a musical octave. [1] He called this the “Law 
of Octaves.” Newland’s fixed-period approach served as a necessary precursor to the present 

quantum mechanical understanding that electron shells or periods fill in varying lengths according 

to a set of “magic numbers,” including the numbers 2, 10, 18, 36, 54, and 86, wherein each successive 

shell contains the capacity for an ever greater number of electrons. [2] The success of the electron shell 

model has encouraged a similar quest for an analogous nucleon shell model.  

Mendeleev’s 1871 Periodic Table of Elements listed 63 elements. [3] Per the IAEA, there are now 

118 elements, more than 250 stable isotopes, and more than 3000 unstable isotopes, as rendered in 

the Segrè chart (Figure 1(a)). [4] Here the “Valley of Stability” representing the most stable nuclides 

is initially linear, then curves gently upward above 36Ar in favor of an increasing ratio of neutrons to 

protons. The predictable nature of this initial linear region may provide the most fertile ground for 

discerning fundamental periodic patterns in nuclear phenomena.  
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Figure 1. The Segrè chart of known nuclides. The “Valley of Stability” (black squares) curves gently 

in favor of an increasing ratio of neutrons with increasing mass number, but for the nuclides through 

N=18 (argon), the plot of protons to neutrons is roughly linear. [4]. 

The goal of this manuscript is the identification of periodic trends. No assumptions are made 

about possible parallels between nuclear structure and electron cloud structure. Electron shells or 

periods fill according to a set of variable and increasing magic numbers, but this manuscript employs 

the early fixed-period methodology that resulted in Newlands’ Law of Octaves. This was a prelude 

to the “octet rule” of Lewis dot structures 40 years later, which established (in representational form) 

an association between underlying electron structure and the 8-element period of recurring elemental 

physical properties. [5]  

Using this fixed-period methodology, the first property considered is the nuclear magnetic 

moment µ, which equals zero due to nucleon pairing effects when the numbers of protons and 

neutrons are both even. Since stable nuclides through 36Ar increase one AMU at a time, this means 

that every other magnetic moment equals zero beginning with 16O as illustrated in Figure 2 below. 

Otherwise, the nuclear magnetic moment µ is unique for each nuclide and varies in sign and 

magnitude as mass number increases. The variability initially appears random, and although Segrè 

studied quadrupole moment periodicity with some success, no periodic patterns have been 

previously identified. [6]  

 

Figure 2. Light, stable nuclides through 36Ar arranged in three stacked 12-nuclide periods. The 

nuclear magnetic moment trends generally upward while the binding energy of the last added 

nucleon trends generally downward. In both cases, a green arrow designates a trend confirmation. 

Within the 12-nucleon period length, even the ∆BE trend exceptions (red arrows) show remarkable 
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periodicity in columns 4, 8, and 12. (A similar analysis of the other fixed period lengths may be found 

within the supplement. [12]). 

The magnetic moment is an experimentally determined value. [7] It is thought to derive from 

the spin of nucleons and their quarks but is not simply the sum of quark magnetic moments. [8] While 

spin is an intrinsic form of angular momentum, the nuclear magnetic moment also depends on orbital 

angular momentum, which relates to how a nucleus rotates in space. [9] The relative contributions of 

intrinsic versus orbital angular momentum are still an active field of research.  

A second nuclear property is the change in total nucleon binding energy with the addition of 

each added nucleon (∆BE), which is also unique for each nuclide. Bohr and Mottelson analyzed the 

related proton and neutron separation energies of isotopes with even mass numbers and found 

limited evidence of shell-like periodicity, but only above N=50, 82, and 126. Neither Segrè nor Bohr 

and Mottelson were analyzing the data in search of a hypothetical fixed period length, however. [10]  

The working hypothesis here is that the unique nuclide-to-nuclide variability in both µ and ∆BE 

reflects the evolving underlying light nuclide structure. Like the Rule of Octaves, the period length 

of nuclear physical properties might serve as a preliminary step in identifying recurring nuclear 

structural patterns in a way that parallels the relationship between elemental physical properties and 

electron orbital structure.  

2. Theory and Methods 

The nuclides of interest are listed in sequence by ascending order according to atomic mass, 

associated with their respective magnetic moments and binding energies. As per the method of 

Newlands, the nuclides were then grouped into fixed periods containing 4-18 nucleons per period. 

These periodic groupings were stacked on top of one another so that the nuclides of one period 

aligned vertically with the nuclides of the succeeding period directly below it. Nuclear magnetic 

moments and ∆BE were then evaluated for vertical trends. (See Figure 2 for the 12-nucleon iteration.) 

The periodicity of ∆BE is a straightforward assessment. The total binding energy of each nuclide 

may be determined either from the mass deficit and Einstein’s equation E=mc2, or from published 

tables. [11] The ∆BE of a nuclide is determined from the difference in the total binding energy of the 

nuclide of interest and the total binding energy of the previous light stable nuclide in the sequence. 

With only one exception (unstable 5He*), all ∆BE values are positive, consistent with a release (in light 

nuclides) of varying amounts of energy with the addition (fusion) of each individual nucleon. Across 

the various period lengths, in the majority of nuclide-to-nuclide vertical trends, the ∆BE appeared to 

generally increase in the direction of the bottom of the page as shown in Figure 2. Any ∆BE consistent 
with this general trend is counted as a "trend confirmation". An example would be the trend from 6Li 

to 18O below depicted as a green arrow. A ∆BE trend in the opposite direction is counted as a "trend 

exception," as in the trend from 24Mg to 12C below depicted as a red arrow. The number of trend 

confirmations divided by the sum of the trend confirmations plus the trend exceptions yields the 

percent trend confirmation for each period length. 

A similar approach was taken with the analysis of magnetic moments. Across the various period 

lengths, the magnitude of non-zero magnetic moments tends to increase in the direction of the top of 

the page. A “trend confirmation” is defined as the case in which the absolute value of the magnetic 

moment increased in the direction of the top of the page while maintaining the same sign. An example 

would be the trend from 14N to 2H below depicted as a green arrow. A "trend exception" is indicated 

by a trend in the opposite direction, as in the example of 15N to 27Al depicted with a red arrow below. 

A second type of trend exception occurs when the sign of the magnetic moment changes between a 

pair of vertically aligned nuclides, as in the trend between 3He and 15N depicted by a gray bar below. 

The cases in which the magnetic moments of a pair of vertically aligned nuclides are both equal to 

zero (4He and 16O, for example) do not indicate a trend in either direction and thus were not included 

within the µ trend analysis. As with ∆BE, the number of trend confirmations divided by the sum of 

the trend confirmations plus the trend exceptions yields the percent trend confirmation for each 

period length. 
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Figure 3 illustrates an analysis of the 503 individual trends considered within all period lengths 

from 4 through 18 equals 503, including 138 trends in µ and 365 trends in ∆BE. [12] The number of 

trends considered for µ ranged from a low of 4 trends per period in the 9- and 13-nucleon period 

lengths to a high of 17 trends within the 4-nucleon period length. The average number of trends in µ 

was 9 trends per period, and 12 trends were considered within the 12-nucleon period length. The 

number of trends considered for ∆BE ranged from a low of 18 trends per period in the 17-nucleon 

period length to a high of 31 trends within the 4-nucleon period length. The average number of trends 

in ∆BE was 25 trends per period, and 23 trends were considered within the 12-nucleon period length. 

(Note: The low trend confirmation rates in µ depicted in Figure 3 do NOT represent trends in the 

opposite direction but represent a change, for the most part, in the sign of the nuclear magnetic 

moments. [12]) 

 

Figure 3. The percent periodic trend confirmation versus fixed period length. The best evidence of 

periodicity in both µ and ∆BE converges at the fixed 12-nuclide period. 

Nuclear magnetic moments of zero are known to recur periodically whenever the number of 

protons and the number of neutrons equals zero. Above 16O, nuclear magnetic moments of zero recur 

every four nuclides and can be thought of as exhibiting a fixed, 4-nuclide period consistent with 

nucleon pairing effects. It is therefore expected that this fixed 4-nuclide period would be embedded 

within the results of any periodicity analysis of nuclear magnetic moments, as manifest in Figure 3(b). 

3. Results 

The periodicity of nuclear magnetic moments and the binding energy of the last added nucleon 

were analyzed for hypothetical period lengths ranging from 4 to 18 nucleons per period. Nuclear 

magnetic moments tended to increase up a column while maintaining the same sign (a µ trend 

confirmation), and the ∆BE tended to increase down a column (a ∆BE trend confirmation). The 

number of trend confirmations divided by the sum of the confirmations and exceptions yielded the 

percent for each nuclear property. The percent confirmation rate for each period length is plotted in 

Figure 3. Both properties demonstrate an oscillating pattern of maxima every ≈ 4-nucleon period 

starting at 4 nucleons per Period, and minima every ≈ 4-nucleon period starting at 6 nucleons per 

Period. The 12-nucleon period demonstrated the best percent confirmation rate for both µ and ∆BE, 
with rates of 67% and 70%, respectively.  

Analysis of the 12-nucleon period also reveals a recurring 4-nucleon trend in columns 4, 8, and 

12 of Figure 2. The nuclides within these columns have in common an even number of protons and 
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neutrons, and the number of protons equals the number of neutrons. This phenomenon is well 

documented within the nucleon pairing effect, characterized in each case by a magnetic moment of 

zero. Curiously, for every 4n nucleons (columns 4, 8, and 12) the trend in ∆BE is systematically 

reversed, as indicated by a red arrow pointing towards the top of the page. This pattern accounts for 

six out of seven instances (86%) of trend exceptions in ∆BE in the 12-nucleon case. The pattern is less 

regular and less pronounced in the 4-nucleon (67%) and 8-nucleon (70%) cases (see supplement). [12] 

Only in the 12-nucleon case do both the trend confirmations and trend exceptions exhibit this degree 

of symmetry.  

4. Discussion 

The central hypothesis of this treatment of nuclear periodicity is that unique µ and ∆BE values 

derive from their unique nuclide structures as manifested by their periodicity. This is analogous to 

the way that elemental physical properties ultimately derive from their respective unique electron 

orbital structures.  

The nuclear magnetic moment and nucleon binding energy are disparate nuclear phenomena, 

and yet their periodicities appear to correspond in Figure 3. The nucleon binding energy arises from 

the association of nucleons bound within the atomic nucleus and therefore relates to the strong 

nuclear force. Conversely, the nuclear magnetic moment may relate (simplistically) to the +2/3 and- 

1/3 electrostatic charges on up and down quarks respectively. Though seemingly unrelated, the two 

nuclear phenomena may both relate to nuclear structure. Assuming the nucleus possesses a 

component of rotational kinetic energy, the sign and magnitude of the nuclear magnetic moment 

would be influenced by the movement and relative positions of quark charge. The strong nuclear 

force notwithstanding, the association of opposite quark charge within the confined space of the 

nucleus would also have electrostatic potential energy implications, as the magnitude of this 

electrostatic potential energy would also depend on the relative positions of quark charge. The similar 

undulating morphology and inflection points in both the nucleon binding energy and nuclear 

magnetic moment curves depicted in Figure 3 may suggest a similar periodic structural source for 

both phenomena. Although the exact structural basis for this periodicity is unknown at this time, the 

data supports a 4n periodicity (consistent with nucleon pairing) superimposed on the observed 12-n 

periodicity. The precise convergence of µ and ∆BE periodicity at the 12-nucleon period may prove an 

important parameter in future structural models of the atomic nucleus. 

Data Availability Statement: Data is contained within the article or supplementary material. 
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