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Nearly sixty years after BBFH [1], it is very important to re-investigate neutron capture
processes. Since 1957 everybody has spoken about s-process and r-process, but how are
these processes realized in fact? Do s-path and r-path exist, or these are only two useful
approximations?

It is the best to investigate the beginnings. How does the formation of nuclei occur starting

from seed nucleus ;2 Fe 2 It is possible that other nuclei can capture a neutron as well, but

because of the high abundance of iron, this process is the most important.

The possibility of experimental investigation is very limited, so it is very useful to
investigate it through a model. The computational model is almost the only way to look
into the details.

There is a simple full network computer model for neutron capture nucleosynthesis [2,3]
which was made strictly following Képpeler [4]. In the early 2000s it was possible to run
such a simple network model on a computer. In case of this model it was not necessary to
exclude any nuclei from the neutron capture process arbitrarily. It is possible to get the

order of formation of nuclei by the model step by step. Surprisingly the gg Feis formed

before the 26;;) Ni and before any other nuclei above gg Ni along the s-path.

Copyright©2017 Miklos Kiss. This is an open access article distributed under the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

INTRODUCTION

A possible solution is to make a computational model and
follow the neutron capture process at given conditions step by

It is well-known what literature says about neutron capture
processes; according to it there are two types: the slow process
(s-process) and the rapid process (r-process). Furthermore, it is
also known what the explanation is:

“For unstable nuclei, when the time between successive

neutron capture is much larger then [}-decay lifetimes Tg
(‘tnY >> 1, ), the network of processes involved is called s-

process. ....the s-process closely follows the valley of [3-
stability. ... If neutron capture proceeds on a rapid time scale
compared with [3-decay lifetimes (the other extreme

Ty << Tg ), the network of reactions involved is called r-

process. ... the r-process synthesizes neutron-rich isotopes not
reached by the s-process.” [5]

Another similar explanation can be seen at Clayton [6] on
pages 548-549 and 557-558. The experimental investigation of
these processes is nearly impossible, but it is very important to
revise these assumptions.
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step [2,3].

It is well known [4,5] what the two possibilities for a nucleus
are when it captures a neutron. It depends on whether the
formed nucleus is stable or not. If the new nucleus is stable, a
subsequent capture is possible.

A A+l~7

22X 2 X N @)
The neutron number and mass number increase by one, the
proton number does not change.

If the given time is short enough, the probability of capture
under At is written as:

A, =n,0ov, At @)

If the new nucleus is unstable, it can decay. At the beginning
the decay is beta decay.

A+~ A+l~rn
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If the time is short enough, the probability of decay is written
as:

In2
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This is the case if we are speaking about an only nucleus. But
what happens if there are a huge number of nuclei? At a given
time, the decay either occurs or not. The half-time is a
statistical idea. So if there are numerous nuclei during the half-
time, about the half of the initial nuclei decays. This way there
are some remaining nuclei as well; actually the other half of
the initial nuclei. However, during two half-times not all nuclei
do decay.

The simple computing model

In order to follow the neutron capture process, let us take a

number of initial seed nuclei of °Fe. If there is a huge
amount of seed nuclei for the first approach, we may assume
that its quantity is constant. The number of a given nucleus can
change with neutron capture or decay:

dN
% = ;\’n (t)NZ,N—] (t) + }“ﬁNZ—],NH (t) + )\’aNZ+2,N+2(t) - (5)

- xn (ON, (D)= xpNz.N - xuNZ.N O+...,

Actually these are differential equation systems. There are
many possible decay processes needed to be taken into account
(beta decay, double beta decay, alpha decay, spontaneous
fission etc.).

For the purpose of solving there are two sets used: 1. the
available set and 2. The transaction set. The numbers are
changed in two steps according to their probability: 1. neutron
capture and 2. Decay. These two steps are repeated
continuously. Details are in [3].

Firstly, from the available set, the transaction set is generated
for every nucleus. The original set is decreased by the
transaction. The quantity of nuclei can only be an integer
obviously. Thus the number of formed nuclei is needed to be
truncated. After it the transaction set is added to the available
set. It is done with the capture and after it is done with the
decay as well. After these two steps we have a new available
set. In this way the change of nuclei, the order of change and
the formation could all be followed.

After the decay the quantity of a given unstable nuclei are:

—At -\t
remaining = NO " > Ndccaycd = NO ’ (1 —¢ ) > (6)

For the calculation a time base (time increment or time period)
is needed, thus for calculation purposes there are three
possibilities; the number of changed and remained nuclei can
be taken into account in three ways in case of decay.

1. If the half-time (i.e. the half-life) is much less than the
time base, it is assumed that all nuclei decay,

2. If the half-life is in the order of magnitude of the time
base, the original exponential expression is used,

3. If the half-life is in longer than the time base , the next
approximation is used:

Nremaining ~ NO ' (1 - 7\«t), or N NO NS

decayed =

(In case of a one percent limit: a, T, ;. <O0,15t, b,

0,15t < T, 1 jire <69t and ¢, 69t <T, ;¢ .. This means
that if under the ¢ time the 99% of nuclei are decayed, we
calculate as if all nuclei decayed. If Thalf_life > 69t , the linear

approximation is used. This is a smaller exclusion than the one
used in the classical approach.) Here ¢ denotes the time base.

In this model there is no prior exclusion, instead there is a
selection by the process itself. It is important to mention that
nucleus is formed only if its number is at least one.

The model can operate at different base times and at different
neutron densities. Time dependent neutron density is possible
as well. For the model a lot of data are needed: e. g. half-times,
decay modes, the percentage branching and neutron capture
cross sections at 30 keV [2,3,7,8,9,10].

Operating model step by step

What happens if a nucleus captures a neutron or if nuclei
capture neutrons? The answer has been well known since 1957
when the fundamental paper was published by BBFH [1]. Is it
possible to verify this classical approach? Does the neutron

capture process begin from the *Fe exactly in this way? Is it
possible to verify this traditional approach? Unfortunately,
experimental verification is not possible yet, but it is possible
to simulate it through a computing model. There is some
uncertainty in the value of the necessary data, so the picture
given in this way will be a little different quantitatively.
However, the qualitative picture given by the model must be
taken seriously.

The recent goal is to investigate the order of formation
beginning from iron. With this model it is possible to follow
the formation of nuclei step by step. This means that the model
is stopped after every step so that snapshots of the status quo
of the chart of nuclei could be seen. This chart shows that
under neutron exposition in a given moment which nuclei are
formed and what the secondly, thirdly, fourthly etc. formed
nucleus is.

Results of the model

The following section shows what the result is if the model
works at different low neutron densities. It is possible to
compare the first steps and thus the formation order at
n, =25 10* —2,5-10" cm™ neutron density, which is the
low-intermediate neutron density range. The figures show the
order of formation but not the abundances. The numbers in the
squares show the order of appearance. The colors refer to the
stability. The gray squares denote the stable nuclei; the color
squares the unstable nuclei. Light green means short half-life
and dark green means long half-life. Some nuclei decay by
electron capture, in the pictures these are denoted by orange
color. If the nuclei can decay in different ways, these are
denoted by purple color (beta decay or electron capture) [3].

At first glance it is visible that the formation always occurs in
a band, not along a path in any cases. The left edge is at the
beta stability valley. The width of the band depends on the
neutron density. At higher neutron density the band is wider.

This means that the s-path is supported by unstable nuclei.
Every unstable nucleus involved is a possible channel for
nucleosynthesis. These chanfils have different rates. The band
exists only under neutron exposition. If neutron exposure
ceases, the band gradually disappears.

The n, =25 10*cm ™ and n, =25- 10%cm ™ neutron
density is extra low and rather unlikely, but it is interesting to
see what the model shows (Fig. 1). The first nuclei are the
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same, but the fifth nucleus is different. Surprisingly the “Fe
radio nucleus is the fifth in the last case. From this neutron

density the “Fe is always formed before any nickel nucleus.
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Figure 1 Initially formed nuclei in case of 72, = 2,5 -10%cm 3 and

n,= 2,5 . 105 C‘I’}’l_3 neutron density. The numbers show the order of

formation.
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Figure 2 Initially formed nuclei in case of 71, = 2,5 . 10667’”7 and

n,= 2,5 . 107 cm - neutron density. The numbers show the order of

formation.
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Figure 3 Initially formed nuclei in case of 71, = 2,5 . 108 Cl/l/f3 and
n,= 2,5 . 109 C‘l’}’l_3 neutron density. The numbers show the order of
formation.

Figure 3 (left side) shows how the formation band differs from
the classical s-path. The case of the stable nucleus 26§ Niis

interesting, because this nucleus is formed from stable 2681 Ni

and unstable 2672 Co . This cobalt does not belong to the s-path.

At this low neutron density, the rate of cobalt is one fifths of
the rate of nickel [3]. This channel exists; moreover, it is not
negligible. The contribution is important and significant. Of
course, at higher neutron density this contribution becomes
more and more significant. See [11, 12].
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Figure 4 Initially formed nuclei in case of 7, = 2,5 -10 Ocm 3 and

n,= 2,5 . 1011 cm - neutron density. The numbers show the order of

formation.

It is also important that the band becomes wider during the
advance of the neutron capture process than the initial width.

Continuous formation

After the step by step investigation, it is interesting what the
general picture from iron to bismuth is like.

Fig 5 The nuclei on the Z-N plan at n, = 2,5-10%cm™

neutron density with t = 10°s time base. It can almost be
seen as the s- path. In the light gray squares there was not a
nucleus formed. The colors mean the number of nuclei on
logarithmic scale. Darker squares mean higher abundance. If a
nucleus existed but afterwards decayed, its place is denoted by
white.

It is possible to get back the s-path only by changing the time
base, because at a short time base the synthesis band always
occurs at arbitrary neutron density. If the time base is about

10°s , the band almost disappears and it only seems to be a
path (Fig. 5). This means that during the neutron capture
process the band exists at arbitrary neutron density (Fig. 6),
and the so called s-path does not exist in fact. But the high
abundance of formed nuclei at low neutron density is at the
stable side of the band. After the decay the band disappears
and only the path like pattern remains (Fig. 7). The place of the
abundance maximum in the band is changed only at medium
neutron density. The maximum is then shifted toward the
neutron drip line (Fig. 8).

Fig 6 The band on the Z-N planat 11, = 2,5 : 108 C}’i’f3 with t =18

time base

Fig 7 The remaining nuclei after decay. This is very similar to
Fig. 5.

In the classical model the short-lived nuclei were excluded.
According to the model an equilibrium concentration of short-
lived nuclei always exists, so these nuclei are able to capture a
neutron. The exclusion of nuclei is made by the model. It is
determined by the conditions and the time base of the model.
An investigation of the model shows that if the time base goes
to zero, the formation band tends to a fix shape. More nuclei
are involved but their number is less and less significant and
there is a physical limit (Fig. 8).
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Fig 8 Tin isotopes during the neutron exposure if the time base

is different. 1e4 means t =10 s time base. If the time base is

shorter, more nuclei are involved in the neutron capture
process, but their number becomes smaller (

n, = 2,5-10%em™)
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CONCLUSION

The most important consequence is that under neutron
exposition a formation band always occurs. The width of the
band depends on the neutron density. The abundance of nuclei
at a neutron-rich region becomes very low and it is visible only
on logarithmic scale.

After decay the abundance of nuclei is almost the same as at
classical approach at low neutron density. Nevertheless, there
are some interesting differences. When the neutron flux is on
the network is working. The width of the band that is which
nuclei are involved it is depend on the neutron density. The
nucleosynthesis band always exists and the so called r-only
nuclei are also always formed. The number of r-only nuclei at
low neutron density is small, but it is a qualitative difference
that they are formed. If the neutron density becomes higher,
the number of the former r-nuclei becomes more and more
significant [3,10,11].

The case of “Fe is very important. The formation of “Fe
under AGB conditions is not only possible [13], but in the TP

phase it is very probable [11,14]. Moreover “Fe is an
important channel for formation of heavier nuclei. In order of

formation *’Fe is the fifth nucleus.
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