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Abstract. Calculations of the material dependence of 2H(d,p)3H cross section and neutron-to-proton branching
ratio of d+d reactions have been performed including a concept of the 0 + threshold single particle resonance.
The resonance has been assumed to explain the enhanced electron screening effect observed in the d+d reaction
for different metallic targets. Here, we have included interference effects between the flat and resonance part of
the cross section, which allowed us to enlighten observed suppression of the neutron channel in some metals
such as Sr and Li. Since the position of the resonance depends on the screening energy that strongly depends
on the local electron density. The resonance width, observed for the d+d reactions in the very hygroscopic
metals (Sr and Li) and therefore probably contaminated by oxides, should be much larger than for other metals.
Thus, the interference term of the cross section depending on the total resonance width provides the material
dependences.

1. Introduction
The 2H(d,p)3H and 2H(d,n)3He reactions have been
investigated from beginnings of physics [1]. The d+d
reactions are especially important for developing the next
generation of power plants [2], understanding of the
nuclear process within stars [3], exploring the physics of
few-body nucleon systems [4], solving some astrophysics
problems [5] and the problems of nucleon nucleon–
interaction [6].
The exponential-like increase of the reaction crosssection observed for decreasing projectile energies, as
compared to the cross section for bare nuclei, can be
described corresponding to the reduction of the Coulomb
barrier height by a screening energy. The theoretical
values of the large screening energies are by at least a
factor of two smaller than experimentally determined [7].
The enhanced electron screening effect recently observed
in the d+d fusion and some other nuclear reactions in the
metallic environments is essential for general
understanding of stellar reaction rates white and brown
dwarfs or giant planets since it can strongly increase the
nuclear reaction rates in dense astrophysical plasmas [8].
The angular distributions and the branching ratio between
the 2H(d,p)3H and 2H(d,n)3He reactions strongly depend

on the target material, being different self-implanted
deuterized metallic environments. Whereas for metallic
targets made of Al, Zr, Ta both observable show the same
projectile energy dependence as in the case of the gas
target measurements, for Sr and Li a significant
suppression of the neutron channel and increase of its
angular anisotropy could be observed for deuteron
energies below 20 keV [9].
To describe these effects, we applied an alternative
model based on the T-matrix elements [10] which
corresponds to broad 4He resonance contributions.
Within this approach, interference effects between
resonances could be easily included. The theoretical
results agree very well with experimental data obtained
for usual materials and width multichannel R-matrix
theory [11]. To explain the experimental data obtained
for unusual materials, it was necessary to include a new
0+ threshold resonance. This resonance should have a
single particle deuteron-deuteron structure and be very
narrow (the total width of few eV). The contribution of
the 0+ resonance to the reaction cross section could
reduce large screening energies observed.
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2. Single particle 0+ threshold
resonance
+

total cross section is given by
𝜎𝜎NOP =

4

A hypothetical 0 resonance in He placed very close to
the d+d reaction threshold has been proposed [12]. The
high energy tail of the resonance would contribute to the
observed enhancement of the cross-section due to the
screening effect and reduce experimental screening
energy down to the theoretical value the mathematical
point of view a coherent sum of two reaction amplitudes
reads as follows:
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where P and S denote the s-wave penetration factor and
the astrophysical S-factor, respectively. The total S-factor
can be expressed by a sum of Sa and Sb arising from the
"
isotropic and an isotropic contribution. Roughly, of the
T
L=0 partial cross section (corresponding to Sa) comes
from the 05 matrix element 𝜎𝜎: . Therefore, the 0+ flat
cross section contribution is given by
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𝜎𝜎8 05 =

Where ∅" and ∅( are nuclear phase shifts. The above
procedure can be applied to the coherent sum of cross
sections resulting from the narrow threshold 05
resonance (𝜎𝜎7 ) and from broad overlapping resonances
giving a flat cross section (𝜎𝜎8 ) contribution.
Interferences in the total cross section are possible
only between resonances of the same spin and parity.
Thus, the interference part of the total cross section
relates only to 05 resonances, both a narrow postulated
one and the broad resonances of the flat contribution.
Therefore, since cross section in this consist of two
components, it can be written as
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here, 𝐸𝐸W represents Gamow energy, equal for 986 keV
for the d+d system. E is the energy of the deuteron in the
center of mass system, and can be expressed by the wave
number k, we get:
𝜎𝜎8 05 =
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𝜎𝜎8 05 corresponds to 𝛼𝛼: transition matrix elements
[10]. Since the Deuteron energy of about 10 keV is much
larger than the resonance energy and the resonance
width, expression for the resonance phase shift can be
simplified
tan∅7 =

;
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Fig. 1. Experimental neutron-to-proton branching ratio obtained
for targets of Ta, Sr, and Li [9] compared to the calculations
assuming deuteron polarization (blue-line), and without
polarization(red line)
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expanding the square root value to the first term in Taylor
series we get:
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the final expression was obtained by neglecting the
;
quadratic term. Since the =10=M for E=10 keV we can
(<
simplify the expression further
cos ∅8 − ∅7 ≈ + cos ∅8

(6)

Fig. 2. Experimental and theoretical neutron-to-proton
branching ratio. The experimental data are from [16] and [17].
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For the resonance contribution, we apply Breight-Wigner
formula of the proton channel (similar for the neutron
channel)
𝜎𝜎7 =
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energy dependence of the enhancement factor obtained in
the new UHV experiment on the Zr target [14]. The
resonance contribution reduces the estimated screening
energy by a constant factor, making it closer to the
theoretical value. The direct resonance evidence can be
expected by the precision measurements of the d+d
reactions at deuteron energies below 5keV where
different energy dependence of the enhancement factor
due to electron screening and the resonance could much
more visible. Corresponding experiments are planned at
the University of Szczecin applying the new accelerator
facility with a UHV target chamber [15].
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The d+d reaction cross section can be enhanced by a
hypothetical 05 resonance state in 𝐻𝐻𝐻𝐻 M compound
nucleus. Due to its molecular structure [13], it can be
described as a single-particle resonance width:
𝛤𝛤b 𝐸𝐸 = 2𝑘𝑘b 𝑎𝑎𝑎𝑎(𝐸𝐸b )
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The d+d reaction cross section can be enhanced by a
hypothetical 05 resonance state in 𝐻𝐻𝐻𝐻 M compound
nucleus. Due to its molecular structure [13], it can be
described as a single-particle resonance width:
Here, a=7fm is the reaction channel radius. 𝜇𝜇 is
reduced mass of deuteron, 𝛩𝛩 2 stays for the
dimensionless reduced width being equal to unity for the
single- particle resonance. Taking account that E ≫ 𝐸𝐸7 ,
𝛤𝛤 ≫ 𝛤𝛤b and we put the 𝛤𝛤b to 𝜎𝜎7 .
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Due to the destructive interference effects, we can now
reduce 𝜎𝜎: matrix elements [10] in the low energy region
as it is necessary to explain the observed material
dependence of the branching ratio Fig. 1. The material
dependence can be additionally enhanced assuming a
smaller neutron partial width of the resonance. The
branching ratio can be calculated using formula 12. for
neutron channel and proton channel separately. In usual
case, Γn, Γp are much smaller than for Sr and Ta.
Therefore, branching ratio can be described without
resonance contribution (Fig. 2).

3. Conclusions
In the present work, we could show, how the material
dependence of the branching ratio of the d+d fusion
reaction might be explained applying the concept of the
threshold resonance. The branching ratio does not depend
on the penetration factor any more. The screening effect
should not directly influence its value. In the usual case,
Γn and Γp also do not depend on the target material as
they are only proportional to the nuclear wave functions.
The destructive interference could be also observed in the
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