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Understanding the electron screening effect in the laboyas critical for a correct interpretation
of low-energy nuclear reactions in stars. Extensive stidfethe electron screening effect in
deuterated metals (54 metals) and other environments leredarried out in Bochum in the last
4 years. Experimental results of anomalous enhancemevediegn interpreted in terms of the
Debye plasma model applied to quasi-free metallic elestr&or the d(d,p)t reaction in metallic
environments, the variation of hydrogen solubility in tteemples as a function of temperature
has also been measured, showing an anti-correlation witlesing enhancement as expected.
Within this model, the deduced number of valence electrensyetallic atom also agrees with the
corresponding number from the Hall coefficient. Recentig, éxpected temperature dependence
of the screening potential has been verified together witle¥pected Zscaling (with the metallic
host) of the Debye radius. Recently results on%Rki(p,a) reactions in Li insulators, Li metal
and PdLi alloys confirm the expected behaviour of the scregeffect and further supports the
applicability of the Debye model.
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1. Introduction

Thermonuclear reactions between charged particles iaspéhsmas take place at sub-Coulomb
energies and their cross sectian& ) drop exponentially with decreasing energy according to the
equationo (E) = E~1S(E) exp(—27mm), whereE is the centre-of-mass energy between the inter-
acting nuclei,n = Z;Z,€?/hvis the Sommerfeld parameter (in standard notations)SiEdl is the
astrophysical S-factor. The exponential factor accoumt$hie quantum-mechanical probability of
tunneling through the Coulomb barrier as seen by bare nudtawvever, both in the stellar plasma
and in the laboratory the actual charges are shielded byrdsepce of the surrounding electrons
so that the Coulomb barrier is effectively reduced both iighieand radial extension. This in turn
leads to a higher cross section for the screened numiék), than would be the case for bare nu-
clei, op(E). The enhancement factor can be expressed in terms of theoelescreening potential
Ue as [1]:

_Os _ Ue
flap = o exp(rm(E) = >7 (1.1)

for $(E+Ue) = $(E) andUe/E < 0.1.

In a stellar plasma a similar enhancement factor can be defitéich however depends on
the temperature and density conditions through the Dehjeké! radiusRp of the electron cloud
surrounding the fully ionized particles (see later). Sofiarmeasurement has been carried out in a
plasma to determine the appropriate electron screeningneeiment. However, similar effects can
be observed in metals as described in the following sections

Theoretically, the electron screening potentialcan be calculated, for example, in the adi-
abatic limit from the difference in atomic binding energlestween the compound atom and the
projectile plus target atoms of the entrance channel (Fe\2.

Experimentally, the determination of the screening poém based on a comparison be-
tween the bareS)) and the screenedy) S-factors. The former is obtained as an extrapolation of
experimental data at energies around the Coulomb barrierenthe shielding effect can safely be
neglected. By contrast, measurements at energies wellleéoCoulomb barrier provide directly
the screene&;(E)-factor. Expressing the enhancement in terms of the S+fdaofi,, = S/S), a
fit to these latter data allows for the determinatiotJgfas free parameter, according to the eq.1.1.

In recent years an extensive investigation of the electcopesing for the d(d,p)t reaction has
been carried out in Bochum on deuterated metals, semictorduend insulators, i.e. 58 elements
in total [3], [4] (previous experiments from other grougsat experimental data [5]-[7]). For in-
sulators and semiconductdek values in agreement with g&% target experimentsle = 25 eV
[9] were found, wheread, values typically one order of magnitude larger have beeemvbs for
metals.

2. Experimental procedure and data analysis

Details of the equipment, procedures and data analysise&wubd in [4]. Briefly, the 100kV
accelerator of the Dynamitron Tandem Laboratorium in Boctat the Ruhr-Universitat Bochum
provided deuteron beams with currents up to 5Q4@0at the lowest energie&{=5 keV). Target
preparation involved the cleaning of a fresh material “M”ibysitu Kr sputtering. The deuterated
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targets were then produced by bombarding the cleaned samiiplex deuteron beam at a given
energy until a saturation level was achieved, as measur#tklproton yield from the d(d,p)t reac-
tion. The implantation procedure was repeated over theggmange of the planned measurement
typically taking about 4 days of running. At the end of the iampation a stoichiometryviyD
was attained at the sample surface and an uniform deutestiibdition target was produced (i.e.
ERDA analysis). The deduced thin-target yield curvékEqy, 6), was obtained as the difference
in the thick-target yield for two adjacent points and diddey the energy step. The result is re-
lated to the cross-sectiom(Eeff) via Y (Eqg,8) = Beerf(Eq) 10 (Eef), with the effective energy
Eetf [1] and the constanB, as measured using a radioactive source. The effectivpistppower
go11(Eq) for the MD target is given by the expressiap;;(Eq) = ep(Eq) + xém (Eq); the deduced
energy dependence of(Ee¢t) is nearly independent of the stoichiometric ratioThe resulting
cross-sectiorw (Eqt ) was obtained as the weighted average of all runs and plattesis of the
astrophysicalS(E) factor, whereby the absolute scale was obtained by noratigliz to the bare
astrophysical S-facta®,(E) ([9] and references therin). Relative to this function, tiaa were
fitted with the enhancement factor of eq.1.1, thus allowimgtiie determination of the screening
potentialU.. Numerical values ofJe for each material investigated, as well as their hydrogén so
ubility y = 1/x as determined from the normalization of data to the IS3(E) factor can be found
in [4]. As compared to measurements with a gasdopisarget, a large screening (of the order
Ue ~300 eV) is observed in metals, whereas a small (gaseous} effebtained for insulators and
semiconductors. Clearly the enhanced cross-section isodelectron effects of the environment
of the target deuterons. An explanation of the large enlraanéwas suggested ([2], [3]) by the
plasma screening of Debye applied to the quasi-free met#ictrons. The electron Debye radius
around the deuterons in the lattice is given by

[ &KT [T
€NefPa NeffPa m @D

with the temperatur@ of the free electrons in Kiet ¢ the number of valence electrons per metal-
lic atom, and the atomic density, in units of atoms/rh. With the Coulomb energy between

two deuterons aRp set equal tdJe = Up one arrives atlp = 2.09 x 1071,/ m [eV]. For

T =29, pa = 6 x 10?8%atomgm~3, andne ¢ = 1 one obtains a raditRy which is about a factor
10 smaller than the Bohr radius of a hydrogen atom, hencehtieacteristic valuede ~ 300 eV
as observed experimentally.

An exception to the large enhancements observed for metadaund for the metals of group 3
and 4 of the periodic table and the lanthanides, which shaveahall screening. At room tem-
perature all these elements are characterized by a rdyaltiigh hydrogen solubilityy = 1/x that
gives the deuterated targets of these metals the propefiiesulators. Indeed, for the metals with
high Ue values, their solubility was typically small (a few percel#aving the metallic character
of the samples essentially unchanged. It is known that lgairaolubility [8] in metals decreases
with increasing temperature. With the assumption that ¢éhgperature-dependent solubiligyT )
affects directlyng¢¢, one obtains:

1 [Net+(T)(1-y(T))]pa
Up(T) = 4478><1010\/ T [ev] ,y(M)<1 2.2)
0 V(1) > 1
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where a temperature dependencegf(T) is also taken into account.

In order to verify the expected Debye enhancement, all methigroups 3 and 4 and the
lanthanides have been studiedTat 200°C (for details see [4]), where it was expected that the
solubility reduced to a few percent and a large screeningrbeabservable. As was observed by
Huke et al. (reference therein [11]): “...the higher thetdean density, the lower the screening
value”.

2.1 Temperature and ion charge dependence of screening potential

According to the Debye model, lowél, values should be expected at higher sample tem-
peratures [4], i.e.Ug(T) O T-Y2. This prediction has been explored for Pt (in the rafge
20— 340°C) and for Co (afl =20°C and 200C), as both metals have a solubility of a few percent
(i.e. low deuteron density) at all temperatures investigatBesides, over the present tempera-
ture range, the reported Hall coefficient for Pt increasealimut 20% leading to a corresponding
decrease imeff (€9.2.2), which we took into account; there is good agre¢retween observa-
tion and expectation (see tables in [4]). As a consistensywe also studied the insulator C at
T = 200°C: the solubility decreased from 0.3% & 20°C) to 0.15, but no enhanced screening was
observed, as expected for an insulator, g+ = 0 (eg.2.2). The data represent the first observation
of a temperature dependence of a nuclear cross section. mhpultering and the high vacuum
(in the 10-8mbar range) guarantee a sufficient clean surface targe¢ imvestigated energy range
(homogeneous deuteron target by RBS analysis, see [4] falls)e

The Debye radius scales inversely with the nuclear chZrgd the target atoms [1]Rp [
(Z:(Z, +1))"Y/?, and thusJp O (Z(Z; + 1))¥/2. To verify this dependence, we have reinvestigated
the electron screening in thei(p,a)a reaction. Previous studies led to an atomic screening
potential energyJa = 300+ 160 eV [10] consistent with the adiabatic limit (175 eV [12For
the 'Li(p, a)a reaction withngs¢(Li) = 0.8+ 0.2 at T = 20°C one expectt)p = 720+ 180 eV
for Li metal and therefordJe = Ua +Up = 10204 240 eV, assuming a linear addition of both
acceleration mechanisms. If an alloy suchPat. ix is used with a few percent Li admixtuse
(essentially maintaining the metallic character of Pdg basne¢¢(Pd) = 6.3+ 1.2 [3] and thus
Up = 3200+ 310 eV leading to the predictidde = Up +Up = 3500+ 350 eV. Kasagi et al. [7]
performed studies in a PdLalloy (x = 5-7%) findingUe = 15004 310 eV, but no explanation
of this observation was given. In order to test the predigtiof the Debye model, the electron
screening for th&7Li(p, a) reactions has been studied for the different environmerits:Li,O
and LbWOy, insulators, a Li metal, and two PdLalloys (details in [13]). The results of the 5
samples leads tde = 400+ 240, 320+ 240, 190+ 130, 143G+ 110, and 3636360 eV for LiF,
Li»O, LioWQy, Li, and PdLi, respectively. For the alloy Pdd.d10, Wwe findUg = 30204660 eV,
consistent with the above value for Pedyi The results indicate that the metallic character of Pd
remained essentially unchanged by the small Li contentghied averagéle = 3490+ 320 eV.
The insulators led to a weighted averdgie=Ua = 2504+ 100 eV in agreement with previous work
[10] and the atomic adiabatic limit. The observed valuelferlti metal gives a Debye enhancement
Up = Ue ~ Ua = 1180+ 150 eV and thusies¢(Li) = 2.1+ 0.5, in fair agreement with the value
from the Hall coefficient (confirmations also from the othrdsed samples [4]). Similar results
have been also obtained for thiei(p, a)3He reaction (values given in [13]) and further confirm
the applicability of the Debye model in describing the obsedrenhancements.
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3. Discussion

As shown by Czerski et al. [11], the Debye-Huckel screensrapiplicable only for large tem-
perature (kT > Er ) for which the electron degeneration vanishes and the MivBeodtzmann
statistics can be used. For low temperatureg €€ ) or correspondingly low projectile energies,
the strong-screening limit should be applied and no tentperalependence should be observed.
Besides, the dielectric function theory, presented toarpthe high electron screening effect in
the six deuterated target analyzed [11], supports a wegkttaraterial dependence of the screen-
ing energy as the Czeski's experimental data as showed. HEogyt provides, however, absolute
values being by a factor of 2 smaller than the experimentas gfig.1 in [11]). In despite of it, our
extensive experimental work on the enhanced electron magé deuterated metals can be ex-
plained quantitatively by the “Debye model” applied to theagi-free metallic electrons. Besides,
the present data for the electron screening in%fd (p, a) reactions for different environments
give a consistent picture: (i) as suggested previously fi®present data demonstrate the isotopic
independence of the electron screening effect; (ii) forlthaVO, insulator the atomic electron
cloud leads to one acceleration mechanism, while the Lilnaeththe PdLj alloys exhibit an ad-
ditional acceleration mechanism due to the quasi-free llicetdectrons at the Debye radius. In
comparison to the data in the d(d,p)t reaction for metalstf screening potential energy scales
with the chargeZ; of the target nucleus, as expected from the Debye modelideiestudies of the
reactions’Be(p, a)5Li and®Be( p, d)®Beusing a metallic Be target led to a high screening potential
energyUe = 900+ 50 eV [14], which was not understood at that time, but Zhescaling of the
Debye model explain the high screening effect.

Clearly, an improved theory is highly desirable to explaimwthe simple Debye maodel, with
the own theoretical limitations of applicability, appeswsvork so well. Without such a theory, one
may consider the Debye model as a powerful parameterizafionr data.
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