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FIG. 8. (Color online) Comparison between experimental and
theoretical screening energies.

and insulating targets, we can conclude that the enhanced
screening effect results from conducting electrons. Thus, for
a comparison among different target materials the electron-
gas parameter rS = [3/(4πn)]

1
3 /a0, where n and a0 are the

valence electron density and the Bohr radius, respectively,
is much more suitable. Using this parameter, we display
the experimental polarization screening energies obtained by
subtraction of the theoretical cohesion contribution in Fig. 9
together with the theoretical polarization screening energies.

Now, the quality of the theoretical description is much
more visible. In contrast to the simple Thomas-Fermi
model [39], providing for free electrons a smooth
dependence of the screening energy given by UTF =
Z1Z2e

2[4/(πa0)]
1
2 (3π2n)

1
6 = 2Z1Z2e

2[9/(4π2)]
1
6 r

− 1
6

S , the
dielectric function theory describes fluctuations of the
experimental polarization screening energy very well.
The fluctuations result from the polarization of bound
(core) electrons, whose contribution to the total screening
energy depends very strongly on their binding energy [18].
If the bound electron contribution is eliminated from
the experimental polarization screening energies we get

FIG. 9. (Color online) Experimental and theoretical polarization
screening energies vs the electron gas parameter rS . For comparison
the Thomas-Fermi screening of the electron gas is presented.

experimental values for the free electron polarization
that can be parametrized by a smooth dependence on

rS : Upol,f = Z1Z2(250 ± 20) eV/r
1
2
S . This result can be

used for an estimation of the free electron contribution
in the metallic environment to the screening energy in
reactions between nuclei with charges Z1 and Z2. In
contrast to the d+d reactions, the contribution coming from
electrons bound by heavier reacting nuclei is much larger
and should be included separately. This can be calculated
as the gain in electron binding energies between distant
atoms and the final united atom. Similar results can be
obtained by using the Thomas-Fermi model, leading to

Ue,b(T F ) = 1.13Z1Z2e
2(Z

1
2
1 + Z

1
2
2 )

2
3 /a0 [41]. In the case of

heavier nuclei the cohesion screening energy can be neglected,
since the strength of the interaction with the lattice atoms
increases much more slowly than the product Z1Z2. Thus, the
total screening energy is only the sum of the free electron and
bound electron contributions. The same estimation can also
be applied for radioactive α and β decays [41].

Dielectric function theory does not predict any temperature
dependence of the polarization screening energy unless the
electron density of the target material remains constant and
the projectile velocity is smaller than the Fermi velocity,
which is typical for a strongly coupled plasma. For velocities
higher than the Fermi velocity the electrons are unable to
follow the ions and the electron screening gets weaker. In
this limit of a weakly coupled plasma (Debye-Hückel limit)
the screening length becomes larger than the mean atomic
distance and the classic description of electron screening is
applicable. The screening energy is inversely proportional to
the square root of the kinetic energy or equivalently of the
plasma temperature (Ue ∼ 1√

E
∼ 1√

T
). An analytical formula

connecting both limits has been derived by Lifschitz and
Arista [42] for the stopping power of moving ions in the
electron gas and can be applied for the electron screening
in nuclear reactions [15]. Thus, the velocity dependence of the
screening energy can be given as follows:

U 2
dyn = U 2

ad

[
1
2

+ v2
F − v2

4vF v
ln

∣∣∣∣
v + vF

v − vF

∣∣∣∣

]
, (10)

where Udyn and Uad denote dynamic and adiabatic screening
energies, respectively. The Fermi velocity vF depends on the
electron density and therefore is characteristic for the target
material. This relation calculated for the d+d reactions in the
Ta environment is presented in Fig. 10.

The energy dependence of the Debye-Hückel screening is
also shown in Fig. 10. It is seen that the electron screening can
be described by the Debye-Hückel theory only for projectile
energies higher than the Fermi energy (the Fermi energy of
deuterons in Ta amounting to about 56 keV) or equivalently
for temperatures higher than the Fermi temperature (∼1.8 ×
105 K for Ta ). Thus, in the cases discussed here, the Debye-
Hückel screening is not applicable for both nuclear reactions
and radioactive decays.
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FIG. 10. (Color online) Screening energy dependence on the
projectile energy. The Debye screening is applicable only for
deuteron energies larger than the Fermi energy (56 keV for Ta) or
equivalently for plasma temperature larger than the Fermi temperature
(1.8 × 105 K for Ta).

V. COMPARISON WITH OTHER EXPERIMENTS

In view of the augmented information provided by our
differential analysis method and experimental procedure the
results of other groups will be discussed.

A. d+d Experiments

In Fig. 11 an overview of screening energy results and
appendant deuteron densities from other experiments is plot-
ted. All were carried out in high vacuum systems and hence
suffer from the same progressive oxidation process under ion
irradiation with the inherent problems noted in Sec. III and
Ref. [16]. A quick glance already shows that the screening
energy results are pretty much scattered and do not reveal

a pattern. But in conjunction with the deuterium metal
ratio (the deuteron density) peculiarities become evident.
Our high screening energy results (Table I) were achieved
at high absolute densities in the proximity of the chem-
ical stoichiometric ratio where the ion beam flux has no
influence on the target deuteron distribution, whereas the
high screening results of the other groups were exclusively
attained at low deuteron densities (10−1–10−2 below the metal
number density). Complementary high densities did not yield
enhanced screening in those experiments. Both classes of
screening results are associated with groups in the periodic
table, exposing the chemical relationship with respect to the
surface reactions and hydrogen binding ability of the targets
as described in Sec. III. This is particularly manifested in
Fig. 11 for the group 3A metals, including the lanthanides,
which have low screening values at high densities and conform
to the counter example case of Fig. 6(a). But also the transition
metals show three clusters of high screening results at low
densities in Fig. 11, corresponding to the cases of Fig. 6(b) and
Fig. 6(c), respectively. These correlations will be substantiated
in the following.

1. The Garching experiment

The first accelerator experiment aimed are searching for
modifications of the cross section in the d+d fusion reactions
caused by the metallic environment was done on Ti [43].
No enhancement could be observed. The measurements were
performed on a 3-µm-thick Ti foil fixed in a copper target
holder frame with flow channels for liquid N2 cooling and a
thermocouple for temperature determination. No effort was
made to specify the deuteron density in the target. Instead
a fixed value from material research was adopted, which is
inadequate because the deep cooling of the target water that
accumulates on its surface produces under ion irradiation a

FIG. 11. Overview of screen-
ing experiment results. Top: Deu-
terium to metal ratio x. The values
for x of Ref. [10] were estimated
from Fig. 2 therein. The values of
Ref. [14] are the data base; data
points from Refs. [12,13] are in-
cluded only if they differ. Bottom:
Screening energies Ue. Legend:
Garching 1990 [43]; Tohoku 1998
[9], 2002 [10]; Bochum 2002 [12],
2003 [13], 2004 [14].
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Channeling should increase the rate by collimating the beam 
onto interstitial D, but at low energy 4 < E < 100 keV it 
seems excluded by Bochum1  experiment  on D –Ta target  
Ch. Flux  Φchann≈ 1/E since θcr ~ (E)-1/2 

Channeling is effective only at low energy, and does not 
show a different behaviour, only the enhancement is steeper 
when E => 0. But nothing is observed (dechanneling?) 

Also TUB expt3 with 5 < E < 60 keV gets a reduction of  e-
screening energy in Ta by ~100 eV, to be considered an 
upper limit. But: 
•  slope insensitive for E > 20 keV 
•  Radiation damage in target 
•  Random orientation of  crystal, so no accurate 
measurements as function of  Lindhard angle were made 
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Fig. 4. Thick-target yield curve Y ∞(Ed, θ) for protons from
d(d, p)t as obtained in one run using an atomic (D+

1 ) deuteron
beam.

Fig. 5. Astrophysical S(E) factor of d(d, p)t as obtained with
a deuterated Ta foil (temperature = −10◦C) for atomic (D+

1 )
and molecular (D+

3 ) deuteron beams. The errors shown arise
predominantly from the spread of the (differentiated thick-
target) thin-target yields from various runs. The dotted curve
represents the bare S(E) factor, while the solid curve includes
the effects of electron screening with Ue = 309 eV.

factors (see below) displayed in fig. 5 are —within experi-
mental uncertainties— identical for the atomic and molec-
ular deuteron beams in the overlapping energy range and
confirm the above expectation.

In order to arrive at a thin-target yield curve Y (E0, θ),
the thick-target yield curves (e.g., fig. 4) were differenti-
ated, i.e. the yield difference between two adjacent points
Y ∞(E0, θ) and Y ∞(E0 − ∆Ed, θ) was calculated and di-
vided by ∆Ed, to correct for variations in the energy step:

Y (E0, θ) = (Y ∞(E0, θ) − Y ∞(E0 − ∆Ed, θ))/∆Ed . (5)

For small energy steps, the quantities KΩ(E, θ),
W (E, θ), and εeff(E) are approximately constant over

∆Ed ≡ ∆, and the above equations simplify to

Y (E0, θ) = ∆−1ΩKΩ(E0, θ)W (E0, θ)

×εeff(E0)−1

∫ E0

E0−∆
σ(E)dE . (6)

Since σ(E) is not constant over ∆, one can define an
effective energy Eeff within the energy step ∆, at which
one-half of the reaction yield is obtained [1]:

Y (E0, θ) = ΩKΩ(E0, θ)W (E0, θ)εeff(E0)−1σ(Eeff) . (7)

Since the product KΩ(E0, θ)W (E0, θ) at θ = 130◦ is
energy independent to within 1% at the energy range Ed =
4 to 100 keV [3,6], we arrive at

Y (E0, θ) = αεeff(E0)−1σ(Eeff) , (8)

with the constant α = ΩKΩ(E0, θ)W (E0, θ). The effective
stopping power εeff(E0) for the TaxD target is given by
the expression [1]

εeff(E0) = εD(E0) + xεTa(E0) , (9)

where εD(E0) and εTa(E0) are the stopping powers (in
units of eV atom−1cm2) of deuterium and tantalum, re-
spectively, and x is the stoichiometric ratio. Since compi-
lations on hydrided metals report [17] a minimum value
of x = 2, this value was adopted (see however below) to-
gether with SRIM [9] to arrive at εeff(E0). It turned out
that the energy dependence of εeff(E0) is identical with
εTa(E0) to within 1%; thus, the deduced energy depen-
dence of σ(Eeff) from eqs. (8) and (9) is within 1% inde-
pendent of the assumed x value (for x ! 2).

4 Results and discussion

The resulting cross-section σ(Eeff), i.e. the weighted av-
erage of all runs, is illustrated in fig. 5 in form of the
astrophysical S(Eeff) factor and numerical values are sum-
marised in table 1; the errors quoted arise predominantly
from the spread of the (differentiated thick-target) thin-
target yields from various runs. The absolute scale was
obtained by normalisation to previous work [3] in the en-
ergy range Ed = 80 to 100 keV, where effects of electron
screening are negligible. The normalisation led to a TaxD
target stoichiometry with x = 7.9 ± 1.0.

In the analysis of the data shown in fig. 5, we as-
sumed a bare S(E) factor linearly increasing with en-
ergy, Sb(E) = Sb(0) + mE, consistent with previous
work [3] and a recent microscopic calculation [18] predict-
ing Sb(E) = 53 + 0.48E keV b in the relevant energy
range (E in keV). Relative to this function, the data were
fitted with the enhancement factor of eq. (2) involving
Ue. A χ2-fit including Sb(0), m, and Ue as free parame-
ters led to χ2(normalised)= 0.67, Sb(0) = 43 ± 1 keV b,
m = 0.54 ± 0.05 b, and Ue = 309 ± 12 eV (quoted er-
rors = one standard deviation), in good agreement with
a previous observation Ue = 322 ± 15 eV [6]. Thus, the



a)  channeling in the system of  crystal planes 
b)  overbarrier quasi-channeling in crystals 

consisting of  identical atoms at initial 
Lindhard angle 

c)   overbarrier quasi-channeling in crystals, 
consisting of  atoms of  different types (for 
example LiD) 

Transverse motion is quantized: quasiclassical approach; Ex = (p sinθ)2 /2m ;V(x) transverse potential  
px (x) = √2m(Ex-V(x)) 
The trajectory of  the particle is periodic function sin(kz). The bigger the entrance angle θ the bigger the 
transverse osc. amplitude.  
Transverse motion overcomes potential barrier => Quasichanneling pxmin= √2m(Ex-V0 ) 
If    θ=θLindhard we have pxmin= 0 here (p sinθLindhard)2/2m =V0 

Periodical beam self-focusing onto ions which 
are present on the planes is typical of  overbarrier 
quantized motion, where px is very small  
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Reaction efficiency δ=QR/Eopt ≥ 4 
Beams at resonant energy and 
 high monochromaticity are now feasible! 
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• Alternative fusion mechanisms highly desirable in the present critical 
situation of  ‘standard’ activities (both magnetic and inertial confinement)  

• Interaction mechanisms of  light nuclei inside crystals not really understood 

• Lack of  new experimental data 

• Accelerators with required beam characteristics now available (probably) 

• Target technology needs improvement! 



Average potential of crystal 

plane 



Axial channeling: transverse particle motion is bound with atomic strings (axes) 
Planar channeling: transverse particle motion is bound with atomic planes 





Transverse motion is quantized: quasiclassical approach 
 E = (p sinθ)2 /2m transverse  energy  V(x) transvesre potential px (x) = √2m(E-V(x)) 
Motion of  positive ions in separate channel: the trajectory of  the particle is periodic function (like 
function sin(kz) Increasing the entrance angle θ also makes transverse oscillation amplitude 
increase  

Transverse overcomes potential barrier => Quasichanneling pxmin= √2m(E-V0 ) 
If    θ=θLindhard we have pxmin= 0 here (p sinθLindhard)2/2m =V0 

Beam self-focusing onto ions which are present on the planes 
In case of  2 dim motion (axial channeling) a further increase in reaction rate is possible! 


