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Abstract. The study of the 2H(d, p)3H reaction at very low energies in deuterized metallic targets provides
a unique possibility to test models of the electron screening developed for dense astrophysical plasmas.
Here, we compare the experimental screening energies obtained by our group as well as by other authors
for different target materials with theoretical predictions based on an improved dielectric function theory.
The calculations are performed within the self-consistent regime and include polarization of both quasi-
free and bound electrons. Additionally, the cohesion screening, arising from different binding energies of
deuterons and a-particles in crystal lattices, is taken into account. The proposed theory predicts only a
weak material dependence of the screening energy in agreement with our experimental results but fails in
the absolute strength of the effect by a factor of 2. The projectile-velocity dependence of the screening
energy corresponding to the transition from the weak-screening regime to the strong-screening limit is
discussed.

PACS. 25.45.Hi Transfer reactions — 95.30.Dr Atomic processes and interactions — 95.30.-k Fundamental

aspects of astrophysics

1 Introduction

Electron screening of the Coulomb barrier between react-
ing nuclei leads to an enhancement of thermonuclear rates
in dense astrophysical plasmas. For so-called weakly cou-
pled plasmas (for example our Sun), where the kinetic en-
ergy of plasma particles is larger than the mean Coulomb
repulsion energy, the electron screening contributes only
to a few percent and can be described within the Debye-
Hiickel model [1] of the nearly perfect stellar gas. In the
opposite limit of strongly coupled plasmas, at high densi-
ties and low temperatures the electron gas is degenerate
and the ions undergo long-range correlation forces form-
ing either a quantum liquid or a Coulomb lattice beyond
a critical density. In such a case nuclear reaction rates
can be increased by many orders of magnitude and are
probably realized in White and Brown Dwarfs or Giant
Planets. The study of d + d nuclear reactions at very low
energies on deuterons embedded in metallic lattices makes
it possible to test models of the electron screening de-
veloped for dense astrophysical plasmas in the terrestrial
laboratory. The exponential-like increase of the reaction
cross-section observed for decreasing projectile energies,
as compared to the cross-section for bare nuclei, can be
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described by a screening energy. As could be shown in our
first experiments [2,3], the screening energies determined
for the d 4 d fusion reactions in metallic environments are
by about a factor of 10 larger than that observed for the
gas target [4] and up to a factor of 4 larger than the the-
oretical predictions [5]. This finding was also confirmed
by results of other groups [6,7,8,9,10,11]. Especially, the
data obtained by the LUNA Collaboration for almost 60
different target materials [11] enable us to compare the
experimental results of different groups and to look for
a theoretical description of the observed target material
dependence as well as of the absolute screening energy
values. The approach presented here is based on an im-
proved dielectric function theory [12,13] that allows to
derive a reliable deuteron-deuteron potential in the host
metal including contributions not only from quasi-free va-
lence electrons but also from polarized bound electrons. A
special interest will be devoted to the dependence of the
screening energy on projectile energies.

2 Experimental screening energy

Our experiments have been performed [3,13,14] using the
D* and D beams accelerated to energies between 5 and
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60keV and impinged on metallic targets (Li, Al, Zr, Pd
and Ta) and amorphous graphite carbon foils. Most of the
targets were implanted to large deuteron densities cor-
responding approximately to the chemically stable stoi-
chiometry. In the case of Pd the implantation process was
interrupted at a relatively small deuteron density (stoi-
chiometric ratio ng/npq & 0.3) in order to study fusion
reactions in the metallic environment possessing a small
number of crystal-lattice defects and reducing the number
of possible deuterium bubbles resulting from long-term
irradiation. The deuteron density used for the Li target
was even smaller (nq/nr; &~ 0.03) to prevent the target
from oxidation. The reaction products (protons, tritons
and *He particles) were detected by four Si detectors lo-
cated in the reaction plane at backward angles.

The experimental determination of the electron screen-
ing energy is based on the assumption that the observed
exponential-like enhancement of the reaction yield to-
wards low projectile energies results from the reduction
of the height of the Coulomb barrier. In the simple case
of Bohr screening, the screened Coulomb potential energy
between two reacting deuterons can be presented as fol-

lows:
2 2 2

V=S D=S-2 o

where a is the screening length being of the order of the
Bohr radius. For projectile energies used in accelerator
experiments where r < a, the deuteron-deuteron poten-
tial can be simply described as the Coulomb potential re-
duced by a constant, the screening energy U. = e?/a.
Thus, the “screened” cross-section, applying the transfor-
mation to the only weakly on energy dependent astrophys-
ical S-factor, reads as follows:

1
S (Eem)
Ecm(Ecm + Ue)
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Here E.,, denotes the energy in the center-of-mass sys-
tem and E¢ is the Gamow energy. The screening energy
U, takes into account a drop of the Coulomb barrier in
the expression for the penetration factor. In the experi-
ment the strength of the screening effect is described by
means of the thick-target enhancement factor F/(E) de-
fined as the ratio between the angular integrated thick-
target yields for screened and bare nuclei [3],
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Here, o(E) and ¢(FE) are the cross-sections for bare nu-
clei and the stopping power taken at the beam energy F,
respectively. The enhancement factor F(E) is indepen-
dent of the target deuteron density and of the absolute

value of the stopping power; the only assumption used
is that e(E) o« EY/? which agrees with the experimental
data for all target materials investigated. The bare-nuclei
cross-section is very well known from the precision mea-
surements performed with the gas target [15]. From the
exponential increase of F(E) towards lower projectile en-
ergies the screening energy U, can be determined. The U,
values obtained in our experiments for C, Li, Al, Zr, Pd
and Ta targets are presented in fig. 2. For heavier metals
the screening energy amounts to about 300eV which is
one order of magnitude larger than the value 25 + 5eV
obtained in the gas target experiment [4].

3 Theoretical description of the electron
screening effect

A charge point impurity embedded in a metallic environ-
ment leads to a polarization of surrounding degenerate
electrons causing a cut-off of the screened Coulomb field
at a characteristic distance of the inverse of the Fermi
wave number. Additionally, the bound electrons of the
host metal can also be polarized and contribute to the
screening. Thus, using the standard Fourier representa-
tion of 1/r, the screened Coulomb potential energy V (r)
between reacting deuterons within a static approximation
can be expressed as follows [13]:

V(r) = =& (r)

1 4r (ep (9))°
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where ¢,(¢) and e.(¢) are the static wave-number—
dependent dielectric functions resulting from quasi-free
valence electrons and from bound metallic core electrons,
respectively, and @(r) denotes the screening function.
The elementary charge e is multiplied by a self-consistent
charge form factor ¢(q) for deuterons with the screening
electrons in the Thomas-Fermi approximation:

(@) =1-z2+2¢°/ (¢ +kip). (5)

Here, the Thomas-Fermi wave number k%, = 6re’n/Ep
has been used; n and Er are the electron number density
and the Fermi energy, respectively. The number z corre-
sponds to the fraction of electrons bound to deuterons and
can vary between 0 and 1. Since we are interested in the
evaluation of the strongest possible screening effect, we set
z = 1. In the absence of screening ¢, = ¢, =1 and z = 0,
V(r) reduces to the bare Coulomb potential (&(r) = 1).
The response of the valence electron gas to an external
field is given by the dielectric function:

3 v(q) P (q)
1+v(9)G(q) P(q)”

where v(q) = 4me?/q? and P(q) is the static Lindhard

RPA polarizability [16]. G(q) is the static local field cor-

rection that takes into account the short-range electron
correlation and the exchange interaction [17].

5 exp (igr) dq, (4)

(6)

Ev (Q) =1
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Fig. 1. Screening function calculated for PdD with the lo-
cal field correction (LFC). For comparison the Bohr screening
function with the same screening length is presented.

If we set G(¢) = 1 and apply the long-wave approxima-
tion [12], the expression for the valence electron dielectric
function (eq. (6)) reduces to the Thomas-Fermi form

5TF(Q):1+T- (7)

In this case the screening function can be described by the
exponential function exp(—krpr) leading to the screening
energy e’kpp = e?(4me?/mh?)1/2(372n)'/6. Hence, the
corresponding value depends only weakly on the electron
density and amounts for Pd to 54eV.

In the case of core electron polarization we applied
the dielectric function proposed in [18]. Different from
the valence electron polarization, €. takes a finite value
at the limit ¢ = 0. In the case of Ta the core-dielectric
constant .(0) = 3.21. The screening function ¢(r) calcu-
lated by a numeric integration of eq. (4) differs from the
simple Bohr screening exp(—r/a) particularly for larger
distances where the numeric potential becomes negative
and shows characteristic Friedel oscillations. For smaller
distances the potential becomes attractive reducing ap-
propriately the screening length (see fig. 1).

In the metallic lattice, besides electrons also posi-
tive ions can contribute to the screening of the Coulomb
barrier between reacting nuclei. This effect, called co-
hesion screening, can be calculated in analogy to the
dense astrophysical plasmas within the ion-sphere model
of Salpeter [1] providing in the case of the TaD target a
screening energy of 18eV. In our calculations we used a
more realistic model based on the universal ion-ion poten-
tial introduced by Biersack [19]. This potential describes
the interaction between light ions as well as between heavy
ions at low energies with very good accuracy. Since the po-
tential energy of two deuterons in the field of a host metal
atom is larger than that of the helium atom produced in
the fusion reaction, one obtains a gain in potential energy.
For a rough estimation of the cohesion screening energy
Ucon, we calculated the potential energy gain resulting

from the surrounding 12 host atoms assuming the same fcc
crystal structure for all target materials investigated [13].

The above description of the screening effect is limited
to the charged particles with a velocity lower than the
Fermi velocity vg, for which the adiabatic approximation
can be used. For higher velocities the electrons have not
enough time to follow the ions and a wake wave [20] trails
the ion through the electron gas. Thus, the electron screen-
ing gets weaker and depends on the velocity v of the ion.
The screening length for the dynamic screening can be ex-
pressed by agq = v/w,, where w, is the plasmon frequency
w? = 4mne® /m. Since the ion velocity v can be treated
as velocity of electrons relative to the resting ion, the dy-
namic screening can also be applied to hot plasmas where
the electron velocity arises from the plasma temperature
T. Then v? = kgT/m, where kg is the Boltzmann con-
stant. Consequently, the screening length in a hot plasma

reads as follows:
9 kT
ahp

(8)

which corresponds to the Debye radius determining the
electron screening within the Debye-Hiickel model. In this
sense, the velocity dependence of the screening length can
describe the transition between a weak electron screening
(hot plasmas) for v > vp and the strong electron screening
(cold plasmas) for v < vg. A corresponding formula has
been proposed by Lifschitz and Arista [21],

). ®

where 7 is a number factor depending on the form of
the screening function &(r). For small v the expression in
parenthesis reaches the limit of 2 and the screening length
its minimum value (strong screening).

Since the deuteron energies, for which an enhancement
of the d + d reaction cross-sections due to the electron
screening can be observed, are smaller than the corre-
sponding deuteron Fermi energy (for Al Er(d) = 46keV),
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Fig. 3. Comparison of experimental screening energies. Also depicted are the corresponding densities of the implanted deuterons.

we consider the experimentally determined screening en-
ergy independent of velocity. Thus, the experimental val-
ues of U, can be directly compared with the theoretical
ones according to the prescription

(

The theoretical value for the total electron screening en-
ergy U, is a sum of the polarization and cohesion screening
energies Upo; + Ucon. The theoretical and experimental U,
values determined for all target materials we have inves-
tigated are presented in fig. 2.

The theoretical calculations describe the observed ma-
terial dependence of the screening energy qualitatively
correctly. The main contribution to the theoretical val-
ues is provided by polarization of the free valence elec-
trons [13], although the contribution of bound electrons
(core polarization) cannot be neglected. In the case of
TaD, the resulting core polarization energy amounts to
about 1/3 of the valence electron screening energy. An in-
crease of U, with the atomic number arises mainly from
the cohesion contribution. However, the absolute values
of the theoretically calculated U, fail by a factor of about
two as compared to our experimental values. Including
the self-consistent correction and the full wave number
dependence of the dielectric function leads to screening en-

2 2

. [er e
Upor = lim g 745(7")) : (10)

ergies lower than those determined within the simplified
theory [12]. No reason for such a large discrepancy be-
tween theoretical and experimental values has been found
so far. Even if a possible contribution of the channeling
effect to the experimentally determined U, values would
be taken into account —in the case of Ta much smaller
than 100 eV [22]— the difference between experiment and
theory remains large.

4 Comparison with results of other authors

The screening energies measured by different groups to-
gether with the deuteron densities achieved in the experi-
ments are presented in fig. 3. The largest part of data was
obtained by the LUNA Collaboration (Bochum group)
which measured the screening energies for more than 50
metals in three different experiments. Compared to our U,
values that show only a weak material dependence and a
kind of saturation for heavier metals (Zr, Pd, Ta) with a
screening energy of about 300 eV, there are partially large
deviations.

The screening energy determined for Ta by the LUNA
Collaboration [8] (309+12¢V) and for Pd by the Japanese
group (Tohoku 1998 and 2002) [6,7] (310 £ 50€V) are
very close to our values 302 4+ 13eV and 296 &+ 15eV,
respectively. On the other hand, the corresponding Pd
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value obtained by the LUNA Collaboration is much larger
amounting to 800+90eV [11]. For Zr the LUNA Collabo-
ration reported a significantly smaller U, value than ours,
whereas the values obtained for Al changed from a low
value in the first experiment to a large one in the third
experiment where the target surface was cleaned by Kr
sputtering immediately before the deuteron incidence.

The strong variation of the experimental screening en-
ergies for different metals, as depicted in fig. 3, contradicts
our results and cannot be explained within the proposed
theory. For some metals, the experimental screening ener-
gies are even smaller than theoretical ones. In order to ex-
plain this, an application of the Debye-Hiickel model was
suggested [10,11,23]. The authors, setting room temper-
ature into the expression for the Debye screening length
(eq. (8)) and comparing with experimental U, values, ob-
tain charge carrier densities which are close to those de-
termined from experimental Hall constants. Consequently,
the experimental screening energies should be dependent
on temperature and proportional to the density of charge
carriers, i.e. electrons and holes. However, as shown in the
previous section, the Debye-Hiickel screening is applicable
only for large temperature (kg7 > Er) for which the elec-
tron degeneration vanishes and the Maxwell-Boltzmann
statistics can be used. For low temperatures (kpT < Er)
or correspondingly low projectile energies, the strong-
screening limit should be applied. According to eq. (9),
the screening length within this limit is smaller than the
Debye length at the temperature kgT = Er by a factor of
V2. By the same factor the screening energy increases for
low velocities. Additionally, no temperature dependence
should be observed for the strong screening. Furthermore,
the dominant contribution to the screening effect, the va-
lence electron polarization, should only weakly depend on
the electron density, in accordance with the Fermi-Dirac
model Upp o< n'/® (see fig. 2).

Thus, the strong variation of U, observed in some
experiments probably arises from experimental problems
with keeping constant a homogeneous deuteron density
in the metallic targets. Contrary to our experiments, the
large screening energies were measured using targets with
relatively low deuteron densities. This can cause a tem-
poral increase of the deuteron density in the surface re-
gion during the irradiation by projectile with lower ener-
gies and lead to an artificially large U, values. In turn,
too low screening energies can result from an oxidation
layer on the target surface. Since the deuteron density in
such a layer is much smaller than in the metallic bulk, the
increase of the cross-section at low beam energy should
be reduced [24]. Even cleaning of the target surface by
a sputtering gun cannot help much under high-vacuum
conditions, since in a vacuum of order 10~8 mbar the tar-
gets can re-oxidize within a few minutes (see, for exam-
ple, [25]). This effect depends very strongly on the chem-
ical reactivity of the target material and can be, on the
other hand, reduced by the sputtering process of the target
surface during the deuteron irradiation, which is, however,
also target material dependent. Thus, the small value of
U, for some metals being significantly smaller than both

our experimental and theoretical values, might be due to
the re-oxidation process of the target. For a further de-
tailed discussion of experimental results, we refer to our
forthcoming paper [26].

5 Discussion and conclusions

In contradiction to results of the LUNA Collaboration, our
experimental screening energies show only a weak target
material dependence. As already stated above, discrepan-
cies probably arise from an inhomogeneous depth distribu-
tion of deuterons within the irradiated targets. The situa-
tion can certainly be improved in the future experiments
performed under ultra-high-vacuum conditions with an
on-line monitoring of the deuteron density.

Clearly, the target material dependence of the screen-
ing energy is very important for the theoretical description
of the effect. The improved dielectric function theory pre-
sented here supports a weak target material dependence
of the screening energy. The theory provides, however, ab-
solute values being by a factor of 2 smaller than the ex-
perimental ones. Therefore, one of the aims of future ex-
periments remains to prove which screening contribution
—valence electron polarization, core electron polarization
or cohesion screening— is enhanced in the deuterized met-
als. Such a test is also very interesting for the physics
of dense astrophysical plasmas. A large advantage of the
presented theoretical approach is its ability to determine
the deuteron-deuteron potential also for large distances
(fig. 1). This enables to calculate the effective screening
energies down to room temperature and consequently to
compare the experimental results at higher energies with
those achieved in the cold-fusion experiments by means of
the heavy-water electrolysis. As shown in [13], the screen-
ing energy of order 300eV determined in accelerator ex-
periments can explain the neutron production rate ob-
served by Jones et al. [27] at room temperature. Much
larger U, values of order 750 eV obtained in some acceler-
ator experiments would increase the neutron production
rate at room temperature by a factor of 107, which is,
however, not observed.

The method proposed to include the velocity depen-
dence for the dynamic screening allows to demonstrate the
transition from the weak- to the strong-screening regime.
Since the electron screening effect in the nuclear reactions
is observable only at very low projectile energies, the the-
oretical description in the frame of the adiabatic dielec-
tric function theory is well founded. On the contrary, the
model based on the Debye-Hiickel theory is for low tem-
peratures and projectile velocities below the Fermi veloc-
ity not applicable.
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