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h Rud̄er Bošković Institute, Zagreb, Croatia

a r t i c l e i n f o a b s t r a c t

Article history:
Received 31 May 2022
Received in revised form 22 December 2022
Accepted 9 January 2023
Available online 12 January 2023
Editor: D.F. Geesaman

The electron screening effect was studied in the 1H(7Li,α)4He, 1H(19F,αγ )16O and 2H(19F,p)20F nuclear 
reactions on two different hydrogen-containing palladium foils. In one of the targets we did not detect a 
large enhancement of the cross section due to electron screening, and in the second one we measured a 
high electron screening potential for all three reactions, up to an order of magnitude above the theoretical 
models. Contrary to the predictions given by the available theories, the data suggest that the reason 
behind this difference is linked to a dependence of the electron screening potential on the host’s crystal 
lattice structure and the location of the target nuclei in the metallic lattice.

© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons .org /licenses /by /4 .0/). Funded by SCOAP3.
1. Astrophysical motivation

In nuclear reactions that are induced by charged, low-energy 
particles, atomic electrons can participate in the process by screen-
ing the nuclear charge, effectively reducing the repulsive Coulomb 
barrier and leading to an increase in the measured cross section 
at Gamow energies. Several theoretical models describing this ef-
fect are available (see [1–6] and references therein). The simplest 
model describing the electron screening effect [1,2] is a rather 
simple approach, employing a static approximation that assumes 
unchanged electron densities between the interacting nuclei. Only 
free atoms are considered and all the effects of lattice periodic-
ity in the ion distributions and binding of the atoms are ignored 
in these references. This model gives the theoretical upper limit 
[7] for the electron screening potential (Ue) called the adiabatic 
limit [2]. However, over the period of past 20 years, many research 
groups (see Refs. [6,8–14] and references therein) have reported 
extremely high values for the electron screening potential, much 
higher than the adiabatic limit. Experimental results show that the 
cross section is especially enhanced in cases when the target nu-
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clei are implanted into a solid lattice, often more than an order 
of magnitude above predictions. However, when gaseous targets 
are used, the electron screening potential remains within the adi-
abatic limit [9]. Moreover, the inclusion of additional effects [7]
and models including quantum-mechanical correlation functions 
for strongly coupled astrophysical plasmas [3], the dynamically 
treated electron wave functions in the time-dependent Hartree-
Fock scheme [4] and dielectric-function method which allows to 
treat the electron screening as a static polarization of the metallic 
medium induced by the positively charged particle [6], were not 
able to explain experimental observations. Even in the cases of in-
direct methods that measure the bare nucleus cross section, e.g. 
Trojan Horse Method [15], values above the adiabatic limit are of-
ten observed (see Ref. [16] and references therein).

Measurements report a strong dependence of the screening po-
tential on the target host material, proton number Z of the projec-
tile [14], the target nuclei concentration [9] crystal lattice defects 
and presence of impurities [17], indicating that the reaction rate 
could depend on the host’s crystal lattice structure and the posi-
tion of trapped target nuclei in it. Although the dielectric function 
theory supports the target material dependence of the screening 
potential [12,17], the theoretical prediction agrees only with exper-
imental data for virgin metallic samples, where a small screening 
effect was measured. However, the crystal defects induced by a 
 under the CC BY license (http://creativecommons .org /licenses /by /4 .0/). Funded by 
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long-term irradiation or mechanical stress of the target signifi-
cantly increase the experimental values of the screening poten-
tial. The study of Refs. [18,19] investigating electron screening in 
deuterium-implanted targets attributed the cross-section enhance-
ment partly to a channelling effect. However, this could be the case 
if monocrystalline targets were used, but most experiments mea-
suring high electron screening (including ours) were conducted on 
polycrystalline targets.

Understanding electron screening is very important in nucle-
osynthesis calculations. Precise reaction rates should be known at 
very low energies where screening effects cannot be neglected and 
for a proper application, electron screening must be included in 
most calculations related to the nucleosynthesis of elements. How-
ever, this is currently impossible because we simply do not know 
enough about this effect. Furthermore, it is believed that electron 
screening in stellar plasmas differs from the laboratory screen-
ing because the atoms in the stellar interiors are in most cases 
in highly stripped states and the nuclei are immersed in a sea 
of almost free electrons, which tend to cluster closer to the nu-
cleus than in atoms. A classical theory [5] on electron dynamics, 
together with the simple view of Ref. [2], as well as different ap-
proaches describing weakly and strongly coupled plasmas, taking 
into account classical and quantum mechanical effects [20] were 
employed to describe electron screening in plasma. Unfortunately, 
there is no way to check whether such extremely simplified as-
sumptions are actually valid. At present, stellar conditions cannot 
be simulated in the laboratory (this could be achievable in some 
future facilities) and at the moment, there is no existing possibil-
ity to study the screening effect in stellar plasmas. Bearing in mind 
that the theory behind electron screening is unknown, the natural 
course of things is to perform experiments that will increase the 
knowledge to a sufficiently high level to understand the effect, and 
at present, the only available strategy is to study electron screen-
ing in materials already available in the laboratory.

To simplify the analysis, when nuclear reactions are studied at 
low energies, the cross section σ is usually defined using the astro-
physical S(E)-factor, which in the case of non-resonant reactions 
varies smoothly with energy [21]:

σ(E) = S(E)

E
e−2πη. (1)

Here η is the Sommerfeld parameter and E denotes the centre-of-
mass energy. Taking into account electron screening and according 
to the suggestions given by Huke et al. [12], the enhancement fac-
tor f of the nuclear reaction cross section can be defined as the 
ratio of the screened (σs) and bare-nucleus (σb) cross sections:

f (Ue) = σs

σb

= exp

[
Z1 Z2e2/2ε0h̄

(√
μ

2E
−

√
μ

2(E + Ue)

)]
,

(2)

where Z1 and Z2 are the charge numbers of interacting nuclei and 
μ is the reduced mass.

Our group has been investigating electron screening for sev-
eral years already [13,14,22,23]. We measured the largest electron 
screening effect in inverse kinematics (up to a factor of 50 above 
the adiabatic limit, as measured in a graphite target [14]), while 
in normal kinematics there was no indication of large electron 
screening, except for the p+d reaction [23]. The results that are 
published in another paper [24] describing high screening poten-
tials measured in metallic compared to insulating targets in normal 
kinematics with a proton beam on 50V and 176Lu targets, could not 
be confirmed by our group [22]. Our findings suggested that the 
preparation of the target can influence electron screening, pointing 
2

to a dependence of electron screening potential on the location 
of the target nuclei in a metallic lattice. Since these findings can-
not be explained by the theory based on static electron densities, 
we proposed an idea which assumes that an electron is caught in 
the attractive potential of two approaching nuclei, similar to the 
potential of a hydrogen molecular ion (for more details see [14]). 
Moreover, we recently observed a new type of nuclear reaction 
[23] supporting our approach to electron screening effect when 
we looked at the proton-induced nuclear-fusion reaction on deu-
terium implanted in a graphite target, which normally produces a 
3He nucleus and a γ -ray. However, based on our approach, due 
to the electron screening in graphite, sometimes an electron with 
discrete energy can be emitted instead of a γ -ray. The paper by 
M. Lipoglavšek et al. [23] confirms that such electrons are emitted, 
showing that orbital electrons do not just lower the Coulomb bar-
rier from an atomic shell, but actively participate in the reaction 
at a much closer distance than the atomic radius. However, this 
new nuclear reaction was only observed for a single beam energy 
and in a single target. Therefore, to confirm that our approach to 
electron screening is correct, new studies are required.

Lately, our group was focusing on studying the electron screen-
ing effect in palladium targets. Pd has the ability to absorb large 
volumetric quantities of hydrogen at room temperature and atmo-
spheric pressure. Due to this, Pd is considered as a very attractive 
material for hydrogen storage and transportation. It is also well 
known that PdHx system does not behave like a stoichiometric 
compound but like a homogeneous alloy in which the dissolved H 
plays the role of an alloy partner. Based on our previous findings 
suggesting that the preparation of the host material and location 
of the target nuclei in the metallic lattice can influence the elec-
tron screening, our goal was to find different values of Ue in two 
palladium targets and then to understand which parameters of 
those targets differ and cause high electron screening. We also in-
vestigated the dependence of the electron screening potential on 
the atomic number Z of the projectile. In order to get a better 
insight into the condition of the palladium lattice itself, targets 
were analysed by Nuclear Reaction Analysis (NRA) technique, X-
ray diffraction and a Nuclear Magnetic Resonance (NMR) analysis. 
The latest results from our research and the applied methodology 
are presented below.

2. Experimental setup and target preparation

The experimental study of the electron screening effect was 
performed using the 2 MV Tandetron accelerator at the Mi-
croanalytical Center of Jožef Stefan Institute (JSI). We investi-
gated the dependence of the electron screening potential on the 
atomic number Z of the projectile by measuring the rates of the 
1H(7Li,α)4He, 1H(19F,αγ )16O and 2H(19F,p)20F reactions on two 
different hydrogen-containing palladium targets.

Alpha particles emitted from the 7Li(p,α)4He reaction were de-
tected by a 500 μm thick passivated implanted planar Si (PIPS) 
detector with an active area of 300 mm2, placed 52 mm from the 
target at an angle of 135◦ compared to the direction of the 7Li 
ion beam (see the scheme of the experimental setup in Fig. 1). 
The detector was calibrated using an 241Am α-particle source, and 
we obtained a geometric efficiency of 0.0876%. In order to prevent 
scattered beam particles from hitting the detector, a 3 μm thick Al 
absorber was placed in front of the PIPS detector. The electronic 
threshold was set at 50 keV.

The γ -rays with energies of 6129 keV (produced from 16O de-
cay to the ground state in the 19F+p reaction) [25] and 1634 keV 
(emitted in the 20Ne de-excitation to the ground state from 20F β−
decay) [26] were detected using a High-Purity Germanium (HPGe) 
detector positioned 57 mm from the target at an angle of 135◦
with respect to the 19F ion beam direction (see Fig. 1). The intrin-
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Fig. 1. The scheme of the experimental setup used for the experiments performed 
in inverse kinematics.

sic detector efficiency was 53% relative to a 3′′ by 3′′ NaI detector 
and it had an efficiency of 0.6% and a resolution of 2.2 keV at the 
1.3 MeV 60Co peak. The HPGe detector efficiency at higher energies 
was evaluated using a Monte Carlo simulation provided by the de-
tector manufacturer (Canberra).

The 7Li+p reaction was measured in an energy region between 
0.437 and 2.071 MeV of the 7Li ion beam with a beam current 
of about 0.3 μA. The 19F ion beam with currents of about 0.5 μA 
was used to study the 19F+p reaction in an energy region between 
6.410 and 6.819 MeV and the 19F+d reaction in an energy region 
between 3.089 and 9.200 MeV. The numbers of incident ions were 
deduced by measuring the charge collected on the electrically iso-
lated target chamber. In order to correct the detected yields for 
the background α-particle and γ -ray activity present in the labo-
ratory, the background spectra were observed in both detectors for 
several days without beam.

Two 2 × 2 cm palladium targets were used. The first target was 
Chempur’s 100 μm thick soft Pd foil and the second one was a 
100 μm thick cold rolled Pd foil produced according to our spec-
ifications at Zlatarna Celje. It was cold rolled from a thickness of 
about 2.5 mm to 0.1 mm. This foil was much less flexible than 
Chempur’s one. The purities of both foils were above 99.9%. In or-
der to prepare the targets for electron screening studies, both foils 
were first loaded and unloaded with hydrogen several times. The 
cycling was performed by leaving the palladium in hydrogen gas 
at the pressure of 1 bar and temperature of 24 ◦C for 24 hours and 
then heating it to 300 ◦C. After that, the Pd foils were once again 
loaded, but this time the foils were left in a gas mixture containing 
85% deuterium and 15% hydrogen, again at the pressure of 1 bar 
and a temperature of 24 ◦C for 24 hours.

In order to effectively prevent substantial heating of the targets 
during the experiment, prepared palladium foils were mounted on 
a massive copper holder. Targets were positioned in a high vac-
uum chamber perpendicularly to the beam direction. During the 
experiment, we monitored hydrogen and deuterium loss in both 
targets by repeatedly measuring yields at the beam energies of 
2.071, 6.665 and 7.671 MeV for the 7Li+p, 19F+p and 19F+d reac-
tions, respectively, before and after each measurement at other en-
ergies. Almost negligible changes in hydrogen concentration were 
detected in both palladium targets in experiments with the 7Li+p 
and 19F+p reactions. However, our targets showed loss of deu-
terium (and hydrogen, consequentially) during all measurements 
in the experiment with the 19F+d reaction due to higher beam 
intensities and longer measurements. In order to correct for the 
deuterium loss, we normalized the detected yields for a given 
beam energy to the average of the two control measurements at 
the energy of 7.671 MeV.

To determine the deuterium depth distribution, we performed 
quantitative deuterium depth profiling with the Nuclear Reaction 
Analysis (NRA) technique for each target. For this purpose, high en-
3

Fig. 2. Deuterium concentration relative to Palladium as a function of depth in the 
target, measured in soft Pd (red line) and hard Pd (black line) foils using the Nuclear 
Reaction Analysis technique. Shaded areas represent errors to the fitted deuterium 
concentrations obtained using SIMNRA code [27].

ergy protons emitted in the 2H(3He,p)4He reaction were measured 
at six 3He energies, in an energy region from 0.629 to 4.297 MeV. 
A uniform deuterium depth distribution was found in both targets 
even after targets were bombarded with energetic 19F ion beam 
causing D(H) evaporation. The deuterium depth profiles were ob-
tained by fitting the NRA spectra using the SIMNRA code [27]. 
Fig. 2 shows deuterium depth distributions measured in our hard 
and soft Pd foils after the 19F+d experiment. The depth profile 
shows uniform deuterium concentrations within error bars, down 
to a depth of 7 μm. Note that the 2.071 MeV 7Li ion beam is fully 
stopped in palladium at the depth of 1.92 μm and the 9.200 MeV 
19F ion beam is fully stopped at the depth of 2.06 μm [28]. Since 
we do not expect the two hydrogen isotopes to behave differently 
when loaded simultaneously in palladium foils, we assumed a uni-
form depth distribution for protons, too.

Total hydrogen/deuterium concentration in the targets could be 
precisely determined gravimetrically by subtracting the weight of 
the empty foil from the weight of the filled one. Stoichiometries 
deduced in this way agreed very well with the NRA measurements. 
Although, both of our targets had uniform H(D) distribution and 
were loaded with H(D) at the same time in the same gas cham-
ber, in the soft palladium foil, maximum concentrations of 70% of 
H(D) per metallic atom were achieved. This is consistent with the 
limit of hydrogen absorption at normal pressures [29] when ap-
proximately 70% of the octahedral holes are occupied. However, 
the cold rolled (hard) foil could be loaded only up to 47% of H(D) 
per metallic atom, showing already a different behaviour of this 
target.

3. Data analysis

The two palladium targets, prepared in the way presented 
above, were used to study the electron screening effect by mea-
suring the 1H(7Li,α)4He, 1H(19F,αγ )16O and 2H(19F,p)20F reaction 
rates. The description of the applied procedure follows.

3.1. Electron screening in the 19F+d reaction

First, we investigated electron screening in Pd targets by study-
ing the 2H(19F,p)20F reaction, where the produced radioactive iso-
tope 20F decays with a half-life of 11 s [26]. After the β-decay, 
a γ -ray with an energy of 1634 keV is emitted with a branching 
ratio of 99.1% [26]. A part of a typical spectrum in the energy win-
dow of interest is shown in Fig. 3. According to the definition of 
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Fig. 3. Part of a γ -ray spectrum with the peak at the energy of 1.634 MeV emitted 
in the 2H(19F,p)20F reaction at fluorine beam energy E F =7.671 MeV observed on 
the hard Pd target.

the cross section σ in the case of a thin target [30], the experi-
mentally measured γ -ray yield Nγ is defined by the equation:

Nγ = σεWγ N F nD
ρN A x

M
, (3)

where ε is the efficiency of the detector, Wγ is the angular distri-
bution factor for emitted γ -rays, N F is the number of incident 19F 
ions and the value nD

ρN Ad
M represents the surface density of deu-

terium atoms in the target (here nD is the number of deuterium 
atoms per crystal lattice atom, x is the target thickness, N A , ρ and 
M are the Avogadro’s number, target density and molar mass).

Since the 2H(19F,p)20F reaction does not have any known res-
onances in the fluorine energy range between 3 and 9 MeV, the 
γ -ray yield for the thick-target had to be calculated by transform-
ing Eq. (3) into a differential form and integrating over energies 
from the beam energy E0 to 0:

Nγ = N F nD
ρN A

M

0∫
E0

εWγ
σE

dE F /dx
dE F . (4)

The stopping power dE F /dx was calculated using SRIM code [28]
and the γ -ray angular distribution is isotropic after β decay [26].

3.1.1. The bare 19F+d reaction cross section
To calculate the electron screening potential from our experi-

mental data, we need to take into account the bare-nucleus cross 
section. However, there is no available cross section for the 19F+d 
reaction in the studied energy region. To determine the bare-
nucleus cross section, we measured the same reaction, but this 
time in normal kinematics, in which we never observed a large 
electron screening effect, except for the p+d reaction [22,23]. The 
measurement was performed at Max Planck Institute for Plasma 
Physics in Garching. We used the deuterium ion beam accelerated 
with the 3 MV accelerator in an energy region from 303 to 998 keV 
incident on an 8 and an 85 nm thick CaF2 targets positioned per-
pendicularly to the beam. The 1634 keV γ -ray yield was measured 
using the same HPGe detector as was used for the experiments in 
inverse kinematics.

To increase the detection efficiency, we increased the solid an-
gle by positioning the detector as close to the target as possible. 
To accomplish this, we mounted the detector on the outer side of 
the vacuum chamber wall while the target was mounted on the 
4

Fig. 4. The scheme of the experimental setup used for the experiment performed in 
normal kinematics.

Fig. 5. The astrophysical S-factor for the 19F(d,p)20F reaction as a function of the 
centre-of-mass energy E. Black points represent the experimental data and the red 
solid line represents a least-squares fit to the data using a parabola. Red shaded 
area is the 95% confidence band to the fit.

opposite (inner) side of the wall, so between the target and the 
detector was only 4.82 mm thick stainless steel. The detector was 
positioned at an angle of 0◦ with respect to the ion beam direction. 
The number of incident ions were deduced from the Rutherford 
backscattering (RBS) spectra recorded in an RBS detector, posi-
tioned 42.3 cm from the target at an angle of 177◦ with respect to 
the beam direction, and cross-checked with the mesh current in-
tegrator positioned behind it. The RBS detector was a 50 μm thick 
PIPS detector with a diameter of the aperture of 5 mm. The energy 
resolution of the detector was 20 keV. A scheme of the experimen-
tal setup is given in Fig. 4. The RBS spectra were analysed using 
SIMNRA code [27].

The resulting astrophysical S-factor as a function of the centre-
of-mass energy is given in Fig. 5. Error bars include only statisti-
cal errors. An estimated systematic error includes the uncertainty 
on stopping power (10%), hydrogen concentration in the target 
(4%) and the detector efficiency (4%). However, this will not im-
pact screening potential values since all points would be shifted 
in the same direction. The experimental points were fitted with a 
parabola and from the least-squares fit to the data we obtained:

S(E)19 F+d = 19380 − 4596E − 3218E2 [MeV b] , (5)

when the centre-of-mass energy E is given in MeV.
In the next step, by combining Eq. (1) and Eq. (4) and taking 

Eq. (5) for the astrophysical S-factor, we got a new function that 
we used to fit γ -ray yields measured in palladium targets in in-
verse kinematics. The electron screening potential Ue was left as 
the only free parameter in the fitting procedure. Resulting from the 
one-parameter least-squares fit to the data, we obtained a large 
electron screening potential, Ue=18.2±3.3 keV (see Table 1), in 
our hard Pd target. However, the screening potential in our soft 
Pd foil was comparable with adiabatic limit, within error bars, 
Ue=3.2±1.9 keV. In the upper panel of Fig. 6 we show the inte-
grated enhancement factor as a function of fluorine beam energy 
in the centre-of-mass system that we obtained in the hard pal-
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Table 1
The electron screening potentials Ue mea-
sured in the 1H(7Li,α)4He, 1H(19F,αγ )16O and 
2H(19F,p)20F reactions in the hard Pd target in 
comparison with predicted screening potentials 
given by the adiabatic model.

Reaction Uad [keV] Ue [keV] Ue
Uad

7Li+p 0.24 2.86±0.19 12
19F+p 2.19 18.7±1.5 8.5
19F+d 2.19 18.2±3.3 8.2

Fig. 6. Integrated enhancement factors as a function of fluorine beam energy in the 
centre-of-mass system for the 2H(19F,p)20F reaction obtained in the hard Pd foil 
(black points), where the screening potential of Ue=18.2±3.3 keV was obtained, in 
the soft Pd foil (red triangles) with Ue =3.2±1.9 keV and in the CD2 target (green 
squares) where no screening was found. Points represent experimental data and the 
solid lines represent least-squares fits to the data combining Eq. (1), Eq. (4) and 
Eq. (5).

ladium target, in comparison to the one measured in the soft Pd 
target.

Since we do not expect high screening potential to be deduced 
in insulator targets, we measured the 19F+d reaction in two thin 
CD2 foils prepared at the Istituto Nazionale di Fisica Nucleare -
Laboratori Nazionali del Sud (INFN-LNS). One of the targets was 
94 nm thick and the other one was 138 nm thick target coated 
with 24 nm of gold. Our original idea was to use these two tar-
gets for the bare-nucleus cross section determination. However, the 
foils were very unstable and blackened very fast due to high beam 
intensities and high-Z beam, so in the end we opted out for al-
ready described experiment to determine the bare-nucleus cross 
section. Nonetheless, we report here the averaged enhancement 
factor obtained in two CD2 targets in the lower panel of Fig. 6. 
As it can be seen the deduced screening potential was too small to 
be stated statistically different from zero.

We compared our result with the data available in the literature 
[31]. This cross section measured in 1950 covers an energy region 
from 0.7 MeV to 1.796 MeV slightly overlapping with the energy 
region of our measurements. However, we found out that this cross 
section is lower than ours by a factor of about 4 in the region 
where the two measurements overlap, although it has a similar 
energy dependence.
5

Fig. 7. Part of a γ -ray spectrum with the peak at the energy of 6.129 MeV and its 
single and double escape peaks emitted in the 1H(19F,αγ )16O reaction at fluorine 
beam energy E F =6.665 MeV observed in the soft Pd target.

Fig. 8. γ -ray yields for the 1H(19F,αγ )16O reaction as a function of the centre-of-
mass energy, in the soft Pd (red triangles) and the hard Pd (black circles) foils near 
the resonance energy of 323.31 keV in the centre-of-mass system. The solid lines 
represent fits with Eq. (6). One can observe that above the resonance energy the 
measured yields are constant, confirming a uniform hydrogen distribution through-
out the analysed target depth of about 70 nm.

3.2. Electron screening in the 19F+p reaction

The 1H(19F,αγ )16O reaction was studied by measuring the 
narrow resonance (
= 2.34(4) keV) at Er =323.31 keV [32] in 
the centre-of-mass system by detecting γ rays at the energy of 
6128.6 keV (see Fig. 7) produced from 16O decay to the ground 
state [25]. This low energy resonance is very well isolated and 
relatively strong, making it suitable for electron screening studies. 
Since the range of 19F ions was smaller than the target thickness, 
we observed step-like shaped resonances that are described by the 
infinitely tick target yield Y given by [21]:

Y = λ2ωγ

2πεr

[
arctan

(
E − Er


/2

)
+ π

2

]
. (6)

Here λ is the de Broglie wavelength of the beam and εr is its ef-
fective stopping power in the target, calculated with the SRIM code 
[28], ωγ is the resonance strength and 
 is the resonance width.

The experimentally measured and fitted yields for the
1H(19F,αγ )16O reaction in both palladium targets are shown in 
Fig. 8 as a function of beam energy around the resonance energy 
of 323.31 keV in the centre-of-mass (or 6417.9 MeV in the labo-
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Fig. 9. The α-particle spectrum obtained for the hard Pd target at 7Li beam energy 
of 1.05 MeV. The counts in the energy window from about 5 to 7 MeV correspond 
to α particles from the 7Li+p reaction.

ratory) system. Due to the presence of a thin oxide layer on the 
surface of our soft Pd foil, the obtained resonance thickness in this 
target was larger than the one reported in the literature.

Since ωγ is proportional to σ [21]:

σ(E) = λ2ωγ

2π

, (7)

the enhancement factor was calculated, according to Eq. (2), as:

f (Ue) = ωγs

ωγb
. (8)

The ωγ for the soft Pd target was taken as the bare resonance 
strength, in accordance with results obtained from the 19F+d reac-
tion, where no large electron screening was found in this target. 
Therefore, for the enhancement factor we calculated a value of 
f =1.53±0.05 which corresponds to the electron screening poten-
tial of Ue=18.7±1.5 keV (see Table 1). This result is in agreement 
with the one obtained for the 19F+d reaction, confirming the iso-
topic invariance of electron screening expected from the adiabatic 
model [2].

Since the measured yields depend on the resonance energy, the 
surface hydrogen concentration is probed at the resonance energy, 
whereas at higher energies the concentration below the surface is 
determined due to the ion stopping in the target. One can observe 
that above the resonance energy the measured yields are constant, 
confirming a uniform hydrogen distribution throughout the anal-
ysed target depth of about 70 nm. This is in agreement with results 
for deuterium depth distribution obtained from NRA.

3.3. Electron screening in the 7Li+p reaction

The detected number of α particles Nα from the 7Li(p,α)4He 
reaction was deduced by subtracting the background from the 
recorded spectra and counting the number of α-particles in the 
correct energy window for each beam energy. This was possible 
due to the simplicity of the spectra which is reflected in the fact 
that background radiation and noise were low in a wide energy 
window around the energies corresponding to α particles from the 
studied reaction. An example of the α-particle spectrum is shown 
in Fig. 9.

By modifying Eq. (3) in an appropriate form:

Nα = 2σ Wα NLinH
ρN A x

, (9)

M

6

Fig. 10. The integrated enhancement factor as a function of centre-of-mass energy 
for the 1H(7Li,α)4He reaction in the hard Pd target. Black points represent the ex-
perimental data and the red solid line represents a least-squares fit using Eq. (2)
returning Ue =2.86±0.19 keV.

where Wα is the angular distribution factor for emitted α parti-
cles, NLi is the number of incident 7Li ions and the value nH

ρN Ad
M

represents the surface density of the hydrogen atoms in the target. 
The factor of 2 in this equation takes into account two identical 
α-particles emitted in the observed reaction.

The 7Li(p,α)4He reaction does not have any known resonances 
in the lithium energy range between 0.4 and 2 MeV. Therefore, the 
α-particle yields for the thick-target with homogeneous distribu-
tion of hydrogen, similar to the 19F+d case, had to be calculated by 
transforming Eq. (9) into a differential form and integrating over 
energies from the beam energy E0 to 0:

Nα = 2NLinH
ρN A

M

0∫
E0

εωα
σE

dE Li/dx
dE Li (10)

and combining it with Eq. (1). The stopping power dE Li/dx was 
calculated using SRIM code [28] and the α-particle angular distri-
bution was taken from Ref. [33].

Assuming that there is no high screening potential in our soft 
Pd target, we calculated an enhancement factor in hard Pd by 
dividing the reaction yields of the two targets. Our data were 
then fitted by Eq. (2) with the electron screening potential Ue

left as the only free parameter. Resulting from the one-parameter 
least-squares fit to the data we obtained the screening potential 
Ue=2.86±0.19 keV (see Table 1). Fig. 10 shows the integrated en-
hancement factor as a function of centre-of-mass energy in our 
hard Pd target.

4. Discussion

The first goal of this study was to fabricate at least two pal-
ladium targets with different electron screening and then to un-
derstand which parameters of those targets differ. Thus, one of our 
targets was a soft Pd foil in which we measured low screening, and 
the second one was a cold rolled (hard) foil where we measured 
a high screening potential that is an order of magnitude above 
the adiabatic model calculation. In normal Pd, the absorbed H(D) 
atoms occupy octahedral interstitial sites of the face-centred cu-
bic (fcc) lattice [34]. H(D) in palladium lattice can also get trapped 
at grain boundaries, dislocations and voids [35]. It is well known 
that the cold rolling process increases the number of grain bound-
ary defects, but when the foil is annealed the number of these 
defects is reduced. As it was discussed already in Ref. [14], a pos-
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Fig. 11. 1H NMR lineshapes measured by Hahn echo at ν0=100 MHz of our soft 
and hard Pd foils oriented parallel (upper panel) and perpendicular (lower panel) 
to applied static magnetic field. A broad line at ≈-28 ppm is the background signal 
from the NMR probe.

sible explanation for this different behaviour of the two foils could 
be that the screening potential is increased by increasing the num-
ber of grain boundary defects into which hydrogen and deuterium 
atoms could be trapped. As we have shown in Ref. [13], hydro-
gen on regular interstitial sites in the fcc lattice did not produce 
a large electron screening effect. Only when the H(D) atoms are 
pulled away from their fcc equilibrium positions a large screening 
effect occurred. At octahedral interstitial sites the electron den-
sity is the lowest in the fcc lattice, while when hydrogen nuclei 
are pulled away from these sites, they are placed on the path of 
valence electrons. These then determine the screening potential. 
To substantiate this claim and to elucidate positions of hydrogen 
isotopes in palladium lattice and local electronic structure around 
H(D), we measured the Knight shift by employing the nuclear mag-
netic resonance (NMR) technique [36].

The Knight shift originates from the interaction of conducting 
electrons in metals with nuclear spins. It includes three main con-
tributions [36,37]:

K = K Pauli + Kdia + Korb. (11)

The first term includes isotropic and anisotropic effects, directly by 
contact and spin dipolar interactions, and indirectly via core po-
larization and polarization of conduction band electrons below the 
Fermi level and is proportional to the average probability density 
at the nucleus site for all electronic states at the Fermi level N(E F ). 
The Kdia and Korb are the orbital paramagnetic and diamagnetic 
terms.

The 1H NMR lineshapes were measured at 2.35 T (equivalent to 
ν0=100 MHz proton frequency). Our two Pd foils with initial H/Pd 
concentration of 0.70 and 0.47, respectively were inserted in the rf 
coil and two sides were fixed to a Teflon holder. The Hahn echo 
[36] pulse sequence (π /2-τ -π -τ -echo) was used with the π /2 rf 
pulse length of 8 μs and the inter-echo time τ of 60 μs. To be 
able to obtain the real proton Knight shift K H without the con-
tribution of the demagnetizing field, which is due to the overall 
macroscopic sample shape, the experiments were performed with 
foils parallel and perpendicular to the applied static magnetic field. 
Obtained results are given in Fig. 11 showing an obvious difference 
7

Table 2
Knight shifts in ppm for soft and hard Pd foils relative to water 
standard in comparison with the theoretical shift K Ht [40].

Foil nD K H1 [ppm] K H2 [ppm] K Ht [ppm]

Soft Pd 0.70 26.7 / ≈18
Hard Pd 0.47 20.2 15.6 ≈-14

in the frequency shift between the two foils clearly indicating dif-
ferent electron densities at hydrogen nuclei. While in the soft Pd 
foil most protons are at the same position in the crystal lattice, in 
the hard Pd foil they are placed at least at two different positions. 
Assuming that our foils can be approximated by infinite sheets and 
that the symmetry of the electron environment of the 1H spins is 
cubic, the true Knight shift is given by [38,39]:

K H = S(0◦) − 4π

3
χν − σ , (12)

where S(0◦) is the shift at a parallel position with respect to 
the static magnetic field B0, χν is the bulk susceptibility of the 
sample that can be expressed as χν=[S(0◦)-S(90◦)]/4π and σ is 
the frequency of the non-metallic reference material, i.e. the wa-
ter protons in our case. Measured Knight shifts for the two Pd 
foils are given in Table 2. The obtained K H for hydrogen in the 
soft Pd foil is in good agreement with the theoretical Knight shift 
value for PdH0.7 [40]. The K H values for the hard Pd foil, however, 
differ from the theoretical value, that is approximately -14 ppm 
for PdH0.47. This discrepancy shows that the majority of hydro-
gen atoms are not located at regular octahedral interstitial sites 
in the hard Pd foil, but mainly at crystal lattice defects. It is well 
known that the cold rolling process creates a large number of grain 
boundary defects into which hydrogen and deuterium atoms could 
be trapped, but when the foil is annealed the number of these de-
fects is reduced. The fact that our hard Pd foil was cold rolled, 
indicates that an increased number of defects can play an impor-
tant role in the screening mechanism. Namely, the difference of 
about 30 ppm points to a substantially higher density of electronic 
states at the position of the protons in the hard Pd foil.

One of the main goals of the present study was also to investi-
gate the dependence of electron screening on the atomic number 
Z of the projectile. So, the reactions with 7Li and 19F ion beams 
(Z =3 and 9) were studied. From Table 1 one can find that this de-
pendence seems to be closer to quadratic than linear one expected 
from Ref. [24]. The quadratic dependence coincides with the Z -
dependence of the ionization energy of single electron ions [41].

Additionally, to check the isotope effect of electron screening, 
we studied two reactions induced with the 19F ion beam - 19F+p 
and 19F+d. As can be seen from Table 1 no such dependence was 
found. This is in agreement with the theory [2].

Since the results critically depend on the stopping powers, we 
checked whether SRIM [28] used experimental data or calculated 
stopping powers and differences between the two. For the Li beam, 
measurements exist in Pd and cover a range of energies from about 
5 MeV down to 1 MeV [42]. The agreement with calculations is 
good and the differences between the measured and the calculated 
stopping powers are less than 2.5%. For the F beam in Pd measure-
ments exist in a narrow energy region from 80 keV to 400 keV 
[43], but the neighbouring carbon and oxygen cover the energies 
from 1 MeV to 5 MeV [44] and from 1.5 MeV to 4 MeV [45], re-
spectively. The differences between the measured and calculated 
stopping powers are never larger than 15%. There are many more 
measurements of stopping powers in neighbouring Ag metal. Also, 
in this metal the vast majority of measurements agrees with the-
ory by better than 15% [28]. From this it is clear that the obtained 
enhancement factors cannot be explained by the potential use of 
wrong stopping powers. Moreover, the different hydrogen content 



A. Cvetinović, D. Ðeord̄ić, G.L. Guardo et al. Physics Letters B 838 (2023) 137684
in different Pd targets changes the stopping powers by less than 
1%. Therefore, the use of wrong stopping powers would not change 
our electron screening potentials by more than 1%.

5. Conclusions

We studied the electron screening effect in the 1H(7Li,α)4He, 
1H(19F,αγ )16O and 2H(19F,p)20F nuclear reactions on two differ-
ent hydrogen containing palladium foils. In one of our targets we 
detected electron screening that is in an agreement with the adi-
abatic limit, and in the second one we measured a high electron 
screening potentials for all three reactions, that are an order of 
magnitude above the theoretical model. In order to understand 
the reason behind this different behaviour of the two foils, we 
measured the Knight’s shift by employing the nuclear magnetic 
resonance (NMR) technique. The results showed that the target 
preparation is only an indirect cause of the high screening po-
tentials obtained experimentally. The target preparation influences 
the position of the target nucleus in the crystal lattice of the host 
metal and so the electron densities around the implanted target 
nucleus. Different electron densities are the direct cause for dif-
ferent screening potentials, which is confirmed by measuring very 
different Knight shifts in our targets. This indicates that contrary to 
the predictions given by the available theory, the screening effect 
is not linked to the static electron densities around interacting nu-
clei and that a new approach has to be applied. We also found that 
the dependence of electron screening on the atomic number Z of 
the projectile seems to be closer to quadratic than linear one ex-
pected from the theory [2]. We confirmed that there is no isotope 
dependence of the screening potential.

In order to better understand how electron screening is linked 
to the host’s crystal lattice structures and the location of the tar-
get nuclei in the metallic lattice and how electron densities affect 
it, further studies are required. Since in the stellar plasma, elec-
tron densities around the target nucleus are much higher than the 
ones existing in materials available in the lab, knowing very well 
the dependence of electron screening on electron densities is cru-
cial in order to draw the parallel with the stellar plasma. It would 
be advisable to study screening energies with heavier target nu-
clei implanted in the crystal lattice, such as He or Li. Besides, the 
same investigations should be repeated with different host materi-
als and additional quantitative methods, such as neutron and X-ray 
diffraction, should be applied to investigate the positions of target 
nuclei in the lattice.
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