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Abstract

The electron screening in thei(p, «)a reaction has been studied B}, = 30 to 100 keV for different environments:
Lio WOy insulator, Li metal, and PdLi alloys. For the insulator a screening potential enetgy-6f185+ 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 values
of U, = 1280+ 60 and 379Gt 330 eV, respectively: the values can be explained by the plasma model of Debye applied to
the quasi-free metallic electrons in these samples. Similar results have been foundstr'p(me)3He reaction supporting the
hypothesis of the isotopic independence of the electron screening effect. The data together with previous studligsrof
and®Be(p, a)SLi in metals verify the Debye model scalirig, « Z; (charge number of target).
0 2005 Elsevier B.V. All rights reserved.

1. Introduction

. Supported by BMBF (0SCLIPCL), DFG (Ro429/31, The cross section of a charged-particle-induced nu-
436Ung113), AvH (V-8100/B, ITA10066680), OTKA (T42733, gea-p

T34259), Portugal (POCTI-FNU/45092/2002). clear reaction is enhanced at sub-Coulomb energies
E-mail address: rolfs@ep3.ruhr-uni-bochum.d€. Rolfs). by the electron clouds surrounding the interacting nu-
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clides, with an enhancement fac{r2]

fiab(E) = E(E + Up) ™t
x exp(—2mn(E + Ue) + 271(E)), (1)

wherekE is the center-of-mass energy(E) the Som-
merfeld parameter, and, the screening potential en-
ergy. The electron screening if(d, p)t was studied
previously for deuterated metals, insulators, and semi-
conductors, i.e., 58 samples in tof8-5]. As com-
pared to measurements performed with a gasénus
target U, = 25 eV [6]), a large screening was ob-
served in all metals (of orddv, = 300 eV), while a
small (gaseous) screening was found for the insula-
tors and semiconductors. An explanation of the large
screening was suggestpl calculating the screening
according to the Debye plasma model applied to the
guasi-free metallic electrons. The electron Debye ra-
dius around the deuterons in the lattice is given by

Rp = (s,kT /e netpa) > = 6T /nestpa) 2 [m] (2)

with the temperaturd of the free electrons in units
of K, neft the number of valence electrons per metallic
atom, and the atomic densipy; in units of atomgm?d.
With the Coulomb energy of the Debye electron cloud
and a deuteron projectile &p set equal td/, = Up,
one obtains

Up = (4re,) *e?/Rp
=2.09 x 107 Y (netipa/ T)Y? [eVI]. (3)

A comparison of the calculated and observédval-
ues led toness, which was for most metals of the
order of one. The acceleration mechanism of the in-
cident positive ions leading to the high observéd
values is thus the Debye electron cloud at the small ra-
dius Rp, about one tenth of the Bohr radius. Thgs
values were compared with those deduced from the
known Hall coefficient7]: within 2 standard devia-
tions the two quantities agreed for all metals. A critical
test of the Debye model is the predicted temperature
dependencé/p « T—1/2, which was verified experi-
mentally[5].

The electron screening in tHéi(p, «)a reaction
has been studied previously using a gaseopgat
get (inverse kinematics) leading to an atomic screen-
ing potential energy/4 = 300+ 160 eV [8] consis-
tent with the adiabatic limit (175 eV1]). The De-
bye radius scales inversely with the nuclear charge
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Z, of the target atom§2], Rp o (Z,(Z; + 1))~ /2,
and thusUp « (Z;(Z; + 1))Y2. For theLi(p, a)a
reaction withneg(Li) = 0.8+ 0.2 [7] at T = 20°C
one expectd/p = 820+ 100 eV for a Li metal and
thereforeU, = Uy + Up = 1120+ 260 eV assum-
ing a linear addition of both acceleration mechanisms.
If an alloy such as Pdliis used with a few percent
Li admixture x (maintaining essentially the metallic
character of Pd), one hag#(Pd)= 6.3 + 1.2 [4]
and thusUp = 2800+ 280 eV leading to the pre-
diction U, = U4 + Up = 31004+ 440 eV. Kasagi et
al. [9] performed studies in a PdLalloy (x = 5-7%)
finding U, = 1500+ 310 eV, but no explanation of
this observation was given. We report on experimental
Li(p, @) studies testing the predictions for the dif-
ferent environments: a kWO, insulator, a Li metal,
and two PdLj alloys. We report also on the results of
the electron screening in tfei (p, «)3He reaction for
these environments. Details not contained here can be
found in[10].

2. Equipment and procedures

The equipment, procedures, and data analyses have
been described elsewhef®4]. Briefly, we used in-
finitely thick Li targets of natural isotopic content
(92.58%"Li, 7.42% 5Li), which allowed us to study
concurrently botH Li (p, &) andSLi (p, «)3He reac-
tions. The LpWO, samples (360 p@n? thickness,

@ = 40 mm) were fabricated by vacuum-evaporation
on a steel backing. The surface of the Li metal sheet
(2 mm thick,® = 40 mm) was cleaned mechanically
in Ar gas to a silvery color and transferred also in Ar
gas into the target chamber. Finally, the Pdgiloy
(0.2 mm thick,® = 30 mm, silvery color) was pro-
duced by plasma discharge techniques and annealed
in vacuum at 850C for one hour. NRA studies using
the E, = 953 keV resonance ifLi («, y)B demon-
strated that the Li content in the PdLalloys started

at the surface with a homogeneous depth distribution.

The observed thick-target yield curve was differen-
tiated to arrive at a thin-target yield curve, which was
fitted using 2 free parametef3]: the absolute yield
provided information on the absolute cross section and
the energy dependence of the data gave the screening
potential energy/.. For a given sample, we carried out
several runs (up to 13) betweén, = 30 and 100 keV,
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where all targets remained stable in yield to better than thin-target yields (2%), current (2%), solid angle (2%),
10% at the reference energ@y, = 100 keV. Inspection  and stopping power (5%), where the stopping power
of the samples after the irradiations revealed no changewas calculated using SRIM (s¢&0]). The weighted

in color or resistance. The exception was the Li metal, averager =51+ 6 pb is in good agreement with pre-
which showed a dark color at the beam spot area indi- vious work[8], 56+ 6 pb: we adopted =54+ 4 pb
cating a beam hydration: a hydrogen solubility of 8.6% as a standard. A comparison of the observed yield for
was observed via NRA using thEy = 8.40 MeV the two PdLj alloys with that for the Li metal led to
resonance ifH(N, ay)?C, which was taken into  a’Li atomic contentc = 0.01% and 1%. For the bare

account in the analysis. S(E) factor we adopted the expression
The beam direction and spot on target (beam diam-
eter® = 10 mm) were defined by 2 apertures, one of S,(E) =0.055+40.21F — 0.31E? [MeV b] 4)

@ =6 mm at a distancd = 62 cm from the target
and the other o> = 10 mm atd = 280 cm. An elec- hodi11
tric quadrupole triplet placed between the 2 apertures method[11].

was used to focus the beam. The beam current on tar-, Ihe re?ul';]s of the f3 sampfles are showlrFlgl. 1
get was kept below 20 pA. in form of the S(E) factor (for numerical values,

see [10]) leading to U, = 185+ 150, 1280 + 60,
and 3790+ 330 eV for LbWOg,, Li, and PdLig,
respectively. For the alloy Pdb.p19 we find U, =

(E in MeV) as derived from data of the Trojan horse

7 .
3. Resultsfor "Li(p, @) 4100+ 650 eV (not shown), consistent with the above
value for PdLig. The results indicate that the metal-
At the effective energy2] E = 83.3 keV we find a lic character of Pd remained essentially unchanged by

cross section = 57+ 3 and 44+ 3 pb for the LhWO, the small Li content: weighted average = 3860+
and Li targets, respectively, where the quoted errors 290 eV. ThelU, value of the insulator is in agreement
arise from the quadratic addition of uncertainties in with previous worl{8] and the atomic adiabatic limit.
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Fig. 1. AstrophysicaS(E) factor of ’Li(p, )« for different environments: LWO, insulator, Li metal, and Pdliy alloy. The solid curves
through the data points include the barg) factor (dotted curve) and the electron screening withifhealues given in the text.
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Fig. 2. Astrophysical(E) factor ofLi (p, a)3He for different environments: bWO, insulator, Li metal, and Pdké, alloy. The solid curves
through the data points include the baig) factor (dotted curve) and the electron screening withifhealues given in the text.

The observed value for the Li metal gives a Debye en-

hancement/p = U, — U4, = 1095+ 160 eV and thus
neff(Li) = 1.4 4 0.4, in fair agreement with the value
from the Hall coefficient. Similarly, the results for the
two PdLi, alloys give Up = 36754+ 330 eV with
nef(Pd) = 11+ 2, consistent with the value quoted
in [4].

4. Resultsfor SLi(p, «)°He

At the effective energyr = 81.6 keV we find a
cross sectiom = 2.5+ 0.2 and 18 + 0.1 mb for the
LioWO4 and Li targets, respectively. The weighted av-
erages = 2.1+ 0.4 mb is in agreement with previous
work [8], 2.2+ 0.2 mb: we adopted = 2.2+ 0.2 mb
as a standard. For the ba§€Fr) factor we adopted the
expression

Sy(E) =3.00— 3.02E + 1.93E2 [MeV b] (5)

(E in MeV) as derived from data of the Trojan horse
method[12].

The results of the 3 samples are showrFig. 2
in form of the S(E) factor (for numerical values,

see[10]) leading toU, = 320+ 110, 132G+ 70, and
3760+ 260 eV for LpWQ;, Li, and PdLiy, respec-
tively. The result for the insulator is in agreement
with previous work8], U, = 440+ 150 eV. The ob-
served value for the Li metal yields a Debye enhance-
mentUp = U, — U4 = 1000+ 130 eV, which gives

in turn nei(Li) = 1.2 £ 0.3. Similarly, the result for
the PdLio, alloy gives Up = 3440+ 280 eV with
neff(Pd) = 9.5+ 1.5, consistent with the value quoted
in [4].

5. Discussion

Since the reported absolute cross section for both
reactions [8] has been confirmed by the present
work, the astrophysical consequend2s3,11] e.g.,
for primordial nucleosynthesis, remain essentially un-
changed.

The present data for the electron screening in
the “Li(p, @)a and 8Li(p, «)3He reactions for dif-
ferent environments give a consistent picture: (i) as
suggested previously8] the present data demon-
strate clearly the isotopic independence of the electron
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screening effect, i.e., the sartie value for’Li and®Li
nuclides, particularly in the cases of the Li metal and

PdLi, alloys; (ii) for the LbWOy, insulator the atomic The authors thank E. Storms (Lattice Energy, LLC)
electron cloud leads to one acceleration mechanism, or the provision of the PdlLi alloys, M. Burchard

while the Li metal and the PdL.ialloys exhibit an ad- (Bochum) for the annealing of the PdLialloys,
ditional acceleration mechanism due to the quasi-free 4 gaumeister (Miinster) for the production of the

metallic electrons at the Debye radius. In comparison Li,WO4 targets, and B.A. Green (BYU) for other help.
to the data in thel(d, p)r reaction for metal$3-5],

the screening potential energy scales with the charge
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Z, of the target nucleus, as expected from the Debye peferences

model.

Previous studies of the reactio?Be(p, «)®Li and
9Be(p, d)8Be using a metallic Be target led to a high
screening potential energy, = 900+ 50 eV [13],

which was not understood at the time, i.e., in 1997.

With ne(Be) = 0.21 + 0.04 from the Hall coeffi-
cient[4,7], T = 20°C, and scaling/p with Z, (here

Z, = 4) one findsUp = 870+ 80 eV, assuming
Uy = 240 eV [1] one arrives at/, = Up + Uy =
11104+ 80 eV consistent with the above observation
and supporting again th&, scaling of the Debye
model. Clearly, an improved theory is highly desir-
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