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Abstract

Nuclear reactions at low energies can be strongly en-
hanced due to screening of the Coulomb barrier by the sur-
rounding electrons. This effect was studied for the deuteron
fusion reactions taking place in metallic environments as
a model for dense astrophysical plasmas. Experimentally
determined screening energies corresponding to the reduc-
tion of the Coulomb barrier height are much larger than the
theoretical predictions. One possible explanation is the ex-
citation of a hypothetical threshold resonance in the 4He
nucleus. As the energy dependence of the resonant reac-
tion cross section differs to that of the electron screening
effect, one can distinguish between both processes expand-
ing measurements down to the deuteron energies of 1keV.
A novel ion accelerator was implemented at the University
of Szczecin. Ions are produced by a Dresden ECRIS-2.45M
as a high-current, low-Z ion source. The associated beam-
line designed to work on HV potential is combined with
an ultra-high vacuum target chamber on ground potential.
This setup enables decelerating ions below a kinetic energy
of 1keV and reduces target impurities. The ion irradiation
facility as well as first experimental results are described
and discussed.

INTRODUCTION

Hydrogen and Deuterium ions are used in various scien-
tific and technical applications. An area of interest is for
example the cold fusion research. Recent cold fusion exper-
iments are based on chemonuclear Deuterium-Deuterium
(D-D) and Hydrogen-Deuterium (H-D) fusion reactions in
metals [1] or transition metals like palladium [2]. An impor-
tant aspect for solid-state fusion is a sufficient Deuterium
density [3] in the target made of palladium or other mate-
rials. Often ion implantation of Deuterium or Hydrogen is
used to reach the required density [3-5].

The enhanced electron screening effect was observed for
the first time in the 2H(d,n)3He and 2H(d,p)3H reactions
preceding in metallic environments [6]. An exponential-
like increase of experimental reaction cross sections for de-
creasing projectile energies could be explained as a result of
shielding nuclear charges by surrounding electrons leading
to a reduction of the Coulomb barrier in terms of a so-called
screening energy U.. The screening energies experimen-
tally determined for the (D-D) fusion reactions in metals
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are about a factor of ten larger than that obtained for gas
targets [7] and up to a factor of two larger than the theoret-
ical predictions [8]. The results are particularly interesting
for nuclear astrophysics since deuterized metals represent
a good model for strongly coupled plasmas where the ki-
netic energy of plasma particles is smaller than the mean
Coulomb repulsion energy. In such a case, nuclear reac-
tion rates can be increased by many orders of magnitude
as probably realized in White and Brown Dwarfs or Giant
Planets [9].

Our first experimental results have been confirmed by
other groups [10, 11]. Especially, the data obtained by the
LUNA collaboration for almost 60 different target materi-
als [12] allow to compare the experimental results of differ-
ent groups and to look for a theoretical description of the
observed target material dependence as well as for the abso-
lute screening energy values. However, there are significant
discrepancies between the data of different groups.

As discussed in previous papers [13], the strong varia-
tion of the experimental screening energy arises from the
contamination of the target surfaces by Carbon and Oxygen.
Even small amounts of the Oxygen contamination corre-
lated with high deuteron densities lead to vanishing screen-
ing energies and thick contamination layers connected with
low and unstable deuteron densities result in artificially high
values of U,,. Thus, new experiments performed under ultra-
high vacuum (UHV) conditions at the lowest possible ener-
gies with atomically clean targets are required.

In this work we present a newly developed electron cy-
clotron resonance ion source (ECRIS) and demonstrate the
production of Hydrogen and Deuterium ions which are used
to investigate (D-D) reactions in a Zirconium environment.
Zirconium as a target has been chosen because of its high
affinity to form oxides so that it is of advantage to per-
form measurements under UHV conditions. The screen-
ing energy for Zirconium determined in our previous high-
vacuum experiment amounted to about 300eV. This is
in contradiction to the experimental result obtained by the
LUNA collaboration with U, < 40eV [14]. The new ex-
periment was intended to clear up this discrepancy.

EXPERIMENTAL SETUP

Ion Source

For the production of Hydrogen and Deuterium ions an
electron cyclotron resonance ion source has been developed.
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Figure 1: Schematic view of the Electron Cyclotron Reso-
nance Ion Source (Dresden ECRIS-2.45M).

The so called Dresden ECRIS-2.45M is shown schemati-
cally in Figure 1. It is a permanent magnet electron cy-
clotron resonance ion source with a compact design, i.e. a
length of 290 mm and a diameter of 210 mm. The axial mag-
netic field required for the plasma confinement is generated
by two NdFeB magnet rings.

The plasma is heated by means of a solid state microwave
generator with a tunable RF frequency of 2.45(15) GHz and
a maximum RF power of 200 W. The rectangular wave
guide, shown in Figure 1 is used to enable a stable mi-
crowave injection into the plasma and thus a stable plasma
heating.

For the extraction of the ions an extraction assembly sys-
tem had been designed. As shown in Figure 1 the extrac-
tion system consists of a plasma aperture, a puller elec-
trode, and an Einzel lens for focusing the extracted ion beam.
The maximum source potential amounts to 30 kV while the
puller electrode can be biased up to —6kV. The puller elec-
trode and the first element of the Einzel lense were made
of a soft magnetic material. The magnetic field lines are
collected within the material. Hence, a low magnetic field
is realized in the extraction system which results in an in-
creased high voltage stability in the extraction region. Us-
ing hard magnetic materials for the puller electrode and the
Einzel lens element instead lead to high voltage instabilities
and plasma ignition in the extraction region.

Including extraction assembly and the corresponding
high voltage feed throughs the Dresden ECRIS-2.45M has
a length of 460 mm and a diameter of 340 mm.

lon Irradiation Facility

In Figure 2 the beamline of the applied ion irradiation
facility is shown. The ion source with extraction assembly
is followed by a magnetic steerer which enables deflection
of the extracted ion beam in horizontal and vertical direc-
tion. By means of the magnetic steerer the extracted ion
beam can be optimized in the front focus point of the ana-
lyzing dipole magnet. At this position a Faraday cup (FC1)
is mounted which enables the measurement of the integral
ion current extracted from the Dresden ECRIS-2.45M.
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Figure 2: Schematic view of the beamline with the Dresden
ECRIS-2.45M ECR ion source, the Faraday cups and the
analyzing dipole magnet.

In the focus point behind the analyzing dipole magnet
a second Faraday cup (FC2) is positioned. The analyzing
dipole magnet enables the charge to mass (q/A) separation
and thus the precise selection of the ions of interest. The
corresponding ion current can then be optimized by means
of the second magnetic steerer and be measured in the FC2.

Vacuum Concept

From the experimental point of view, the biggest chal-
lenge is to combine a high current accelerator system with
a working pressure below 1071 mbar in the target chamber.
The corresponding vacuum scheme is shown in n Figure 3.
Differential pumping stages are used to guarantee the low
vacuum pressure in the target chamber. The turbomolecu-

lon Extraction Lens
d=8mm
Q=6e-3mbarl/s

Reduction Tube Reduction Tube
d=15mm, =100 mm d=15mm, =100 mm
Q=2e-6mbarl/s Q=11le-4mbarl/s

‘ I p = 5.1e-7 mbar I p = 2.8e-5 mbar

ECR-lon Source

T T p = 1le-3 mbar

Dipole
Magnet

—1 O

—
p =9.3e-9 = \
mbar
Turbo Molecular Pumps

DN100CF

Reduction Tube 4001/s

_"_ d =15 mm, | = 100 mm
Q=3.8e-8mbarl/s

Deceleration Lens
|

Target —
Ehgmé);rll [ O ) Turbo Molecular Pump
PR — DN160CF
8001/s

Figure 3: Schematic view of the vacuum concept including
the differential pumping stages.

lar pumps in the beamline are backed with a combination
of a membrane pump and a small tubomolecular pump to
realize a suitable end vacuum. The turbomolecular pump of
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the ion source is backed by a multi-stage roots pump with
a high pumping speed. The whole vacuum system operates
on oil-free conditions.

Experimental Chamber and Procedure

The beams of D* and D,* ions produced in the ECRIS
were magnetically analyzed by the double focusing 90° an-
alyzing dipole magnet and directed on a Zirconium target
to a spot of 5 mm diameter by adjusting the magnetic beam
steerers, Einzel lenses and a series of apertures. The long-
term stability achieved for the deuteron energy was about a
few eV. The charged products of the (D-D) reactions (pro-
tons, tritium ions and ionized 3He particles) were detected
by Si-detectors located in the reaction plane at backward
angles 90°, 125° and 150° with respect to the beam at 8 cm
distance from the target as it is shown in Figure 4.

cylinder

Figure 4: Schematical view of the target and detector posi-
tions.

Aluminum foils with a thickness of 150 g cm™2 in front
of the detectors prevented elastically scattered deuterons
from entering the detectors. The beam charge collected by
the target was determined by a measurement of the electric
current on the target holder. A negative voltage of about
—150V was applied to a ring surrounding the target for sup-
pression of secondary electrons. The Zirconium target (foil,
1 mm thick) was implanted up to the saturation level close
to the chemical stoichiometric ratio of about two (two Deu-
terium atoms per one metal atom).

Before the yield measurements started, the target surface
was cleaned by means of surface sputtering using 10 keV
Ar* jons. Atomic cleanness of the target surface was con-
trolled by applying Auger electron spectroscopy which is
sensitive for a surface contamination down to one mono-
layer. The experimental chamber including the residual gas
analyzer for vacuum characterization, the energy analyzer,
the sample manipulator, the target exchange system and the
detector manipulator are shown in Figure 5. A detailed ex-
perimental procedure is presented in [13].
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Figure 5: Schematic view of the target chamber. The ion
beamline is connected to the backside of the analysis cham-
ber.

RESULTS

Extracted Ions

Experiments with different gases were performed for ion
source characterization. In addition to the irradiation exper-
iments with Deuterium, Hydrogen, argon, helium and neon
was injected into the Dresden ECRIS-2.45M. Example of
the extracted ions are shown in Figure 6. The ion beams
have been produced with a source potential of 20kV and
an extraction voltage of —1.8 kV. The optimum microwave
power was found to be 200 W.
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Figure 6: Extracted ion currents in the Dresden ECRIS-
2.45M. The ion current measured in FC2 in dependence on
the dipole magnet current is plotted.

Significant high ion currents in the mA range of Hydro-
gen, Helium, Neon and Argon are measured in Faraday

ISBN 978-3-95450-186-1
61



WEBO01

cup 2 behind the differential pumping stage having a diam-
eter of 15 mm.

The ion source parameters were optimized for ionization
of Deuterium. The q/A measurement results shown in Fig-
ure 7 revealed that additional to the expected Deuterium
ions also Hydrogen ions and charged molecules are present.
The detected Hydrogen may be residual gas from the pre-
vious Hydrogen ionization but also might be a part of the
injected Deuterium gas. This aspect will be part of future
studies.

A D" ion current of 650 pA is measured. Here must be
noted that this peak may be overlapped by simultaneously
extracted H," ions. Nevertheless, from the H* peak with
an ion current of 30 pA and the H3* peak with an ion cur-
rent of 70 pA a maximum ion current of about 50 pA for
H,* ions can be deduced. Therefore, a minimum D* ion
current of 600 pA can be assumed.
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Figure 7: Deuterium ionization in the Dresden ECRIS-
2.45M. The ion current measured in FC2 in dependence
on the dipole magnetic field is plotted. The ion beam cur-
rent peaks between dipole magnet currents of 230 mT and
400 mT are assigned to residual gas as water, hydrocarbons,
Oxygen and Nitrogen.

Additional to the charged ions charged molecules are ob-
served for Deuterium injection. In particular, a D,* ion
current of 850 pA and a D3* ion current of 100 pA is mea-
sured.

The observed ion species, the corresponding dipole mag-
net current as well as the measured ion current in FC2 are
listed in Table 1.

Table 1: Ion Species and Corresponding Dipole Magnet
Current and Measured Ion Current in the FC2

Ton species | Dipole magnet | Ion current
current (A) in FC2 (pA)
H* 20.60 30
D* (and HY) 29.60 650
H3 36.60 70
D 42.30 850
D} 52.20 100
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Enhancement Factor

The experimental results are presented as a total, angle
integrated, thick-target yield Y., which is compared to the
theoretical value Yy, based on the gas target experiments
for which the screening contribution can be neglected [15].
The ratio of both determines the enhancement factor F(E)
at different deuteron energies (see Fig. 8) in the central mass
(CM) system, given by:

0 -1
E) (4E dE
F(E) — Yscr(E) _ fE Uscr( )(dx)

_ = -1
Ypare (E) fz? T pare (E) (dd_f) dE

e))

The enhancement factor can be also calculated theoret-
ically using the expression for the screened cross section
Ter [8]

1 Eg
E)= ——— . | 2
Tser (E) E(E+U,) eXp{ E+ UE} @

-1 pEivy-sE B
(E-Eg)

The relation above results from the definition of the as-
trophysical S-factor S(E) and takes into account that the
electron screening effect reduces the height of the Coulomb
barrier by the screening energy U.. It can be added to the
center mass energy E in the expression for the S-wave pen-

etration P(E). The Gamow energy Eg reaches the value of
986 keV for the (D-D) system.
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Figure 8: Enhancement Factor.

CONCLUSION

A newly developed electron cyclotron resonance ion
source has been introduced and first results on Hydrogen
and Deuterium ionization have been presented. Thereby, a
D* ion current of 600 pA was measured. It was also ob-
served that charged molecules of Hydrogen and Deuterium
are generated and can be easily extracted and transported.

The measurement of the enhancement factor provides
new experimental data that are much more precise than
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those obtained previously due to better vacuum conditions
and higher deuteron currents. They could not be fitted by
a simple screening curve using only the screening energy
U, as a free parameter. In agreement to the (D-D) thresh-
old resonance hypothesis [16], a contribution resulting from
the single-particle resonance in the compound nucleus 4He,
placed close to the (D-D) reaction threshold at the excita-
tion energy of about 24 MeV had to be included. The res-
onance component considerably reduced the fitted value of
the screening energy U, = 105(15) eV which is now very
close to the theoretical one of about 80¢eV [8]. As the (D-
D) threshold resonance is of great importance for nuclear
astrophysics and applied studies concerning the future en-
ergy sources based on the fusion reactions, further experi-
ments performed at even lower deuteron energies are highly
required. This is the future task of the new accelerator sys-
tem at the University of Szczecin, Poland [17].
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