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Abstract According to a new electron screening theory, we discuss the beta decay rates of nuclide **Fe, 5¢Co,
6N1i, 56Mn, *5Cr and °°V with and without strong electron screening (SES). The results show that SES has

only a slight effect on the beta decay rates for p/ue < 10% g/cm
. Due to SES, the maximum values of the C-factor (in %) on beta

influenced greatly for p/ue > 10% g/cm3

3. However the beta decay rates would be

decay rates of 5°Fe, 5Co, *°Ni, 5°Mn, 56Cr and 5%V is of the order of 95.03%, 35.02%, 98.05%, 80.33%, 98.30%
and 98.71% at Ty =4.0 and 98.83%, 98.89%, 99.65%, 10.32%, 4.10% and 40.21% at Ty = 7.0, respectively.
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1 Introduction

According to the stellar evolution theory, stars
with masses larger than 8 M, after burning for mil-
lions of years, will collapse when the nuclear reactions
in the core stop. The matter of the core then consists
mainly of *®Fe. This collapse proceeds very fast and
stops in the central region when its density goes be-
yond the nuclear matter density with a strong shock
starting to travel outward. This shock wave reaches
the outer mantle in a few seconds and supplies the
explosion energy of a few times 10%' ergs. The su-
pernova explosion will then proceed because of the
unstable nucleic burning and iron nucleic collapse.

Some researches show that beta decay and elec-
tron capture play an important role in the process
of supernovae explosions and are the resource and
factory for producing a large quantity of neutrinos.
Fuller, Fowler and Newman (FFN) [1] discussed in
their pioneering work the beta decay assuming a sin-
gle G-T resonance. Using an average strength func-
tion, the beta decay in presupernovae stellar cores
was investigated by Kar and Ray [2]. By using FFN’s
technique and considering the influence of a quench-
ing factor, Aufderheide [3] also investigated the beta
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decay of a great deal of iron group nuclei. But their
discussions have lost sight of the influence of strong
electron screening (SES) on beta decay.

As is well known, SES has attracted a strong inter-
est of nuclear astrophysicists due to its consequences
for the calculation of reaction rates at energies around
the Gamow peak in low-energy astrophysical relevant
reactions. In particular, it is extremely important to
calculate accurately the screening corrections on the
stellar weak-interaction rates such as the beta decay
and electron capture in the stages of presupernova
stellar evolution and nucleosynthesis. This issue has
been studied by some authors, such as Gutierrez et
al, [4] Bravo and Garcia-Senz [5], Luo and Peng [6, 7],
Liu and Luo [8-10], and Iton et al. [11].

According to a new screening potential theory
[11], based on the p-f shell model, we investigate the
beta decay rates of some typical iron group nuclide
by the method of Aufderheide [3]. The G-T resonance
transition contribution has always been a very inter-
esting and challenging issue, especially for beta decay
and electron capture. Thus in this paper, we pay at-
tention to the influence of the G-T resonance transi-
tion contribution, which includes the range of low en-
ergy (ground state) to higher energies (excited state).
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2 The beta decay rates in stellar inte-
riors

The beta decay rates for the kth nucleus (Z, A)
in thermal equilibrium at temperature 7' are given
by a sum over the initial parent states ¢ and the final
daughter states j [3],
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where J; and F; are the spin and excitation energy
of the parent states, kg is the Boltzmann factor,
G(Z,A,T) is the nuclear partition function and ft;;
is the comparative half-life connecting states i and
Jy Qij = Qoo+ E; — E; is the nuclear energy dif-
ference between the states of ¢ and j, respectively.
Qoo = M,c® — Mac?, M, and M, are the masses of
the parent nuclear and the daughter nucleus, respec-
tively, and E;, E; are the excitation energies of the
¢ th and 7 th nuclear state. The beta decay phase
space integral £(p,T,Y.,Q;;) is written as
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where p, m,, Ur and e, are the electron momen-
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(mec?)

tum, mass, chemical potential and energy, respec-
tively. F(Z+1, ¢,) is the coulomb wave correction,
which is the ratio of the square of the electron wave
function distorted by the coulomb scattering poten-
tial to the wave function of the free electron. The
electron chemical potential is found by inverting the
expression for the lepton number density,

1
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where ). is the Compton wavelength, ¢,0 =2 — d,0 is
the electron degenerate number,
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are the electron, positron distribution functions, re-

and

spectively.

According to Ref. [3], the sum over the parent in
the total beta decay rate can be broken up the sum
into two parts, one for the low energy region near

the ground state and the other for the resonance re-
gion dominated by G-T resonance transition. Thus it
becomes
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where J, is the initial spin of the parent state,
Egcrr(o) is the energy difference between the orbit
that the new neutron occupies in the G-T resonance
and the ground state.

The influence of the G-T resonance transition con-
tribution, which includes the range of lower energy
from the ground state and higher energy from the ex-
cited states, has been discussed in, detail by FFN [1].
The total G-T matrix element |MBGTR(0)|2 between
the initial parent state |¢)F) and the final daughter
state |¢P) has the form

uD* (8)

|Mpcrro)|* = (P ZUD (T£),

In the condition of the temperature 7' (in units
of MeV), ranging from roughly 0.3 MeV to 0.8 MeV,
and the electron chemical potentials, ranging from
0.5 MeV up to at least 8 MeV, E,..x is approximated
by

Epeax = 5T — Qoo+ Ur +0 (T, Ur), (9)
§(T,Ur) = —0.6604+0.94297—0.02119Ux
—0.9432TUg — 0.0009524U2
+0.06224TU3. (10)

If B, cax is negative, the transitions from ground state
to ground state are computed.

Ttoh et al. [11] calculated the screening potential
which was caused by relativistic degenerate electrons
with the linear response theory. This condition, un-
der which the electrons are strongly degenerate, is ex-
pressed as kT < E. < Ey, where Fj is the no-resonant
reaction effective energy and E,. is the coulomb po-
tential energy per nucleon. The screening energy per-
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electron is expressed as

D=7525%x10"%Z (#

1/3
) J(rs, R)YMeV, (11)
where J (r,, R), 75, R can be found in Ref. [11]. The
formula (11) is valid for 107° <r, < 107!, 0< R <50,
which are usually fulfilled in the presupernova envi-
ronment.

The electron is strongly screened and the screen-
ing energy is high enough not to be neglected in a high
density plasma and will decrease from ¢ to ¢’ =e¢—D
in the decay reaction due to electron screening. On
the other hand, the screening decreases to some ex-
tent the number of electrons whose energy is higher
than the threshold energy of beta decay. The thresh-
old energy increases from &, to ¢, =¢¢+ D. Thus the
phase space integral with screening is given by

SES ¢ iw+h
5 (p7T7}/e7Qij) = Wf dgngnp(Qij +D
ey F(Z+1,e,—D)
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and therefore the beta decay rate in SES becomes
N (p, TY) =N 40T, (13)

In order to compare the contribution of the beta de-
cay rate with and without SES, we define the follow-
ing quantity,

O — (Azd(SES) _ /\Zd(o)) /Azd(SES). (14)

3 Some numerical results and discus-
sion

Figures 1 and 2 show the beta decay rates of 56Fe,
56Co, °°Ni, **Mn, %6Cr and *°V as a function of the
density at a temperature of Ty=4.0, 7.0 with and
without SES (T is the temperature in units of 10° K).
Only a slight effect on the beta decay rates can be
seen for p/ ., < 10® g/cm®. However, the influence in-
creases for p/j. > 10® g/cm?, as can be seen in both
figures. For instance, in Fig. 1, for p/u, > 108 g/cm?,
the NEL rates of *°Fe, *¢Co, **Ni decrease by almost
more than 5 orders of magnitude. However, they de-
crease by no more than 4 orders of magnitude for
56Mn, °¢Cr and %%V,

A brief glance at Figs. 1 and 2 reveals that at
the relative lower and the higher temperature, the ef-
fect on the beta decay rates is different due to the
G-T transitions occurring at different densities. The
higher the density, the larger is the influence on beta

decay. This is so because the electron energy is so low
at the lower temperature that the G-T transitions
may not dominate. On the other hand, the Fermi
energy of the electron gas increase, with its density,
which may affect the G-T transition process largely
and therefore also the beta decay.
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Fig. 1. The beta decay rates of the nuclides
56Fe, 56Co, %Ni, Mn, °°Cr and *°V as a
function of the density at a temperature of
To=4.0 and 7.0 without SES.

1010

10°

10710

ALA(SES) g1

k

10720

10730

1074"
10°

10°

14,=7.0

1\,, 107° 56y
2 —S6Cy
070 sy
..,,ShFe
10715 RIS e
56N “\\"*\.
10*2” L =
105 105 107 108 10° 10"

(p/pe)/(mol/cm®)

Fig. 2. The beta decay rates of the nuclides
56Fe, 56Co, %Ni, Mn, °°Cr and *°V as a
function of the density at a temperature of
To=4.0 and 7.0 with SES.

Figure 3 shows the factor C for 5¢Fe, 5Co, 55Ni,
56Mn, 5¢Cr and 55V as a function of the density at
a temperature of Ty = 4.0 and 7.0 for the case with
SES. One can see that SES has only a slight effect on
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the beta decay rates for °Fe and *°Co at the tem-
perature of Ty = 4.0 and 7.0, and for the nuclides
56Mn, %6Cr, 56V at the temperature of Ty = 7.0 for
p/ e < 10® g/cm®. However, the beta decay rates of
the great majorty of the nuclides would be highly in-
fluenced for p/ . > 10® g/cm?. On the other hand, the
maximum values of the C-fator (in %) on beta decay
rates for °°Fe, *°Co, °°Ni, **Mn, %Cr and %V due
to SES are of the order of 95.03%, 35.02%, 98.05%,
80.33%, 98.30% and 98.71% at Ty = 4.0 and are of
the order of 98.83%, 98.89%, 99.65%, 10.32%, 4.10%
and 40.21% at Ty = 7.0, correspondingly. This is
due to the fact that the Q-values of *°Fe, Co and
56Ni are negative and these beta decay reactions are
endothermic. It is the other way round for 5¢Mn,
56Cr and %%V, which have positive Q-values and the
beta decay reactions are exothermic. On the other
hand, for larger atomic numbers (such as the nuclides
56Fe, *Co, *°Ni), the SES will increase and lead to a
greater influence on beta decay.
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Fig. 3. The factor C for the nuclides 5°Fe, 5°Co,
56Ni, ®*Mn, *Cr and 5V as a function of the

density at temperatures of To =4.0 and 7.0.

From Figs. 1-3 one can conclude that at the same
temperature, SES has a different effect on beta decay
rates at different densities. The lower the density, the
smaller the influence on NEL is at the same temper-
ature. This is because the electron Fermi energy and
electron screening potential are so low at the lower
density (such as a density of p/u. < 10% g/cm?) that
SES affects the beta decay reaction very little. On
the other hand, at low density and high temperature
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the electron Fermi energy is so small and the elec-
tron average energy is high enough that the influence
on beta decay will increase strongly. With increas-
ing of the electron number density the electron Fermi
energy becomes so high at high density that the elec-
trons degenerate very easily and the electron screen-
ing potential will increase strongly.
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tron, so the beta decay rates will be aggrandized
greatly due to SES.

4 Conclusion

We discuss beta decay rates with and without SES
of ¢Fe, *¢Co, 6Ni, 56Mn, *6Cr and °6V. The results
show that SES has only a slight effect on the beta
decay rates for p/u. <10® g/cm®. However, the beta
decay rates of most nuclei would be influenced greatly
for p/pe > 10® g/cm?.

What are the role and status played by SES in
stars, such as white dwarfs, neutron stars and some
magnetars? How does SES affect the beta decay?
How does SES influence the electron gas under the
stellar conditions of high density and temperature?
These problems of SES have always been very in-
teresting and challenging subjects in stellar interiors.
Thus the conclusion obtained in this work may signif-
icantly help further research in nuclear astrophysics,
especially research into presupernova stellar evolution
and nucleosynthesis.
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