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Abstract. As laser–plasma interactions access ever-increasing ranges of plasma temperatures and
densities, it is interesting to consider whether they will some day shed light on questions concerning
nuclear synthesis. One such open question is the process of endothermic nuclear synthesis for elements
with A > 60, thought to have taken place at a point in time during the big bang, or currently in
supernovae. We present an explanation based on a Boltzmann equilibrium condition, in combination
with the change of the Fermi-statistics from the relativistic branch for hadrons from higher than nuclear
densities to the lower density subrelativistic branch. The Debye length confinement of nuclei breaks
down at the relativistic change, thus leading to the impossibility of nucleation of the quark-gluon
state at higher than nuclear densities. Taking the increment for the proton number Z as Z ′ = 10 of
the measured standard abundance distribution (SAD) of the elements for a Boltzmann probability for
heavy element synthesis, a sequence 3n was found with the exponent n for the sequence of the magic
numbers. The jump between the magic numbers 20 and 28 does not need then the usual spin-orbit
explanation.

Keywords: laser produced plasmas, degenerate electrons, theory of nuclei and nucleation, endother-

mic element synthesis, quark gluon plasma, magic numbers

1. Introduction

Studies of very high energy density laser–plasma interactions could lead to experi-
ments where violent particle acceleration may produce Hawking-Unruh radiation,
similar to that obtained in black holes (Hora et al., 2002). A further consideration
of Debye-layer mechanisms of plasma theory may lead to further understanding of
a quark-gluon state at higher than nuclear density as will be presented in the this
manuscript. The problem we will address is to understand how endothermic synthe-
ses of nuclei heavier than iron can be produced in the universe, while the synthesis
up to iron by fusion reactions is exothermic and well understood from the reactions
in stars. If a Boltzmann statistics for an unspecified nuclear-chemical process is
assumed in the stellar plasmas for creation of the heavy nuclei, we find that the
exponential increment fits with the measured standard abundance distribution of
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the elements. This may have the importance of some consistency only if we follow
up a relation with the magic numbers of nuclei. Bagge (1948) derived the magic
numbers by a purely numerological speculation, where a first connection with the
experimental facts was given by a consideration of spin and spin-orbit properties
of nuclei (Haxel et al., 1950). We discuss the relation of the magic numbers with
the exponent of the mentioned Boltzmann statistics and subsequently find an expla-
nation for the jump between the two Bagge series (Bagge, 1948) without needing
the spin and spin-orbit relation. The crucial mechanism for the equilibrium-type
generation of all known nuclei in the universe is based on the result that there is a
change of the Fermi–Dirac statistics for the nucleons from the relativistic branch
at the densities above the nuclear density to the subrelativistic density leading to
the nucleation at the well known nuclear densities. This mechanism, due to the
surface energy of the nuclei, is combined with the results of the empirically derived
Boltzmann increment and then fit together with the magic numbers.

2. Surface Energy and Quark-Gluon Plasma

Surface tension of dielectric materials is explained by the dipole property of
molecules. The fact that highly ionized plasmas without any molecules do have
a surface tension was derived from the electric fields within the Debye length at
a plasma surface due to the gradient of the electrostatic energy density (Hora,
1991a,b, 1992; Hora et al., 1984; Eliezer and Hora, 1989). Extending this to the
degenerate electrons in a metal, the surface tension can immediately explain mea-
surements (Hora et al., 1989) where the double layer at the metal surface is pro-
duced by a swimming electron layer that is expressed by an exponentially decaying
Schrödinger function. In addition, this argument also explains the work function
for the emission of electrons. Extending this further to the surface of a nucleus
(Hora, 1991a, 1992), the gradient of the energy density leads to a similar Debye
length λd and a surface energy for compensating the internal energy of the com-
pressed hadrons in a nucleus. This energy is not so much due to the Coulomb
repulsion of the protons at the well-known nuclear density nn but is mostly deter-
mined by the Fermi–Dirac energy EF. In the following argument, we are comparing
the surface energy with this internal energy by neglecting the minor contribution by
the Coulomb and other effects (Hora, 1991). The surface tension for the nuclei is
then

σe = 0.27 E2
F

/
(8πε2λd) (1)

The Fermi energy can be expressed generally (Eliezer et al., 2002)

EF = [(3/π )2/3/4][h2n2/3/(2m)](λC/2)−1[n + 1/(λC/2)3]−1/3 (2)
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where n is the nucleon density, and m is the nucleon mass. This splits into the
branches

EF = {[(3/π )2/3/4]h2n2/3/(2m)} (subrelativistic) (2a)

EF = {[(3/π )2/3/4]hcn1/3} (relativistic) (2b)

where λC is the Compton wave length h/(mc). The surface energy of the nucleus
(Hora, 1991a, 1992) is then

Esurf = 0.27[3A(4π )1/2]2/331/3 E3/2
F /(π1/225/2n1/6e) (3)

For comparison between the surface energy and the internal energy we have

Esurf/(AEF) = {0.27(33/2/210/3)hn1/6/(em1/2 A1/3)} (subrelativistic) (4a)

Esurf/(AEF) = {0.27[38/3/(27/3α1/2 A1/3)]} (relativistic) (4b)

using the fine structure constant α = 2πe2/hc. From (4a) we see that the nucleus
cannot be confined for too low densities. The nucleus is stable only when the density
reaches a value of the density nn where the ratio (4a) is equal to one. This is the
case for the well-known value of the nuclear density as checked e.g. for bismuth
(Hora, 1991a, 1992). The surface “Debye”-layer has a thickness of about 2–3 fm,
which is just at the measured Hofstadter decay of the surface charge of heavy nuclei.
At relativistic densities just above that of the subrelativistic case reproducing the
well-known density of nuclei, we see that the value

Esurf/(AEF) = 6.28/A1/3 (5)

no longer depends on the nucleon mass or density. We then have no nucleation
by the surface energy and the result is a soup of matter. The fact that there is no
dependence of this ratio on the mass implies that it holds equally well for either
hadrons (as assumed in neutron stars) or quark-gluon plasmas. Only when this
dense matter is expanding (as at the big bang or from a neutron star in a supernova,
when reaching the nuclear density) will the surface energy produce nucleation.
The numerical factor in Eq. (5) may mean that values higher than 247 for A are
not possible; otherwise a nucleation or surface effect would appear. This just may
explain the fact that the nucleation, by expansion of the matter from the relativistic
branch to the lower nuclear density, can produce elements only up to uranium (or
up to curium at most) within such equilibrium processes.
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3. Cosmic Heavy Nuclear Generation

It is well known from nuclear astrophysics (Audouze and Vauclair, 1980; Rauscher
et al., 1994) that there is a standard abundance distribution (SAD) of the elements
in the Universe (Hora and Miley, 2000). One interesting feature of the SAD is that
for nucleon numbers A > 60 (above about iron), a nearly exponential decay of the
structure of maxima which are close to the magic numbers can be seen. Element
synthesis for heavier nuclides with A > 60 cannot be due to fusion because these
reactions would be endothermic. There are well known reaction chains in which
high density background neutrons may produce reactions for greater than A = 60
element synthesis. Some examples are the reactions in supernovae and in white
dwarfs known as the r-, s- or p- (rapid, slow or by-pass) processes. Also, for these a
rather similar abundance for the elements is gained (Audouze and Vauclair, 1980).
Indeed, there is a discussion as to whether these heavy elements can be produced
only in the later development of the universe and not before the early development
of galaxies (Rauscher et al., 1994; Hora and Miley, 2000; Sneden et al., 1994;
McWilliam, 1994; Lefebvre et al., 1997). Nevertheless, there are compelling theo-
ries put forth that the heavy elements may have been produced in the state of the big
bang when the cosmos had a density close to the nuclear density (Rauscher et al.,
1994) and where inhomogeneities provided the conditions for the heavy element
generation. This is all related to the conditions by which surface energy of nuclei due
to inhomogeneity fields results in stable nuclei of the well known nuclear density,
whereas at six times higher density, the Fermi energy of the nucleons changes in
the relativistic branch forbidding any nuclear structure and permitting only uniform
nucleon or quark-gluon plasmas (Hora, 1991a, 1992). The fact that there is a univer-
sally equal distribution of the heavy elements – due to a big-bang or later processes
– suggests that without the well known detailed single reactions being taken into
account, there seems to be a global reaction equilibrium defined by a Boltzmann-
like exponential distribution into which all the heavy nuclei within the background
of neutrons may emerge. This is a Boltzmann-like equilibrium process that changes
any distribution of nuclides into the well observed standard abundance having the
exponentially decaying probability for higher A or proton number Z of nuclei. A
distribution of this abundance N(Z) depending on the proton number Z of the form

N (Z ) = N ′ exp(Z/Z ′) (6)

can be written down for the maxima of the SAD (Hora and Miley, 2000) for heavy
nuclides. This is therefore rather trivial. Statistically, there is an up and down in
nuclei until the exponential distribution has been achieved. One may assume that if
this occurs at an early stage of the big bang when all nuclei are some femtometers
(Fermi) in distance, then the reaction times may be between femtoseconds and at-
toseconds or even less. For lower densities, such as those found in supernovae or in
white dwarfs, the endothermic element synthesis by the s-, the r- or the p-processes
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results in a similar Boltzmann equilibrium. This can be seen in Eq. (6), as well as
in Fig. VI.1 of Audouze and Vauclair (1980), or Fig. 10a in Rauscher et al. (1994).
(Note however, the reaction times in these other cases are up to 104 seconds due to the
larger distances of the reacting nuclei.) Similar conditions may exist in astrophysical
ensembles of nuclei at similar distances and time scales if there is a proton back-
ground (Rauscher et al., 1994) where the Coulomb repulsion is compensated ther-
mally and/or there are sufficiently high densities. Following the Boltzmann equilib-
rium idea further, we evaluate the ratios of the creation probabilities N(n) depending
on the numbers n of the sequence of the magic numbers with the only fitting Z ′ = 10:

Magic numbers:M1 ∈ 2, 8, 20, 28, 50, 82, 126 (7)

These are for protons Z in nuclides as well as for neutrons N = A − Z with the
measured well-known maxima of binding energies (see Fig. 2 of Wilets, 1987). We
now calculate the ratios R(n) for the astrophysical (Audouze and Vauclair, 1980)
SAD-Boltzmann probabilities from Eq. (6) by taking into account the jump between
20 and 28 of the Bagge sequences (Bagge, 1948).

R(n) = [N (Zn+1)/N (Zn)] − 1 = exp[(Zn+1 − Zn)/Z ′] (8)

where the magic numbers Zn of the protons are taken with the following indices n
(0, 1, 2, 3, . . .)

Z0 = 2, Z1 = 8, Z2 = 20, for relation up to the magic number 20 (9)

Z2 = 28, Z3 = 50, Z4 = 82, Z5 = 126 for the magic numbers above 20 (10)

As seen in Table I, for Z ′ = 10 in Eq. (6), the ratios R given by Eq. (8) result in
values very close to

R(n) = 3n (11)

showing the best fit for Z ′ = 10 (Hora and Miley, 2000).

TABLE I

Sequence n = 0, 1, 2, . . . of magic numbers with the values exp(Zn/Z ′) and R(n) =
exp[(Zn+1 − Zn)/Z ′] of Eq. (3) with Z ′ = 10 from Eq. (6) as measured

n Magic number exp(Z/Z′) R(n) 3n

0 2 1.221 1.822 1
1 8 2.2225 3.321 3
2 (n + 1 in (8)) 20 7.389 – –
2 (as n in (8)) 28 12.1824 9.025 9
3 50 148.413 24.53 27
4 82 3640.95 81.45 81
5 126 296558.5
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4. Quark and Hadron Structure of Nuclei

The combination of two research topics: “From quarks to the cosmos” and “How
were the elements from iron to uranium made?” was the focus of a recent panel
of astronomers and physicists that were asked to come up with a list of the key
questions in astronomy and physics today (Turner, 2001). We hope that the con-
siderations in this paper may provide insight into the answers of some of those
questions. The Boltzmann equilibrium process of nucleation that occurs when mat-
ter of higher density than that of the nuclei is expanding, but bound to the surface
energy mechanisms, may well explain why nuclei not much larger than that of ura-
nium may be possible. For the properties of the generated nuclei, it is interesting to
note that both conflicting properties are present; the hadron structure of the nuclei
which determined the Fermi–Dirac statistics and its transition into the relativistic
branch by the mass of the hadrons, while the relation for the shell structure for the
magic numbers, Eq. (11) indicated the quark property by the threefold multiplic-
ity. Hofstadter’s theoretically predicted decay for large nuclear surfaces of 2–3 fm
thickness may also indicate the range of the Yukawa potentials of about 2 fm as
tangling bonds at the surface, and not mutually saturated as is the case within the
nucleus by mutual hadron interaction (Hora, 1991). It should be mentioned that the
motivation to study the Boltzmann plots from Eq. (6) from the empirically given
maxima of the standard abundance distribution, was initially motivated by similar
measurements of element distribution observed in a fully reproducible way by low
energy nuclear reactions of high density protons in palladium, nickel and zirconium
(Hora and Miley, 2000).
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