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Study of the deuteron fusion reactions at very low energies in metallic
environments enables us to determine the strength of the astrophysical elec-
tron screening effect in the terrestrial laboratories. Experiments performed
under high and ultra high vacuum conditions showed that the experimen-
tally determined screening energies corresponding to the reduction of the
Coulomb barrier were significantly larger than the theoretical values calcu-
lated in terms of the dielectric function theory. As the origin of the so-called
enhanced screening effect observed in nuclear reactions taking place in met-
als is unexplained we discuss here the interplay between a strong plasma
screening and a narrow resonance placed close to the reaction threshold,
which leads to the target material dependence of the reaction cross-section.
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1. Introduction

Pycnonuclear reactions taking place in dense astrophysical plasmas at
very low temperatures are enhanced due to electron screening of the Coulomb
barrier even by many orders of magnitude. The low energy d + d reactions
in metals, being a very good model for the strongly coupled plasma, investi-
gated first under high vacuum (HV) conditions, showed that the experimen-
tally determined screening energies corresponding to the reduction of the
Coulomb barrier height were by at least a factor of two larger than the the-
oretical values calculated in terms of the dielectric function theory [1,2,3].
The enhanced screening effect in metals has been experimentally confirmed
by many groups [4,5,6].
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Since contamination of the target surface plays a crucial role in the
screening experiments we performed a series of new experiments dealing with
atomically clean targets under ultra-high vacuum (UHV) conditions [7,8].
The resulting screening energies turned to be remarkably larger than the
previous experimental values, stepping up the discrepancy to the theoret-
ical data. Since reasons for the enhanced screening effect still remain un-
known, we examine the influence of a narrow resonance placed close to the
2H(d, p)®H reaction threshold, on the screening energies and increased cross-
section.

2. Screening in nuclear reactions

In low-energy nuclear reaction the reacting particle has to tunnel the
Coulomb barrier. If the reaction takes place in metallic environment, the
electrons of the host material screen the charges of reacting particles which
results in Coulomb barrier reduction corresponding to the screening energy
U.. Related cross-section enhancement can be calculated as a ratio of the
screened to bare nuclei cross-section [1]

(E) = Oser(F) - P(E+1U.,) (1)
Obare(E) P(E)
The s-wave penetration factor P(FE) for a nuclear reaction influenced by the
screening effect can be expressed as follows

Eg Eg
P(E+U,) = E+UeXp<_ Ew), (2)

with the Gamow energy Eg = (raZ; Z2)2 2u1¢? that amounts to 986 keV for
deuteron fusion reactions. Here « is the fine-structure constant, Z; and Zs
are the charges of reacting particles and p is the reduced mass.

The screening energy values, obtained earlier under HV conditions, re-
ported in [2] and that obtained under UHV conditions [8] together with
the theoretical calculations are presented in Table I. Those, astonishingly
large discrepancies provide grounds to expect a resonance contribution to
the reaction cross-section.

TABLE 1

Electron screening energies determined for various target materials.

Target material Uppeo (V)  UHY (eV)  UUHV (eV)

exp exp
Al 96.6 191412
Zr 112.4 295+7 497+7
Pd 133.8 296+15

Ta 135.7 302+13
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3. Resonance contribution

The experimental deuteron fusion cross-section may be significantly en-
hanced by a resonance state placed near the reaction threshold in “He. One
can assume a 0T single particle resonance (of the d & d structure) with the
width [9]

h2

6. (3)
Here, a denotes the R-matrix channel radius. |#|? is the dimensionless re-
duced width, which is equal to unity for a single particle resonance.

Since the total resonance width I" is dominated by the deuteron partial
width Iy (I" & I'y) the resonance strength for the 2H(d, p)>H reaction related
to the resonance integrated cross-section can be expressed as follows

Iy,

~
= ~

r Iy

I,
L=r,. (4)

Due to high proton energies (the @ value of the d(d, p)t reaction amounts
to 4.03 MeV) the penetration factor is close to unity, and consequently the
partial proton width I}, remains approximately constant. Thus, the reso-
nance strength v (see Eq. (4)) of the d®d single-particle resonance is equal to
the partial proton width I', and independent of the resonance energy. On the
other hand, the total resonance width (I" & I'y) strongly decreases for lower
energies due to penetration factor for deuterons (see Eq. (3)). Therefore, ne-
glecting the energy dependence of the partial proton width, the narrowing
of the single-particle resonance for low resonance energies is accompanied by
an increase of its height (Fig. 1).
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Fig. 1. The narrowing process of the resonance: as the strength of the resonance
has to remain constant, disregarding the energy dependence of the partial proton
width, with reducing its width, the height of the resonance increases.
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As already shown in Ref. [10] a 0T single-particle resonance in “He as-
sumed at Fr = 10 eV with the width of 10 eV could explain the experimental
cross-section enhancement at low energies with a theoretical screening en-
ergy U, in Zirconium as presented in Fig. 2. However, the calculated energy
dependence related to the resonance (solid line) does not agree exactly with
the experimental data (dotted line). More precise experimental data could
allow us to distinguish between the screening and resonance effects.
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Fig.2. Cross-section enhancement for d(d,p)t reaction in Zr resulting from the
theoretical screening, UHV experimental screening and the theoretical screening
together with the resonance at EFg = 10 eV.

The screening effect, besides of a direct change of the penetration factor
and thus the resonance width, can lead to a resonance energy shift [11]
resulting in strong host material dependence of the reaction cross-section.
The latter effect has to be studied separately.
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