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Abstract

The electron screening in the7Li(p,α)α reaction has been studied atEp = 30 to 100 keV for different environments
Li2WO4 insulator, Li metal, and PdLi alloys. For the insulator a screening potential energy ofUe = 185±150 eV was observed
consistent with previous work and the atomic adiabatic limit. However, for the Li metal and the PdLi alloys we find large
of Ue = 1280± 60 and 3790± 330 eV, respectively: the values can be explained by the plasma model of Debye app
the quasi-free metallic electrons in these samples. Similar results have been found for the6Li(p,α)3He reaction supporting th
hypothesis of the isotopic independence of the electron screening effect. The data together with previous studies od(d,p)t

and9Be(p,α)6Li in metals verify the Debye model scalingUe ∝ Zt (charge number of target).
 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The cross section of a charged-particle-induced
clear reaction is enhanced at sub-Coulomb ener
by the electron clouds surrounding the interacting
.

http://www.elsevier.com/locate/physletb
mailto:rolfs@ep3.ruhr-uni-bochum.de
http://dx.doi.org/10.1016/j.physletb.2005.08.036


182 LUNA Collaboration / Physics Letters B 624 (2005) 181–185

-

mi-

s
-

ula-
rge
g
the
ra-

s
llic

ud

e
in-

l ra-

the
-
al

ture
-

en-

rge

-
ms.
t
ic

-
t

f
ntal
if-

of

n be

have

nt

ion
eet
lly
Ar

-
aled
g

on.
n-
as

and
ning

ut
clides, with an enhancement factor[1,2]

flab(E) = E(E + Ue)
−1

(1)× exp
(−2πη(E + Ue) + 2πη(E)

)
,

whereE is the center-of-mass energy,η(E) the Som-
merfeld parameter, andUe the screening potential en
ergy. The electron screening ind(d,p)t was studied
previously for deuterated metals, insulators, and se
conductors, i.e., 58 samples in total[3–5]. As com-
pared to measurements performed with a gaseouD2
target (Ue = 25 eV [6]), a large screening was ob
served in all metals (of orderUe = 300 eV), while a
small (gaseous) screening was found for the ins
tors and semiconductors. An explanation of the la
screening was suggested[4] calculating the screenin
according to the Debye plasma model applied to
quasi-free metallic electrons. The electron Debye
dius around the deuterons in the lattice is given by

(2)RD = (
εokT /e2neffρa

)1/2 = 69(T /neffρa)
1/2 [m]

with the temperatureT of the free electrons in unit
of K, neff the number of valence electrons per meta
atom, and the atomic densityρa in units of atoms/m3.
With the Coulomb energy of the Debye electron clo
and a deuteron projectile atRD set equal toUe ≡ UD ,
one obtains

UD = (4πεo)
−1e2/RD

(3)= 2.09× 10−11(neffρa/T )1/2 [eV].
A comparison of the calculated and observedUe val-
ues led toneff, which was for most metals of th
order of one. The acceleration mechanism of the
cident positive ions leading to the high observedUe

values is thus the Debye electron cloud at the smal
diusRD , about one tenth of the Bohr radius. Theneff
values were compared with those deduced from
known Hall coefficient[7]: within 2 standard devia
tions the two quantities agreed for all metals. A critic
test of the Debye model is the predicted tempera
dependenceUD ∝ T −1/2, which was verified experi
mentally[5].

The electron screening in the7Li (p,α)α reaction
has been studied previously using a gaseous H2 tar-
get (inverse kinematics) leading to an atomic scre
ing potential energyUA = 300± 160 eV[8] consis-
tent with the adiabatic limit (175 eV[1]). The De-
bye radius scales inversely with the nuclear cha
Zt of the target atoms[2], RD ∝ (Zt (Zt + 1))−1/2,
and thusUD ∝ (Zt (Zt + 1))1/2. For the7Li (p,α)α

reaction withneff(Li) = 0.8 ± 0.2 [7] at T = 20◦C
one expectsUD = 820± 100 eV for a Li metal and
thereforeUe = UA + UD = 1120± 260 eV assum
ing a linear addition of both acceleration mechanis
If an alloy such as PdLix is used with a few percen
Li admixture x (maintaining essentially the metall
character of Pd), one hasneff(Pd) = 6.3 ± 1.2 [4]
and thusUD = 2800± 280 eV leading to the pre
diction Ue = UA + UD = 3100± 440 eV. Kasagi e
al. [9] performed studies in a PdLix alloy (x = 5–7%)
finding Ue = 1500± 310 eV, but no explanation o
this observation was given. We report on experime
7Li (p,α)α studies testing the predictions for the d
ferent environments: a Li2WO4 insulator, a Li metal,
and two PdLix alloys. We report also on the results
the electron screening in the6Li (p,α)3He reaction for
these environments. Details not contained here ca
found in[10].

2. Equipment and procedures

The equipment, procedures, and data analyses
been described elsewhere[3,4]. Briefly, we used in-
finitely thick Li targets of natural isotopic conte
(92.58%7Li, 7.42% 6Li), which allowed us to study
concurrently both7Li (p,α)α and6Li (p,α)3He reac-
tions. The Li2WO4 samples (360 µg/cm2 thickness,
Φ = 40 mm) were fabricated by vacuum-evaporat
on a steel backing. The surface of the Li metal sh
(2 mm thick,Φ = 40 mm) was cleaned mechanica
in Ar gas to a silvery color and transferred also in
gas into the target chamber. Finally, the PdLix alloy
(0.2 mm thick,Φ = 30 mm, silvery color) was pro
duced by plasma discharge techniques and anne
in vacuum at 850◦C for one hour. NRA studies usin
theEα = 953 keV resonance in7Li (α, γ )11B demon-
strated that the Li content in the PdLix alloys started
at the surface with a homogeneous depth distributi

The observed thick-target yield curve was differe
tiated to arrive at a thin-target yield curve, which w
fitted using 2 free parameters[3]: the absolute yield
provided information on the absolute cross section
the energy dependence of the data gave the scree
potential energyUe. For a given sample, we carried o
several runs (up to 13) betweenEp = 30 and 100 keV,
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where all targets remained stable in yield to better t
10% at the reference energyEp = 100 keV. Inspection
of the samples after the irradiations revealed no cha
in color or resistance. The exception was the Li me
which showed a dark color at the beam spot area i
cating a beam hydration: a hydrogen solubility of 8.6
was observed via NRA using theEN = 8.40 MeV
resonance in1H(15N,αγ )12C, which was taken into
account in the analysis.

The beam direction and spot on target (beam di
eterΦ = 10 mm) were defined by 2 apertures, one
Φ = 6 mm at a distanced = 62 cm from the targe
and the other ofΦ = 10 mm atd = 280 cm. An elec-
tric quadrupole triplet placed between the 2 apertu
was used to focus the beam. The beam current on
get was kept below 20 µA.

3. Results for 7Li(p,α)α

At the effective energy[2] E = 83.3 keV we find a
cross sectionσ = 57±3 and 44±3 µb for the Li2WO4
and Li targets, respectively, where the quoted er
arise from the quadratic addition of uncertainties
thin-target yields (2%), current (2%), solid angle (2%
and stopping power (5%), where the stopping po
was calculated using SRIM (see[10]). The weighted
averageσ = 51± 6 µb is in good agreement with pr
vious work[8], 56± 6 µb: we adoptedσ = 54± 4 µb
as a standard. A comparison of the observed yield
the two PdLix alloys with that for the Li metal led to
a 7Li atomic contentx = 0.01% and 1%. For the bar
S(E) factor we adopted the expression

(4)Sb(E) = 0.055+ 0.21E − 0.31E2 [MeV b]
(E in MeV) as derived from data of the Trojan hor
method[11].

The results of the 3 samples are shown inFig. 1
in form of the S(E) factor (for numerical values
see [10]) leading to Ue = 185 ± 150,1280± 60,
and 3790± 330 eV for Li2WO4, Li, and PdLi1%,
respectively. For the alloy PdLi0.01% we find Ue =
4100± 650 eV (not shown), consistent with the abo
value for PdLi1%. The results indicate that the meta
lic character of Pd remained essentially unchange
the small Li content: weighted averageUe = 3860±
290 eV. TheUe value of the insulator is in agreeme
with previous work[8] and the atomic adiabatic limi
Fig. 1. AstrophysicalS(E) factor of 7Li (p,α)α for different environments: Li2WO4 insulator, Li metal, and PdLi1% alloy. The solid curves
through the data points include the bareS(E) factor (dotted curve) and the electron screening with theUe values given in the text.
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Fig. 2. AstrophysicalS(E) factor of6Li (p,α)3He for different environments: Li2WO4 insulator, Li metal, and PdLi1% alloy. The solid curves
through the data points include the bareS(E) factor (dotted curve) and the electron screening with theUe values given in the text.
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The observed value for the Li metal gives a Debye
hancementUD = Ue − UA = 1095± 160 eV and thus
neff(Li ) = 1.4 ± 0.4, in fair agreement with the valu
from the Hall coefficient. Similarly, the results for th
two PdLix alloys give UD = 3675± 330 eV with
neff(Pd) = 11 ± 2, consistent with the value quote
in [4].

4. Results for 6Li(p,α)3He

At the effective energyE = 81.6 keV we find a
cross sectionσ = 2.5 ± 0.2 and 1.8 ± 0.1 mb for the
Li2WO4 and Li targets, respectively. The weighted a
erageσ = 2.1± 0.4 mb is in agreement with previou
work [8], 2.2± 0.2 mb: we adoptedσ = 2.2± 0.2 mb
as a standard. For the bareS(E) factor we adopted th
expression

(5)Sb(E) = 3.00− 3.02E + 1.93E2 [MeV b]
(E in MeV) as derived from data of the Trojan hor
method[12].

The results of the 3 samples are shown inFig. 2
in form of the S(E) factor (for numerical values
see[10]) leading toUe = 320± 110, 1320± 70, and
3760± 260 eV for Li2WO4, Li, and PdLi1%, respec-
tively. The result for the insulator is in agreeme
with previous work[8], Ue = 440± 150 eV. The ob-
served value for the Li metal yields a Debye enhan
mentUD = Ue − UA = 1000± 130 eV, which gives
in turn neff(Li ) = 1.2 ± 0.3. Similarly, the result for
the PdLi1% alloy gives UD = 3440± 280 eV with
neff(Pd) = 9.5± 1.5, consistent with the value quote
in [4].

5. Discussion

Since the reported absolute cross section for b
reactions [8] has been confirmed by the prese
work, the astrophysical consequences[2,8,11], e.g.,
for primordial nucleosynthesis, remain essentially
changed.

The present data for the electron screening
the 7Li (p,α)α and 6Li (p,α)3He reactions for dif-
ferent environments give a consistent picture: (i)
suggested previously[8] the present data demo
strate clearly the isotopic independence of the elec
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screening effect, i.e., the sameUe value for7Li and6Li
nuclides, particularly in the cases of the Li metal a
PdLix alloys; (ii) for the Li2WO4 insulator the atomic
electron cloud leads to one acceleration mechan
while the Li metal and the PdLix alloys exhibit an ad-
ditional acceleration mechanism due to the quasi-
metallic electrons at the Debye radius. In compari
to the data in thed(d,p)t reaction for metals[3–5],
the screening potential energy scales with the cha
Zt of the target nucleus, as expected from the De
model.

Previous studies of the reactions9Be(p,α)6Li and
9Be(p, d)8Be using a metallic Be target led to a hig
screening potential energyUe = 900± 50 eV [13],
which was not understood at the time, i.e., in 19
With neff(Be) = 0.21 ± 0.04 from the Hall coeffi-
cient [4,7], T = 20◦C, and scalingUD with Zt (here
Zt = 4) one findsUD = 870 ± 80 eV; assuming
UA = 240 eV [1] one arrives atUe = UD + UA =
1110± 80 eV consistent with the above observat
and supporting again theZt scaling of the Debye
model. Clearly, an improved theory is highly des
able to explain why the simple Debye model appe
to work so well. Without such a theory, one may co
sider the Debye model as a powerful parametriza
of the data.
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